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Abstract

The optical constants of liquid toluene and chlorobenzene were measured across
the entire mid-infrared region at 25°C. The estimated accuracy is +0.2%% for the real
refractive index and +2-3% for the imaginary refractive index. The optical constants

were used to calculate the molar absorption coefficient and the molar polarizablity

spectra of these liquids.

The optical constants and the molar absorption coetficient spectra of toluene and
chlorobenzene, together with those of liquid benzene and dichloromethane measured
separately, were used to establish secondary infrared intensity standards for liquids.

These standards have been published by the International Union of Pure and Applied

Chemistry.

Molecular properties are more directly reflected in the imaginary molar
polarizability spectrum than in the imaginary refractive index spectrum or the molar
absorption coefficient spectrum. In order to calculate the integrated intensities, the
imaginary molar polarizability spectrum must be separated into contributions from
different transitions. The separation was achieved by curve fitting the imaginary molar
polarizability spectra with bands of classical damped harmonic oscillator shape, then
calculating the integrated intensities from the parameters of the fitted bands. The
accuracy of the integrated intensities is estimated at 3-5% for strong bands and 5-10%
for weak bands. The results of this work are corrected for liquid dielectric effects and

agree usually within a factor of two with literature values for the gas obtained by



experimental or by ab initio calculation. In these cases the agreement must mean that
the vibrations in question have very similar intrinsic intensities in the liquid and gas

phases.

The procedure used to determine the optical constants of the liquid from
transmission measurements is exact but computationaliy complex. A simpler,
approximate method was developed and the conditions under which it yields results of

sufficient accuracy were explored.

Finally, a method for data reduction and presentation is given. The data is
reduced and incorporated into a format that allows a spectrum to be tabulated in about
1710 of the space required for a traditional table. The format allows direct retrieval of
specific values, and also the retrieval, through a recovery program, of the entire

spectrum without loss of intensity and line shape information.
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List of Symbols

General
A Vacuum wavelength.
v Vacuum wavenumber; usual unit cm™. v = /4.

Speed of light in vacuum.

Molar concentration; usual unit mole L™
Molar volume: usual unit cm® mole™.
Electric field strength vector.
Electric displacement vector.
Electric polarization vector.
Magnetic field strength vector.
Energy flux. I=ExH.
Conductivity

Permittivity of vacuum

Permeability of vacuum

N

used to indicate a complex quantity.



Wavenumber dependent quantities

A(¥) Complex refractive index. Ai( V) = n(V) +i k(V).

n(v) Real refractive index.

(V) Imaginary refractive index, also called the absorption index.
X7 Complex dielectric constant. &(V) = £(V) +i £"(V).

£'(V) Real dielectric constant, usually called the dielectric constant.
£"(v) Imaginary dielectric constant, also called the dielectric loss.
&,.,( v) Complex molar polarizability. &\m( V) = an(V) +1 an(V).
a.(V) Real molar polarizability.

(V) Imaginary molar polarizauility.

E.(V) (Decadic) molar absorption coefficient.

KVv) (Decadic) linear absorption coefficient.

Integrated intensities

A, Area under band j in 2.303 E,, spectrum. Usual units km mole™.
G, Area under band j in Vo spectrum. Usual units km mole™.

Molecular properties

n Magnitude of the dipole moment derivative with respect to normal coordinate j.

R—; Dipole transition moment, <f| ;’IP, of the transition that causes band j.



Types of spectra

n(v)vs. v Real refractive index spectrum.
KV)vs. v Absorption index spectrum.

Ex(V)vs. v Molar absorption coefficient spectrum.

am(V) vs. v Imaginary molar polarizability spectrum.



Chapter 1 - Introduction
1.1 - Infrared absorption intensities

The absorbance spectrum of a liquid in the mid infrared region (8000 - 400 cm™)
is due mainly to transitions between vibrational energy levels of a molecule. A similar
spectrum of the gas phase may show some rotational structure in addition to the
vibrational structure. In either case, the vibrational bands in the spectrum are

characterised by their positions, their intensities and their band shapes’.

The band position, measured in wavenumber units, usually cm’, is the easiest of
the three to determine accurately and over the years its measurement accuracy has been
improved and has reached such a high degree of accuracy that it was possible already in
the early 1960s to publish tables of standard wavenumbers to calibrate spectrometers’ in
the 4300-600 cm’ region. The estimated accuracy of the standard wavenumbers was
about 0.01-0.1 cm™. The tables were later revised® and the range extended to 1 cm™
with an estimated accuracy of 0.001-0.005 cm™ throughout the range and < 0.0002 cm™

for the fundamental and first overtone of carbon monoxide.

The intensity and band shape are more difficult to measure accurately. Intensity

measurements were done as early as the late 1920s, but their accuracy®® wasn't as good

as that of the wavenumber.

From the theoretical viewpoint, it was recognized that the intensity is
proportional to the dipole transition moment. For fundamental vibrations, under the

double harmonic approximation, this is proportional to the square of the dipole moment
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derivative with respect to the normal coordinate, |cu/cQ, | *_ The intensities reflect the
change in electron distribution in the molecule during the atomic displacements®.
However, the use of the intensity was hampered by the ambiguity of the sign of /()
and by unreliable transformation of the observed &u/¢(Q, to related motions defined by

internal coordinntes, 01/CR,.

During the 1970s the study of intensities improved considerably’. Advances in
normal coordinate calculations combined with ab initio quantum mechanical calculations
helped solve the sign ambiguity of the dipole moment derivatives. At the same time, the
introduction of Fourier Transform Infra Red (FTIR) spectrometers based on Michelson's
interferometer and the use of computer controlled instruments gave far more
reproducible spectra than dispersive instruments. Later it was shown by V. Behnam and
J.E. Bertie that FTIR spectrometers were also accurate in addition to being reproducible.
Their studies™® of intensities of several organic liquids made with a non-calibrated FTIR
spectrometer showed that their intensity values were more precise and within the error
limits of R.N. Jones and co-workers’ earlier work, which was made on a dispersive

instrument and calibrated against pri.nary standards’.

As laboratory computers, powerful software and stable FTIR spectrometers
became increasingly available and inexpensive in the 1980s and 1990s, the measurement
over a wide wavenumber range and interpretation of accurate absolute infrared
intensities of molecules is possible today to an extent unthinkable 20 years ago. The

studies reported in this thesis form part of a research program that is aimed at measuring
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and using both the intensity and the wavenumber information to improve our chemical

and physical knowledge of molecular vibrations in the liquid phase.

An important feature of the program is that the real and imaginary refractive
indices are measured sxver a wide wavenumber range in the infrared. The results of any
infrared experiment can be calculated from these quantities. Thus, they are fundamental

physical properties, obtained as a part of the program.

1.2 - Overview of thesis

The first goal of the work for this thesis was to assist in the development of
infrared secondary intensity standards. The work started in 1985 when J.E. Bertie and
V. Behnam®®, showed that FTIR intensity measurements were precise to ~1%% and
probably accurate to ~3%"”. Further investigation was needed to identify and eliminate
the systematic errors influencing the measurements. This was done by comparing the
intensities of four organic liquids®'! determined from transmission measurements made
by different workers using different instruments in different laboratories. The equations

relating the transmission measurement to various intensity quantities are given in Section

1.3.

The resulting good agreement led to the acceptance of the intensities of 43
selected bands as secondary standards by the International Union of Pure and Applied

Chemistry (IUPAC). Later these secondary standards were published as a monograph'Z.



4

The intensity measurements of liquid toluene and liquid chlorobenzene, which were part

of this project, are given in Chapters 2 and 3, respectively.

The intensities reported as standards were the real and imaginary retractive index
spectra, also known as the optical constant spectra. The molar absorption coetficient
spectra of the liquids were also reported. The real and imaginary refractive indices are
fundamental physical quantities, from which other measures of infrared absorption
intensities such as the complex dielectric constant and the complex molar polarizability

can be calculated. The relationship between these quantities is given in Section 1.3

The second goal of the work for this thesis was to determine the physical and
chemical information contained in the intensities. For that purpose, the complex molar
polarizability spectra of liquid toluene and chlorobenzene were calculated under the
assumption of the Lorentz local field, to relate the local electric field that acts on the
molecule in the liquid to the macroscopic electric field of the radiation. The imaginary
molar polarizability can then be related to the transition dipole moment and under the
assumption of electrically and mechanically harmonic vibration, to the square of the

dipole moment derivative with respect to the normal coordinate'’.

To relate these experimental intensities to particular vibrational modes of the
molecules, fundamental frequencies must first be assigned to particular vibrations of the
molecule, e.g. the CC stretch, CH bend, etc. Despite a considerable number of
experimental and theoretical studies reported in the literature on toluene'3* and
18,22,23,35-47

chlorobenzene , there are still some disagreements about the assignments of the



5

fundamentals. In Chapter 4, the assignment of the spectra of toluene and chlorobenzene
is discussed, based on our experimental spectra, previous studies, and normal coordinate
calculations which relate the vibrations of benzene to those of substituted benzene
derivatives of C,, symmetry, chlorobenzene and toluene. For the latter molecule the
CH; group was approximated by a point of mass 15 in the calculations in order to

correlate the assignment of the vibrations of the pheny! group with those in the other

molecules.

Once the fundamentals are assigned, it is possible to relate the intensities to the
vibrational transitions in the different molecules. This is done in Chapter 5 where
experimental and curve-fitted spectra are used to relate the intensities of toluene and
chlorobenzene to the dipole moment derivatives. The curve fitting is necessary in order
to separate contributions from different transitions and to make sure that the intensities
in the wings of a band arz included in the band area. It is noteworthy that the bands are
nearly Lorentzian, so that it is necessary to integrate over more than +16 times the full

width at haif height in order to include >98% of the area*®.

The procedure used to determine the optical constants of the liquid from
transmission measurements was first developed by R.N. Jones and co-workers at the
National Research Council of Canada*®*® and later improved by J.E. Bertie and C.D.
Keefe®® at the University of Alberta. During this iterative procedure, the reflection
losses are calculated at all interfaces of the cell, namely air-window-liquid-window-air.

The method is exact but computationally complex. In Chapter 6, an approximate
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method is developed to calculate the optical constants from transmission measurements.

The conditions under which the approximation method yields results of sufficient

accuracy are explored.

The presentation of quantitative spectral data for publication in the literature is
not an easy task. A graph is necessary to convey the spectrum qualitatively. However,
to convey the spectrum quantitatively, values of both wavenumber and intensity must be
tabulated. Since the space required to publish all data points in a traditional table is very
large, only selected pairs of wavenumber and intensity values have usually been given,
mostly at peaks of bands™***®. This practice was satisfactory when the intensity
accuracy and precision were sufficiently low that only strong bands were reported and
the shapes of bands were not considered important. Today, however, both intensity and
line shapes can be precisely and accurately measured, and have gained in potential
importance. The practice of reporting just band peak data is no longer valid and a
method is required to allow quantitative ordinate values to be reported over the whole
spectrum range in an acceptably small space. The solution to this problem is

appropriate data reduction and appropriate compression of the presentation format.

In Chapter 7, a method for data reduction and presentation is given. The data is
reduced and incorporated into what we call a Compact Table. The Compact Table
format allows a spectrum to be tabulated in about 1/10 of the space required for a
traditional table. It allows specific values to be read from the table directly and also

allows, through a recovery program, the entire spectrum to be retrieved without loss of
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intensity and line shape information, within the experimental error. The programs for
the creation of the Compact Table and recovery of the data are given in Chapter 7 and

their use is demonstrated with the spectra of chlorobenzene.

Finally, Chapter 8 contains a summary of the results of this thesis and presents

some possible future extensions of the work.

1.3 - Electromagnetic theory and optical properties

When light is transmitted through a sample, part of it is absorbed by the
molecules in the sample. The extent of the macroscopic response of the sample to the
perturbation caused by the electric field is determined by the complex refractive index of
the sample, n=n+ik The real part of the refractive index, », is what is usually called
simply the refractive index. The imaginary refractive index, £, is a measure of
absorption intensity, and is sometimes called the absorption index. Together the

refractive indices are frequently called the optical constants.

The fraction of light transmitted by a medium is related to the optical constants
through Maxwell's equations®. For isotropic conducting media, the curl equations

relate the time and space derivatives of the magnetic, H, and electric fields, E, by

VxE=-,u,uoaa—g (1.3.1)

VxH=aE+££o%E;" (1.3.2)
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and the divergence conditions denote the absence of charge®’

Ve E=0 (1.3.3)

VeH=0 (1.3.4)

Here u is the relative permeability, i is the permeability of vacuum, & is the relative

dielectric constant of the medium, &, is the permittivity of vacuum and o is the

conductivity of the medium.

Equations 1.3.3 and 1.3.4 and the factthat Ax(BxC)=(AeC)B-(AeB)C

give equations 1.3.5 and 1.3.6
VX(VXE)=(VeE)V-(VeV)E=0-VE=-V’E (1.3.5)
Vx(VxH)=(Ve H)V-(VeV)YH=0-V’H=-V’H (1.3.6)

Equations 1.3.5, 1.3.6, 1.3.1 and 1.3.2 give equations 1.3.7 and 1.3.8

2er oE &E

-V E—-,u,uoo—at “HHEETSZ (1.3.7)
oH &H

VH=-u p, o5 “BHES T Hp (1.3.8)

One solution to these equations is’®

E = E, e"“’(“g‘) (1.3.9)

H= H, e""”(”%) (1.3.10)
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which is a representation of a wave propagating in the x direction with angular frequency

w = 2nf, f= frequency, and with complex velocity 3 that holds true provided that

1 . o
;‘z=p;4,eeo+1p;zo'5 (1.3.11)

A . c A . . . .
v can be written as ‘,\; , where n is the complex refractive index and c¢ is the
)

speed of light in vacuum. Equation 1.3.11 shows that in vacuum, where c=0and u= ¢

= 1, the velocity of light is real and denoted by ¢, where ¢ = (1 &) %. The use of these

expressions in equation 1.3.11 yields

U

A2 .
n"=ueg+1
M EoV

(1.3.12)
n can be defined as

n =n+ik (1.3.13)
where »n is the real refractive index and £ is the imaginary refractive index.

Substitution of equation 1.3.13 into equation 1.3.9 and the use of v= % gives

E =E, e"""(“g) = Eo e‘iw('—%) = E, e"“’("%) e‘(ﬁf—XJ (1.3.14)

Similarly, use of equations 1.3.13 in 1.3.10 gives

-

H = H, e""”("%) =H, e'""("?) = Ho e"“"('“?) e’(% ) (1.3.15)
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Equations 1.3.14 and 1.3.15 show that the real refractive index controls the phase of the

field while the imaginary part controls the attenuation of the tield with propagation

distance.

The energy flux, 7, is given by

I =ExH=p,e20(-) 2 %) (13.16)
where I, = E, x H,.

In a transmission measurement, the reduction of the energy of a light beam passing

through a unit thickness of the sample is given by

df .
ax =-K1I (1.3.17)

where K is the (Napierian) linear absorption coefficient. If the path length through the

sample is 4, equation 1.3.17 can be integrated to give
I=1I¢e* (1.3.18)

1 1
sothatK‘=-§ln(7°') (1.3.19)

Equation 1.3.18 is also known as Lambert's law’”>. Chemists, however prefer to

use the Beer-Lambert law*®

I=1,10% =1,10%¢ (1.3.20)
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where K is the linear (decadic) absorption coefficient, £, is the molar (decadic)
absorption coefficient and C is the molar concentration. By rearrangement of equation

1.3 20, K can be written as
K= 'l'l 8 132
—-dogno(lo) (1.3.21)

From equations 1.3.16 and 1.3.18, the energy attenuation per unit thickness or distance

travelled by the wave is

~Kd - e‘z(%)

c

e (1.3.22)

because ® = 2xf, where fis the frequency, and v = fic, the wavenumber in vacuum, the
(Napierian) linear absorption coefficient, XK', is related to the imaginary refractive index,

k, by K = 4n vk, whereas the decadic linear absorption coefficient is given by

_ K 4anvk
“Inl0  2.303

K (1.3.23)

The absorbance, A, is defined as - logio (L ). From equations 1.3.21 and 1.3.23
I,

it is given by
4an vkd
A=2303 (1.3.24)

1t is important to note that the absorhance used here is the absorbance defined by

IUPAC, namely that due only to loss of light by absorption by the sample®®. In a typical
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experiment, the experimentally observed absorbance includes the absorbance by the
sample and absorbance by other elements such as the windows of the cell. It is caiied in
this laboratory the experimental absorbance, EA. The experimental absorbance must
therefore be corrected for energy loss other than through absorption by the sampis
before it can be used in these equations. The procedure for this correction is
implemented through program RNJ46A°***.  The program and an alternative
approximate procedure are discussed in Chapter 6. Throughout the thesis, the term

absorbance is used according to the [UPAC definiticn, namely as due solely to

absorption by the sample.

From equations 1.3.20, 1.3.23 and 1.3.24, the molar absorption coefficient is

given by

A
Cd ~2303C (1.3.25)

Other infrared intensity quantities can be obtained from the refractive indices. Eq.

1.3.12 relates the square of the complex refractive index to the complex dielectric

A
constant, &£.

N2 2 O _ . O a
nl=n’+2ink-#K petip o =pu(etipn)=pé (1.3.26)

A . - - - N
£ is defined in a similar manner to n, as

E=£+ig" (1.3.27)
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where the real part, &, is the (real) dielectric constant and the imaginary dielectric

constant, £", is also known as the dielectric loss.

For diamagnetics, u = 1, so n? =~ £. From Equations 1.3.13, 1.3.26 and
1.3.27, the real and imaginary parts of the dielectric constants can be related to the

refractive indices as:
e =n-¥ (1.3.28a)
g" =2nk (1.3.28b)
The electric displacement, D, is given by®'
D=G:E (1.3.29)

It is also the sum of the electric #:id vector and the polarization vector, P, where all of

these vectors can be complex.
D=E + 4nP (1.3.30)

The polarization, i.e. the electric dipole moment per unit volume, is also given in terms

of the complex polarizability®*?, &, as

P=N&(E+3§’£p) (1.3.31)

where N is the number of molecules per unit volume. E -+ 47“ P is the Lorentz local

field derived by calculating the field within a microscopic cavity in an isotropic dielectric

medium®>%3,
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Combination of equations 1.3.29, 1.3.30 and 1.3.31 yields the Lorentz-Lorenz

equation®,
A2 A
n -1 -1 47

A2
n +2 £+2

Since & is a molecular property and, thus, has a small value, the complex molar

Na .
= . gives

polarizability is introduced as amn=Na @ = oo+ o, where N, is Avogadro's number.
N

Multiplication of equation 1.3.32 by N4 and the use of the molar volume, Vi, =

the real and imaginary parts of the molar polarizability in terms of &' and &£".

(1.3.33a)

’ — 3Vm (8'-1)(6"-{-2) + 8"2
%" 4n (e+2)*+ &7

(1.3.33b)

1”

w_ Wm £
(2759 4Tt ( 8' +2)2 + 8"2

It is important to note that all quantities are frequency or wavenumber

dependent, and thus should really be denoted as n( V), &(V), En(V), £(V), £"(V), an(V)

and am( V).

1.4 - The relationship of integrated intensities to molecular properties

There are several methods to define the integrated intensity of band j. One is as

the integrated intensity, 4,"****° which is the area under the Ex(V) spectrum
(14.1)

A,=2303 [ E(V)dV
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Another definition of the integrated intensity is as C,, the area under the Vag (V)

spectrum*®
C = [Vauv)dv (1.4.2)

In both equations, the integration is over the entire band j. These experimental
integrated intensities must be related to molecular properties. Calculation of the

complex molar polarizability of randomly oriented molecules from quantum mechanics

48,58,63,66

yields
C = [vaumdv =L o 5| 2P (1.4.3)
1 m 3he &Y Rj 4.3)

where h is Planck's constant, ¢ is the velocity of light in vacuum, g, is the degeneracy

and R;) is the dipole transition moment. Under the assumption of mechanical and

electrical harmonicity and the assumption that all of the hot bands of the fundamental

contribute to the fundamental band, and the expression for the transition moment"?

<1} 0>, equation 1.4.3 yields*®

v (samrois = NAL
3= Svaumav - Dok 2 (1.4.4)

where 4 is the square of the dipole moment derivative with respect to the ™ normal

coordinate, e.g. 14° = |d/3Q;|2. The same result is obtained using the classical damped

harmonic oscillator (CDHO) mode]*3-°%63:6667,
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Equations 1.4.3 and 1.4.4 relate the experimental integrated intensity to
molecular properties through the assumption of the Lorentz local field. If an additional
assumption is made, namely that the absorption bands are far apart so that the
contribution across band j from all oscillators other thaii j is real and constant, n( v)
becomes n, the constant refractive index the sample would have in the region of the band
if the band were not present which is often (incorrectly) taken as the average across the

band. Then Equations 1.4.1, 1.3.25 and n2= £ areusedto yield“’m

~ Namt 1 n+2.2
4,=2303 fE(WdV =37 g, (F7) & (1.4.5)

Values of 2% can be obtained from the rearrangement of either Equation 1.4.4 or
Equation 1.4.5. However, both equations involve integration, i.e. obtaining the area
under either the Van or E, spectra. The integration is not always easy, as the
integration limits are not always clear because of overlapping bands. Equation 1.4.5
presents the further difficulties that values of either n or \e are needed. Thus, Equation
1.4.4 is preferred to 1.4.5*®. Since, for small oscillations the CDHO model yields the
same results as the quantum mechanical treatment®®, it may be possible to fit the
experimental an spectrum with CDHO-shaped bands and use the total area under each
fitted band instead of under the experimental spectrum. The integration limits of the
fitted bands are no longer uncertain and C, values are easily obtained. This approach is

used in Chapter 5 to determine the integrated intensities and dipole moment derivatives

of liquid chlorobenzene and toluene.
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Chapter 2 - Accurate Optical Constants and Molar Absorption CoefTicients
Between 6500 and 435 cm™ of Toluene at 25°C, from Spectra Recorded in Several

Laboratories*

2.1 - Introduction

This paper continues the report of a program to measure quantitative infrared
absorption intensities. It presents the agreement between absolute absorption intensities
of liquid toluene at 25°C measured by different spectroscopists in this and other
laboratories, using instruments made by several different manufacturers. A similar study
of the absolute absorption intensities of liquid benzene was recently published' and a
report of the absolute absorption intensities of liquid chlorobenzene accompanies this
paper>. In part, this work contributes to the International Union of Pure and Applied

Chemistry project’ to develop secondary standards for intensity measurements in infrared

spectroscopy.

In the present study, experimental absorbance spectra of liquid toluene at 25°C
have been measured by three different spectroscopists in this laboratory (two for the
current work and one about 8 years ago) and also by three spectroscopists in other
laboratories. Spectroscopists in different laboratories used instruments from different

manufacturers. From these experimental absorbance spectra, the real and imaginary

* A version of this chapter has been published. Bertie, Jones, Apelblat and Keefe, Appl. Spectrosc., 48,
127 (1994)
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refractive index spectra have been calculated in this laboratory by the methods described

previously™.

Attention was focussed on the absorption index (imaginary refractive index)
spectra, k(V) vs. V. For each spectroscopist the average k( V') spectrum was evaluated
together with its precision. In order to determine the agreement between different
spectroscopists, the peak heights and the areas beneath the bands in these average
spectra were compared. The agreement was excellent. These average spectra, one
from each spectroscopist, were themselves averaged, unweighted, to yield a final

abs..rption inndex spectrum that is presented here as the best currently available.

This absorption index spectrum, k&( V) vs. ¥, was used to calculate'* the molar
absorption coefficient spectrum, E.(V) vs. V, and, via Kramers-Kronig transformation,

the real refractive index spectrum, n(V) vs. V.

The real and imaginary refractive index spectra and the molar absorption
coefficient spectrum are presented as graphs and as tables. We also report the average
area under individual bands or groups of bands, and the average peak heights, in the k&( V)
spectrum obtained by each spectroscopist, as well as the weighted and unweighted
averages of these averages. Further, the peak heights and the areas under the bands in
the average molar absorption coefficient spectrum are reported. For certain spectral
regions, the real and imaginary refractive indices and the molar absorption coefficients,
as well as the areas under the molar absorption coefficient bands, will be submitted to

Commission L.5 of the International Union of Pure and Applied Chemistry for
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consideration as secondary absorption intensity standards.

2.2 - Method and experimental

The toluene used in this laboratory was of spectroscopic or reagent grade.
Samples were purified by fractional freezing one to three times and were checked by gas
chromatography and infrared spectroscopy. No impurities were detected. Samples

were kept over molecular sieve to ensure dryness.

The experimental and instrumental details of this work have been described'*’
and are summarised briefly here. All of the spectra from this laboratory were measured
with a Bruker IFS 113V spectrometer. Triangular apodization was used in the early
work from this laboratory®. The recent work in this laboratory used trapezoidal
apodization'. A Globar source, a 10 mm aperture, and a deuterated triglycine sulfate,
DTGS, detector were used for all spectra measured in this laboratory. The optical
retardation velocity was 0.665 cm s*. The spectra were recorded at nominal resolution

of 1 cm™ and one level of zero-filling was used in the Fourier transform.

Experimental absorbance spectra of toluene were measured " in fixed path length
cells with KBr windows and path lengths between 11 and 500 um . To determine the
linear absorption coefficients at the anchor pointsu, spectra were also measured in KBr
cells with path lengths of 500 and 1500 um, and in variable path length NaCl and CaF,
cells with path lengths up to 5 mm. The path lengths ¢ the cells were determined from

the fringe patterns in the experimental absorbance spectra of the empty cells by program
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RNJ22A'. For the variable path cells, which gave weaker fringe patterns than the cells
with fixed path lengths, path lengths greater than 700 um could not be determined in this
way. They were found by calibrating the cell micrometer feadings from the fringe

patterns for path lengths up to 700 um, and assuming the calibration held for

thicknesses above 700 um.

In addition to the experimental absorbance spectra recorded in this study, spectra
reported previouslys"s by V. Behnam were also used. Further, three spectroscopists in
other laboratories kindly supplied spectra which were recorded under 1 or 2 cm™

nominal resolution with normal conditions and "good analytical laboratory technique”.

Toluene used in other laboratories was generally of reagent, spectro- or HPLC grade,
and spectra from other laboratories were taken to be acceptable if they showed no
unexpected peaks. The spectra from other laboratories were recorded on Digilab and
Nicolet spectrometers. One spectroscopist used a mercury cadmium telluride detector
at 77 K, and the other two used room-temperature DTGS detectors. Happ-Genzel
apodization was used in two cases, and triangular apodization in one case. In this way,
we obtained from this and three other laboratories spectra recorded by six different

spectroscopists on four different models of FT spectrometer by three different

manufacturers.

The linear (decadic) absorption coefficient , K( V), is the absorbance per unit
length, and is related to the molar absorption coefficient by K(V) = C En(V), where C is

the molar concentration'. Values of K( V) are needed at anchor points in the base: = in
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order to correct the baselines . They were determined from experimental absorbance
spectra in cells with path lengths two to ten times greater than those used for studying
the nearby peaks. The experimental absorbance spectra from all sources were then
converted to absorption index spectra by program RNJ46A4, using this anchor point
information. With two exceptions, each spectrum was only used in those regions in
which the bands had peak absorbances between 0.2 and 2.0. The exceptions were the
two spectra of the very intense band at 729 cm’' (see later) which were used with peak

absorbances between 2.0 and 2.5.

2.3 - Results
2.3.1 Imaginary refractive index spectra.

The baseline correction procedurem requires the linear absorption coefficient of
the liquid at two or more anchor points in the baseline of the spectral region under study.
Table 2.1 summarizes the wavenumbers of the anchor points, the measured linear
absorption coefficients, K( V), and their 95% confidence limits, and the cell path lengths
used to determine them. Table 2.1 includes the uncertainties in the absorption index,

k(V), values at the anchor points that result from the precision of the linear absorption

coefficients.

Table 2.2 shows the spectral regions that were used in the calculation’ of the
absorption index spectra from the experimental absorbance spectra, together with the

cell thicknesses used, the value of the real refractive index at high wavenumber, »., and
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Table 2.1 - Linear absorption coefficients at anchor points for liquid toluene at 25°C.

Wavenumber Cell Pathlengths 95 % confidence Uncertainty in
(cm™) (mm) K(V)(cm™) limit (cm™) k(v
6358.6 2-45 o° <6.0x 107
5450.8 1.5-45 0.251 0.031 1.0 x 10°
4806.7 1.5-45 0.361 0.019 7.2x 107
4480.3 1.5-4.5 1.86 0.01 41x107
4146.2 1.5-45 3.39 0.01 14 x 107
3970.2 1.5-45 3.94 0.09 42x10°
3748.0 1.5-45 1.83 0.01 49x 107
3483.8 1.5-45 1.13 0.02 1.1x10°
3355.5 1.5-45 1.56 0.01 5.5x 107
3159.3 05-25 717 0.03 1.7x10°
2759.6 0.5-3.5 5.46 0.02 1.3 x10°
2562.9 15-45 2.547 0.007 5.0x 107
2219.2 1.5-45 1.612 0.006 5.0x 107
1977.6 ~1.5 5.97 0.01 9.3 x 107
1909.7 05-15 4.97 0.03 2.9x10°
1754.9 ~1.5 6.04 0.01 1.0 x 10°¢
1648.4 05-15 779 0.03 3.3x10°
1556.3 0.1-05 26.7 0.2 2.3x10°
1398.6 ~0.5 33.0 0.3 3.9x10%
12313 05-15 7.49 0.03 4.5 x10°

919.9 0.5-15 1111 0.03 6.0 x 10°
776.7 ~0.5 18.1 0.1 2.4 x10°
708.7 ~0.05 70.2 0.7 1.8 x10*
636.9 05-15 5.07 0.03 8.6 x 10°
508.2 ~1.5 3.99 0.02 7.2 x 10°
436.3 ~1.5 6.21 0.03 1.3x10°

a - The uncertainty in &( V), Ak( V), was calculated from the 95% confidence limit of K( V), AK(V), by
AK(V ) =2.303 AK(V )/(4rV ).

b - The value of K( V) was set to O for this anchor point because the absorbance is less than 0.01 ina 4.5
mm celi, so K is less than 0.02 cm™.
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Table 2.2 - Path lengths, high-wavenumber refractive index, and number of spectra from each
spectroscopist, for the regions processed.

Pathlengths
Region(cm’) used(um) M CDK A B __C VB YA Toual
6500-4500  ~500 1476 3 o o0 o 2 6
4500-3150  ~500 1476 6 2 0o 0 4 4 16
3170-2750  10-35 1471 8 6 o0 2 11 3 30
2775-1970  ~500 1475 6 2 0 0 4 & 16
2000-1640  50-210 1474 2 2 1 2 1 1
1655-1540  10-60 1456 11 6 o0 2 16 4 39
1565-1390  8-20 1456 4 2 0 4 10 2 22
1420-770 35-100 1470 8 10 0 4 6 2 30
780 - 700 ~8 1419 0 o o0 2 o o 2
715 - 630 §-14 1520 4 o o 2 71 2 15
670 - 475 ~50 1513 3 2 o0 o 2 2 9
510 - 435 §-20 1483 8 2 0 4 9 3 26

a - n_ is the real refractive index at the highest wavenumber in the region.

the number of spectra from each spectroscopist, for each region. The value of n.. for
each region is required by the Kramers-Kronig transform in program RNJ46A, which
yields the real refractive index spectrum for the region. The spectra recorded in this
laboratory are labeled with the initials CDK, VB and YA, identifying C.D. Keefe, V.
Behnam and Y. Apelblat, respectively. The other collaborators are identified simply by
a single letter, A to C. The real refractive index at the highest wavenumber in each

region, n., was read either from the graphs in reference 7 or, in most cases, from tables

of (V) in this laboratory which were calculated from the 4( V) spectra in reference 5.

The peak heights and the areas under the bands were measured for each
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Table 2.3 - Spectroscopist average areas under the absorption index. A( v ). bands.*

Region (cm™) CDK A B C VB YA
6307.1-54450 0.0393 (43) 0.0391 0.0362(414)
4763.8 -4518.9 0.0332 (10) 0.0332 (15) 0.0333 (23)
4478.14-41452 0.0786(6)  0.0781 (1) 0.0786 (5) 0.0785 (11)
41452 -3988.1 0.0685 (10)  0.0679 (4) 0.0683 (5) 0.0684 (15)
3988.1 - 37489 00441 (2)  0.0442(1) 0.0442 (1) 0.0441 (3)
3748.9 - 3694.9 0.00632 (5) 0.00632 (6) 0.00632 (3)  0.00633 (8)
3694.9 -3608.2 0.0138(2)  0.0138 (1) 0.0138 (1) 0.0139 (2)
3608.2 - 3569.1 0.00378 (11) 0.0385 (0) 0.00385 (13)  0.00382 (14)
3569.1 -3531.5 0.00330 (2) 0.00336 (0) 0.00334(3)  0.00330 (2)
3531.5-3503.1 0.00204 (1)  0.00203 (0) 0.00207 (2)  0.00205 (2)
3484.3 -3418.7 0.00572(2) 0.00569 (6) 0.00570(2)  0.00572 ($)
3418.7 - 3357.0 0.00592 (1)  0.00590 (0) 0.00591(2)  0.00592 (3)
3150.1 -2770.2 2.74(2) 2.77 (2) 283(31) 2.77(1) 2.713 (1)
2759.6 -2679.1 0.0412(3)  0.0415(%) 0.0412 (1) 0.0411 (6)
2679.1 -2563.4 0.0351(1)  0.0350 (0) 0.0352 (1) 0.0351 (1)
2563.4 -2131.0 0.1258(3)  0.1240 (3) 0.1257 (2) 0.1257 (6)
2131.4-2095.8 0.00429 (1)  0.00400 (6) 0.00418 (3)  0.00428 (3)
2095.8 - 2049.5 0.00570 (1)  0.00525 (13) 0.00551 (3)  0.00568 (5)
1977.6 - 1910.1 0.1271(6)  0.1262 (10) 0.1268  0.1273 (15) 0.1269 (5) 0.1270
1910.1 -1836.9 0.1321(7)  0.1307(9)  0.1318 0.1316 (15) 0.1322(9) 0.1320
1836.9 -1754.9 0.1336(0)  0.1321(2)  0.1334  0.1337(8) 0.1332(6) 0.1336
1754.9-1712.5 0.0526 (1) 0.0526(5) 0.0521 0.0522(7) 0.0525(4) 0.0527
1713.0- 1686.4 0.0177(1)  0.0172(1) 0.0178 0.0178(3) 0.0177(5) 00177
1686.4 - 1668.1 0.0137(1)  00134(1) 00138 0.0137(3) 0.0138(1) 00138
1650.3 - 1555.3  0.533 (2) 0.533 (7) 0.531(11) 0.535 (4) 0.535 (4)
1531.7-1516.3 0.0982(9)  0.1004 (6) 0.1033 (52) 0.1010(3) 0.0979 (13)
1513.3 - 1400.1  2.02 (1) 2.03 (1) 2.03 (5) 2.04 (1) 2.02(2)
1400.5 - 1338.4  0.293 (3) 0.294 (1) 0.292 (1)  0.290 (2) 0291 (4)
1265.6 -821.0  2.08 (6) 2.08 (9) 2.11(12)  2.07(38) 2.09 (37)
790.7 - 775.7 0.0826 (4)  0.0815 (4) 0.0820 (3) 0.0826 (4) 0.0828 (22)
769.9 - 710.2 7.33 (58)

710.2 - 660.0 2.70 (2) 299(17) 272 (8) 2.72(3)
640.2 - 606.5 0.0580 (4)  0.0569 (20) 0.0578 (5) 0.0578 (18)
552.0 - 498.5 0.0947 (16)  0.0942 (26) 0.0941(11)  0.0949 (120)
490.3 - 440.2 1.65 (3) 1.84 (10) 1.88(18) 1.73(5) 1.65 (9)

a - The unit of area is cm™. The numbers in parentheses are the 95% confidence limits in the last digit.
In some cases only one spectrum was available, so no 95% confidence limit could be calculated, and in

others no spectrum was available from that spectroscopist for that region.



Table 2.4 - Spectroscopist average absorption index peak heights, kmax. *

v (cm')

CDK

A VB YA
59499 0.000179 (9) 0.000181 0.000178 (1)
3667.0 0.000258 (7) 0.000262 0.000255 (15)
4637.1 0.000226 (6) 0.000230 (10) 0.000224% (1)
4612.1 0.000332 (9) 0.000347 (13) 0.000339 (19)
4573.6 0.000206 (4) 0.000208 (7)  0.000204 (9)
4388.7 0.000304 (3) 0.000301 (1) 0.600304 (3)  0.060305 (6)
4311.0 0.000348(5) 0.000345(2) 0.000349 (3) 0.000347 (8)
42443 0.000341 (2) 0.000340 (4) 0.000340 (1) 0.000340 (7)
4186.3 0.000175(1) 0.000173 (1) 0.000174 (1) 0.000175(1)
3161.3 0.000162 (0) 0.000161 (2) 0.000163 (1) ©0.000162 (1)
4132.3 0.000174 (0) 0.000175(1) 0.000174 (1) 0.000174 (1)
4056.6 0.000829 (21) 0.000805 (13) 0.000814 (9) 0.000830 (28)
4036.3 0.000978 (27) 0.000974 (11) 0.000977 (20) 0.000975 (42)
3980.3 0.000216 (1) 0.000215 (1) 0.000218 (1) 0.000217 (1)
3951.2 0.000212 (1) 0.000210 (1) 0.000213 (1) 0.000212 (2)
3923.8 0.000215 (1) 0.000216 (0) 0.000217 (1) 0.000215 (0)
3909.9 0.000215(0) 0.000214 (2) 0.000215 (2) 0.000215 (0)
3869.7 0.000224 (3) 0.000223 (4) 0.000224 (2) 0.000224 (4)
3847.2 0.000251 (3) 0.000253 (3) 0.000255 (2) 0.000251 (5)
3812.2 0.000176 (1) 0.000174 (5) 0.000176 (1) 0.000175 (3)
3786.3 0.000179 (1) 0.000177 (5) 0.000179 (1) 0.000179 (2)
3763.9 0.000108 (0) 0.000107 (78) 0.000109 (1) 0.000108 (1)
3724.1 0.000140 (0) 0.000139 (0) 0.000141 (1) 0.000141 (0)
3707.0 0.000139 (2) 0.000138 (2) 0.000138 (1)  0.000139 (3)
3675.0 0.000148 (6) 0.000144 (3) 0.000144 (5) 0.000150 (8)
3649.0 0.000269 (2) 0.000270 (4) 0.000270 (2) 0.000269 (3)
3624.0 0.000161 (1) 0.000162 (1) 0.000163 (1) 0.000161 (1)
3584.6 0.000126 (4) 0.000126 (1) 0.000126 (20) 0.000127 (5)
3549.8 0.000108 (1) 0.000108 (1) 0.000109 (1) 0.000108 (1)
3519.3 0.0000840 (1) 0.0000845 (30) 0.0000851 (10) 0.0000842 (10)
3439.7 0.000127 (1) 0.000127 (1) 0.000126 (0) 0.000127 (2)
3385.3 0.000109 (1) 0.000109 (1) 0.000109 (0) 0.000109 (1)
3167.5 0.000481 (2) 0.000481 (8) 0.000487 (1)  0.000480 (2)
3104.1 0.00364 (2) 0.00365 (4) 0.00371 (4) 0.00369 (6) 0.00364 (4)
3086.4 0.0115(1) 0.0117 (3) 0.0117 (1) 0.0118 (1) 0.0115 (1)
30620 0.0133(D 0.0137 (2) 0.0139 (2) 0.0137 (1) 0.0132 (0)
3026.9 0.0305 (6) 0.0309 (8) 0.0312 (3) 0.0308 (5) 0.0301 (0)
2979.1 0.00821 (4) 0.00826 (5) 0.00843 (13) 0.00830 (2) 0.00820 (3)
2947.5 0.0101 (D 0.0101 (1) 0.0103 (2) 0.0102 (0) 0.0101 (0)




Table 2.4 - Continued

26

v(em') bk A B C VB YA

29198 00162(1)  0.0165(2) 0.0166 (2) 0.0164 (1) 0.0161 (1)

28722 0.00788 (1) 0.00802 (4) 0.00813 (10) 0.00797(2)  0.00790 (6)
27341 000173 (5) 0.00175 (8) 0.00172(1)  0.00171 (8)
2671.7 0.000230 (1) 0.000227 (2) 0.000230 (0)  0.000229 (1)
2631.9 0.000328 (1) 0.000325 (2) 0.000329 (0)  0.000328 (1)
2604.7 0.000422 (2) 0.000409 (1) 0.000415 (1)  0.000421 (3)
25859 0.000772 (5) 0.000762 (9) 0.000770 (1)  0.000770 (10)
25404 0.000280 (1) 0.000271 (1) 0.000276 (1)  0.000280 (2)
25092 0.000257 (0) 0.000252 (2) 0.000256 (1)  0.000256 (1)
24967 0.000254 (0) 0.000249 (1) 0.000254 (1)  0.000254 (1)
24654 0.000257 (0) 0.000254 (0) 0.000259 (1)  0.000257 (1)
2412.4 0.000530 (2) 0.000519 (6) 0.000529 (1)  0.000529 (4)
23890 0.000442 (1) 0.000433 (7) 0.000440 (2)  0.000441 (2)
23606 0.000708 (4) 0.000691 (12) 0.000708 (1)  0.000707 (8)
23353 0.000805 (5) 0.000779 (16) 0.000789 (5)  0.000803 (10)
2312.6 0.000623 (2) 0.000619 (8) 0.000620 (3)  0.000623 (4)
22807 0.000387 (2) 0.000380 (1) 0.0G0380 (0)  0.000386 (4)
2260.5 0.000440{2) 0.000426 (2) 0000439 (1)  0.000439 (3)
22373 0.000199 (0) 0.000194 (2) 0.000198 (2)  0.000199 (1)
2207.5 0.000278 (2) 0.000264 (4) 0.000273 (1)  0.000277 (3)
21853 0.000281 (2) 0.000272 (1) 0000277 (1)  0.000281 (3)
2163.7 0.000498 (2) 0.000483 (4) 0.000493 (2)  0.000497 (4)
2116.6 0.000152 (0) 0.000142 (1) 0.000148 (0)  0.000151 (1)
2068.5 0.000170 (0) 0.000157 (1) 0.000164 (1)  0.000169 (1)
2032.0 0.000173 (0) 0.000162 (3) 0.000169 (1)  0.000173 (1)
2008.5 0.000363 (1) 0.000351 (0) 0.000358 (1)  0.000363 (1)
1991.1 0.000704 (1) ©0.000692 (4) 0.000708 (1)  0.000702 (3)
1942.1 0.00437 (2) 0.00430(4)  0.00435 0.00435(6) 000436 (2)  0.00436

18720 0.00268 (1) 0.00266(1)  0.00268 0.00268 (3)  0.00269 (3)  0.00267

1857.6 000434 (1) 0.00423(3) 000430 000429 (5) 000433 (1)  0.00434

1802.6 0.00390 (0) 0.00381 (0)  0.00387 0.00386(3)  0.00388 (3)  0.00389

1778.5 000123 (1) 0.00122(1) 000124 000123 (1} 000123 (1)  0.00123

17356 000222 (1) 0.00221 (1) 000220 0.00221 (45  0.00222 (1)  0.00222

1696.8 0.000832 (11) 0.000805 (3)  0.000820 0.000832 (136) 0.000823 (24) 0.000833

1676.7 0.000944 (15) 0.000917 (4) 0000936 0.000925(3) 0.000939 (4)  0.000946

1623.1 0.00434 (4) 0.00425 (2) 0.00428(8) 000429 (5)  0.00434(7)
1604.5 00317(5)  0.0301 (41) 0.0302 (10)  0.0318 (3) 0.0321 (9)

15867 0.00496 (1)  0.00494 (10) 0.00496 3)  0.00491 (4)  0.00496 (2)
1572.1 0.00521 (2)  0.00521 (1) 0.00518(3)  0.00519(5) _ 0.00521 (2)
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¥ (cm™)

_ CDK A C VB YA
1550.3 0.00331 (4)  0.00345 (3) 0.00347 (82) 0.00359(4)  0.00339 (20)
15236 0.00865 (5) 0.00864 (8) 0.00898 (58) 0.00879(3)  0.00864 (13)
14956 0.118(1) 0.112 (4) 0.112 (15) 0.114 (2) 0.119 (1)
14602 0.0276(2)  0.0277 (1) 0.0297 (27)  0.0278 (1) 0.0275 (0)
13789 0.0134(0)  0.0127(1) 0.0127 (0) 0.0128 (3) 0.0132 (1)
1332.0 0.00206 (2) 0.00203 (2) 0.00205 (0)  0.00209 (4)  0.00208 (17)
13127 0.00219 (2) 0.00217(1) 0.00219 (0)  0.00223 (3)  0.00221 (4)
12776 0.00116 (4) 0.00112(1) 0.00114 (1)  0.00118(3)  0.00121 (60)
12487 0.00181 (2) 0.00181 (0) 0.00182 (1) 0.00182(2)  0.00185 (16)
1210.1 0.00452 (3) ©0.00427 (3) 0.00434 (2) 0.00435(12) 0.00451 (11)
11786 0.01002 (6)  0.00930 (8) 0.00949 (2)  0.00959(29)  0.01006 (25)
11559 0.00410 (4) 0.00407 (3) 0.00417 (2)  0.00405(10)  0.00413 (4)
1106.5 0.00672(2) 0.00673 (4) 0.00681 (2)  0.00665(15) 0.00674 (6)
10814 0.0306(2)  0.0295(3) 0.0298 (1) 0.0302 (8) 0.0308 (11)
1041.4 00151(1)  0.0150 (1) 0.0153 (0) 0.0149 (5) 0.0151 (3)
1002.3 0.00446 (3)  0.00459 (7) 0.00460 (2)  0.00437(9)  0.00448 (13)
980.7 0.00420 (3) 0.00439 (6) 0.00438 3)  0.00417(6)  0.00423 (18)
9664 0.00393 (2) 0.00414 (6) 0.00408 (5)  0.00391(5)  0.00395 (31)
9296 0.00292 (1) 0.00303 (3) 0.00297 2)  0.00292(3)  0.00291 (8)
895.4 0.00939 (3) 0.00880 (8) 0.00916 (2)  0.00918 (23)  0.00943 (1)
8729 0.00235(2) 0.00196 (14) 0.00233 (4)  0.00240(4)  0.00235 (7)
8427 0.00378 (3) 0.00336 (11) 0.00367 (4)  0.00380(4)  0.00377 (22)
7856 0.00867 (5)  0.00809 (10) 0.00811 (2)  0.00838(12)  0.00873 (17)
728.9 0.719 (60)
694.5 0.354 (10) 0.384 (15) 0.360 (12) 0.361 (13)
6220 0.00336(5) 0.00314 (13) 0.00328 (4)  0.00334 (30)
537.8 0.00132(2) 0.00130 (7) 0.00130 (3)  0.00132 (13)
521.0 0.00748 (34) 0.00695 (34) 0.00681 (3)  0.00748 (221)
14642 0.2838(32) _ 0.356 (370) 0.289 (41) 0.284 (17) 0.288 (112)

a - The numbers in parentheses are the 95% confidence limits in the last digit. In some cases only one

spectrum was available, so no 95% confidence limit could be calculated, and in others no spectrum was
available from that group for that region.

absorption index, &( V), spectrum. For each spectroscopist the average k( V) spectrum

was calculated along with the average area and peak height for each band. The average
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areas and peak heights obtained by the different spectroscopists are tabulated in Tables
2.3 and 2.4, respectively. Table 2.4 includes the A&( V') peak wavenumbers which were
determined, with the peak heights, by fitting the top three points of the bard to a

parabola and determining the maximum of the parabola.

The areas and peak heights from the different spectroscopists in Tables 2.3 and
2.4 are in excellent agreement. The agreement is not always within the precision of the
data of each spectroscopist, which suggests that systematic errors or inadequate statistics
may still affect the results by about 2% in some regions. The quality of the agreement is
shown pictorially in Figure 2.1 for the regions 3150 to 2770 cm™, 1837 to 1755 cm’™’,
and 1650 to 1555 cm™. InFig. 2.1, the filled symbols show the average area for each

spectroscopist, and the error bars show the 95% confidence limits.

For each region, the average spectra from the different spectroscopists were
themselves averaged to yield a weighted average k( V) spectrum, with the weighting
factor for each spectroscopist being the number of spectra which contributed to the
average (Table 2.2). To check the influence of the fact that the three spect-oscopists in
this laboratory, CDK, VB and YA, used the same instrument and r=.: »=" 7 spectra than
the other collaborators, an unweighted average 4( V') spectrum 'vas al= calculated. For
each region, the overall average area and the overall average peak neights were

measured from both the weighted and the unweighted average &( V) spectra.

The overall average areas are presented in Table 2.5. Because the integration
ranges have different widths for different bands, Table 2.5 includes the height of the

strongest peak in the region to indicate the prominence of the absorption. For each
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Figure 2.1 - Average areas and 95% confidence limits (vertical error bars) under the absorption index
spectra in the regions 3150 to 2770 cm™ (upper), 1837 to 1735 cm™ (middle), and 1650 to 1555 cm™
(bottom) for the six spectroscopists. The values are taken from Table 2.3. Also shown for each region

above the label “AVG" is the unweighted average area from Table 2.5 with the maximum deviation
from it indicated by a vertical error bar.
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Table 2.5 - Overall average area under the absorption index bands.

Weighted Unweighted

. 1 a Average Average Maximum  Anchor point % Estimated
Region (cm™) Kenax Area’ Area® Deviation™ Uncertainty™ accuracy®
6307.1 - 5445.0 0.000179  0.0382 0.0382 = 0.0020 + 0.0007 7.1
4763.8 - 4518.9 0.000344  0.0332 0.0332 + 0.0001 £ 0.0001 0.6
4478.4-41452 0.000347 0.0785 0.0784 =+ 0.0003 = 0.0001 0.5
4145.2 -3988.1 0.000976  0.0683 0,683 + 0.0003 + 0.0004 1.2
3988.1 -37489 0.000251 0.0441 0.034} % 0.0001 + 0.0006 1.6
3748.9-3694.9 0.000140 0.0632 000632  £0.00001 £ 0(.00004 08
3694.9 -3608.2 0.000269 0.0138 0.0138 +0.0001 = .00007 1.2
3608.2 -3569.1 0.000127 0.00382 0.00383 +0.00005 £ 0.00003 2.1
3569.1 -3531.5 0.000108 0.00332 0.00333 % 0.00003 + 0.00003 1.8
3531.5-3503.1 0.000084 0.00205 0.00205 + 0.00002 + 0.00002 2.0
3484.3 -3418.7 0.000126 0.00571 0.00571 +0.00002  +0.00005 1.2
3418.7 -3357.0 0.000109  0.00592 0.00591  +£0.00001 £ 0.00005 1.0
3150.1-2770.2 0.0308 2.76 2.77 +0.06 + 0.0006 22
2759.6 -2679.1 0.00172 0.0413 (¢.0413 + 0.0002 +0.0001 0.7
2679.1 -2563.4 0.000768 0.035!? 0.0351 +0.0001 + 0.0001 0.6
2563.4 -2131.0 0.000793  0.1255 0.1253 +0.,0013 % 0.0002 1.2
2131.0-2095.8 0.000148 0.00423 0.00419  £0.00019 +0.00003 53
2095.8 -2049.5 0.000165 0.00559 0.00554  +0.00029 +0.00003 58
1977.6 - 1910.1 0.00434 0.1269 0.1269 £+ 0.0007 = 0.0001 0.6
1910.1 - 1836.9 0.00429 0.1317 0.1317 +0.0010 % 00001 0.8
1836.9 -1754.9 0.00386 0.1332 0.1333 +0.0012 + 0.0001 1.0
17549 -1712.5 0.00221 0.0525 0.0524 + 0.0003 % 0.0001 08
1713.0 - 1686.4 0.000820 0.0176 0.0176 £ 0.0004 + 0.06006 26
1686.4 - 1668.1 0.000931 0.0137 0.0137 + 0.0003 + 0.00004 25
1650.3 - 1555.3 0.0309 0.534 0.533 £ 0.002 + 0.001 0.6
1531.2 - 1516.3 0.00867 0.01006 0.1002 + 0.0031 + 0.0005 3.6
1513.3 -1400.1 0.112 203 2.03 +0.01 + 0.004 0.7
1400.5 - 1338.4 0.0129 0.292 0.292 % 0.002 £ 0.0001 0.7

1265.6 - 821.0  0.0302 2.08 2.09 +0.02 + 0.005 1.2
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Table 2.5 - Continued

Weighted Unweighted
Average Average Maximum  Anchor point % Estimated
b

Region (cm'™) Kernax Area® Area Deviation® Uncertainty>®  accuracy®
790.7 -775.2 0.00837 0.0822 0.0823 + 0.0008 + 0.0002 1.2
769.9 - 710.2 0.719 7.33 7.33 + 0.58 +0.006 8.0
710.2 - 660.0 0.365 2.75 2.78 £+ 0.21 + 0.005 7.7
640.2 - 606.5 0.00328 0.0577 0.0576 + 0.0007 +0.0032 6.8
552.0 - 498.5 0.00716 0.0945 0.0945 + 0.0004 + 0.0005 1.0
490.3 - 440.2 0.295 1.73 1.75 +£0.13 + 0.0005 7.3

a - Height of the strongest peak in the region.

b - The unit of area is cm™.

¢ - The maximum deviation of the average of any one spectroscopist from the unweighted average,
except for the region 769.9 - 710.2 cm™. In this case the maximum deviation is the 95% confidence
limit of the area under the average spectrum for group C, the only spectroscopist who had spectra in
this region.

d - The anchor point uncertainty is the integration range multiplied by the average of the uncertainties
in k( V) (Table 2.1) at the two anchor points used for that range.

e - The % estimated accuracy is the sum of the maximum deviation and the anchor point uncertainty as

a percentage of the unweighted average area.

band group, Table 2.5 also gives the maximum deviation of the average of any one
spectroscopist from the unweighted average, which shows the agreement between the
different spectroscopists. Table 2.5 includes the estimated accuracy of the overall
unweighted average area of each band, which is discussed later. Again, a good sense of
the quality of these results can be obtained from Fig. 2.1. Each box of Fig. 2.1 includes,

above the label 'AVG', the unweighted average area and the maximum deviation.

The average agreement over the 35 band regions in Table 2.5 is +1.8%. For the
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11 regions between 3150 and 775 cm™ with kmax between 0.002 and 0.112 the
agreement between the areas is always better than +3.1%, and averages +1.1%. Such

agreement between spectra measured in different laboratories on instruments by different

manufacturers is very encouraging.

The agreement between the areas (Table 2.5) is only 5 to 8% for the very weak
absorption between 6307 and 5445 cm™ and for the very strong absorption below 770
cm™. The absorption between 770 and 710 cm’ is so strong that cells with path lengths
of 8 um or less are needed to measure it accurately. There was only one spectroscopist
who had such a cell and there were only two experimental absorbance spectra of suitable

intensity to be measured accurately in this region. Additional measurements are needed

to improve the intensities below 770 cm™.

The weighted and unweighte ! average areas in Table 2.5 agree to within 0.3%
on average and they never disagree by more than 2.3%. This shows that the larger

number of spectra from this labora‘.. 'y did not unduly influence the average areas.

For each peak in the 4( V) spectrum, the overall weighted and-unweighted
average peak heights are given in Table 2.6 along with the maximum deviation from the
unweighted average of the averages of the different spectroscopists. Also given for
each peak are the % estimated accuracy, which is discussed later, the previous value
published from this laboratory® and the calibrated result of Jones and co-workers’. The
weighted and unweighted averages agree to within 0.4% on average. Few of them

disagree by more than 1% and the largest disagreement is 2.2% at 872.9 cm’. Thus, the



Table 2.6 - Overall average peak heights in the absorption index spectra.
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~ 4 Unweighted % Estimated Weighted

v (cm?) Avcrage® Accuracy® Average Ref 5° Ref 7¢

59499 0.000179(2) 1.6 0.000179

4667.0 0.000259 (4) 1.8 0.000258

4637.1 0.000228 (4) 20 0.000226

4612.1 0.000344 (5) 1.6 0.000342

4573.6 0.000206 (2) 1.2 0.000206

4388.7 0.000303 (2) 0.8 0.000304

4311.0 0.000347 (2) 0.7 0.000348

4244.3 0.000340 (1) 0.4 0.000340

4186.3 0.000175 (2) 1.4 0.000175 0.000174 (5) 0.000171 (12)
4161.3 0.000162 (1) 0.9 0.000162 0.000162 (5) 0.000156 (11)
4132.3 0.000174 (1) 1.7 0.000174 0.000174 (5) 0.000174 (12)
4056.6 0.000812 (18) 2.5 0.000823 0.000815 (8) 0.000817 (31)
4036.3 0.000976 (2) 0.4 0.000977 0.000975 (5) 0.000980 (37)
3980.3 0.000217 (2) 1.8 0.000217 0.000221 (5) 0.000216 (15)
3951.2 0.000212 (2) 1.9 0.000212 0.000216 (4) 0.000214 (15)
39238 0.000216 (1) 1.4 0.000216 0.000219 (4) 0.000222 (16)
39099 0.000215 (2) 1.9 0.000215

3869.7 0.000224 (1) 1.3 0.000224 0.000226 (5) 0.000227 (16)
3847.2 0.000251 (4) 2.4 0.000252 0.000255 (5) 0.000257 (18)
3812.2 0.000175 (1) 1.7 0.000176

3786.3 0.000178 (1) 1.7 0.000179 0.000177 4) 0.000178 (13)
3763.9 0.000109 (2) 3.7 0.000108 0.000111 (8)
37241 0.000140 (1) 1.3 0.000140 0.000138 (4) 0.000142 (10)
3707.0 0.000139 (1) 1.3 0.000139 0.000136 (4) 0.000144 (10)
3675.0 0.000146 (4) 3.2 0.000147 0.000160 (12)
3649.0 0.000269 (1) 0.7 0.000269 0.000268 (4) 0.000269 (19)
36240 0.000162 (1) 1.1 0.000162 0.000161(4) 0.000165 (12)
3584.6 0.000127 (1) 14 0.000126 0.000120 (9) 0.000127 (9)
35498 0.000108 (1) 1.7 0.000108 0.000108 (4) 0.000122 (9)
35193 0.0000843 (8) 1.9 0.0000844 0.000084 (4) 0.000093 (8)
3439.7 0.000126 (1) 1.4 0.000127 0.000128 (10)
33853 0.000109 (0) 0.7 0.000109 0.000122 (9)
3167.5 0.000483% (3) 08 0.000483 0.000509 (22)
31041 0.00366 (5) 14 0.00367 0.00357 (9)
3086.4 0.0116 (2) 1.7 0.0117 0.0119 (1) 0.0112 (4)
3062.0 0.0136 (4) 29 0.0136 0.0137 (1) 0.0134 (4)
3026.¢ 0.0308 (7) 23 0.0307 ~ 0313 () 0.0324 (6)
2979.1 0.00830 (13) 1.6 0.00827 0.00799 (22)




Table 2.6 - Continued

7 (cm™) Unweightc;:d % Estimaged Weighted Ref §° Ref ¢
Average Accuracy Average el ¢
29475 0.0102 (1) 1.0 0.0102 0.0103 (1 0.00962 (30)
2919.8  0.0164 (3) 1.9 0.0164 0.0164 (1) 0.0161 (5)
2872.2  0.00800 (13) 1.7 0.00796 0.00803 (11) 0.00770 (21)
2734.1 0.00172 (3) 1.7 0.00172 0.00171 (1) 0.00171 (6)
2671.7  0.000229 (2) 1.3 0.000229  0.000226 (3) 0.000229 (16)
2631.9  0.000327 (2) 0.9 0.000328  0.000325 (3) 0.000319 (23)
2604.7  0.000417 (8) 2.1 0.000418  0.000410(3) 0.000406 (30)
2585.9 0.000768 (6) 0.9 0.000770  0.000766 (2) 0.000787 (59)
2540.4  0.000277 (6) 23 0.000278  0.000272 (4) 0.000277 (20)
2509.2  0.000255 (3) 1.4 0.000256  0.000252 (3) 0.000251 (18)
2496.7  0.000253 (4) 1.8 0.000253 0.000255 (18)
2465.4  0.000257 (3) 1.4 0.000257 0.000260 (18)
2412.4  0.000526 (5) 1.0 0.000528  0.000525 (3) 0.000512 (39)
2389.0 0.000439 (6) 1.5 0.000440  0.000436 (3) 0.000438 (32)
2360.6  0.000703 (12) 1.8 0.000706  0.00070S (3) 0.000769 (56)
23353  0.000793 (14) 1.8 0.000797  0.000784 (4) 0.000818 (60)
2312.6  0.000621 (2) 0.4 0.000622  0.000616 (2) 0.000614 (49)
2280.7 0.000382 (5) 1.4 0.000384 0.000374 (26)
2260.5  0.000436 (10) 24 0.000438  0.000436 (3) 0.000428 (31)
2237.3  0.000198 (4) 23 0.000198 0.000203 (15)
2207.5 0.000273 (9) 35 0.000275  0.000270 (3) 0.000274 (20)
21853  0.000277 (5) 2.0 0.000279  0.000274 (3) 0.000280 (20)
2163.7  0.000492 (9) 20 0.000495  0.000491 (3) 0.000434 (35)
21166  0.000148 (6) 45 0.000150 0.000158 (13)
2068.5 0.000165 (7) 4.7 0.000167 0.000163 (4)  0.000172 (14)
2032.0 0.000169 (7) 4.6 0.000171 0.000187 (15)
2008.5 0.000358 (7) 2.2 0.000360
1991.1  0.000701 (9) 1.4 0.000703  0.000710 (3) 0.000678 (25)
1942.1  0.00434 (4) 1.0 0.00435 0.00441 (5) 0.00462 (11)
1872.0  0.00267 (1) 04 0.00268 0.00268 (1) 0.00270 (10)
1857.6  0.00429 (6) 1.4 0.00430 0.00458 (15) 0.00460 (11)
1802.6  0.00386 (5) 1.3 0.00387 0.00390 (4) 0.00390 (15)
1778.5 0.00123 (1) 0.9 0.00123 0.00123 (5)
17356  0.00221 (1) 0.6 0.00221 0.00220 (2) 0.00222 (8)
1696.8  0.000820 (15) 2.1 0.000824  0.000832 (4) 0.000809 (30)
1676.7  0.000931 (15) 1.8 0.000934  0.000947 (4) 0.000934 (34)
1623.1  0.00429 (5) 15 0.00430 0.00426 (10)
1604.5  0.0309 (12) 3.9 0.0315 0.0320 (1) 0.0304 (10)
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Table 2.6 - Continued

7 (cm™) Unweighted % Estimated Weighted

Average®  Accuracy’ Average _ Ref 5° Ref 7°
1586.7 0.00494 (5) 1.3 0.00494
1572.1 0.00519 (2) 0.6 0.00520 0.00560 (14)
1550.3 0.00347 (12) 4.4 0.00350 0.00353 {13)
1523.6 0.00867 (31) 3.9 0.00877 0.00928 (22)
1495.6 0.115 &) 34 0.115 0.115 (3) 0.116 (2)
1460.2 0.0278 (19) 6.9 0.0281 0.0280 (2) 0.0265 (9
1378.9  0.0129 (5) 4.0 0.0129 0.0133 (2) 0.0137 (3)
1332.0  0.00206 (3) 24 0.00206 0.00217 (8)
1312.7  0.00220 (3) 23 0.00219 0.00230 (9)
1277.6  0.00116 (5) 6.0 0.G60115 0.00118 (4)
1248.7 0.00182 (3) 2.7 0.00182 0.00181 (7)
1210.1 0.00439 (13) 3.1 0.00448 0.00446 (16)
1178.6  0.00967 (39) 4.1 0.00963 0.0100 (3) 0.0103 (3)
1155.9 0.00410 (7) 1.8 0.00409 0.00410 (15)
1106.5 0.00673 (8) 1.3 0.00672 0.00732 (18)
1081.4 0.0302(7) 23 0.0301 0.0311 (2) 0.0305 (10)
1041.4 0.0151(2) 1.3 0.0151 0.0158 (4)
1002.3  0.00450 (13) 3.0 0.00451 0.00442 (16)
980.7 0.00427 (12) 29 0.00428 0.00423 (16)
966.4  0.00400 (14) 3.6 0.00402
929.6  0.00295 (8) 2.9 0.00296 0.00301 (11)
895.4 0.00919 (39) 4.4 0.00912 0.00968 (33) 0.0100 (5)
8729 0.00228 (32) 14.7 0.00223 0.00235 (9)
842.7 0.00368 (32) 9.1 0.00363 0.00385 (14)
785.6  0.00837 (36) 4.5 0.00845 0.00839 (31)
7289 0.719 (60) 83 0.719 0.658 (16)
694.5 0.365(19) 5.2 0.362 0.342 (4) 0.380 (6)
622.0 0.00328 (10) 33 0.00329 0.00329 (1) 0.00320 (12)
537.8  0.00131 (1) 1.4 0.00131 0.00130 (0) 0.00126 (1)
521.0 0.00716 (35) 50 0.00721 0.00683 (5) 0.00667 (45)
464.2  0.295 (39) 13.2 0.292 0.120 (13)

a - In this column the number in parentheses is the maximum deviation from the unweighted average,
except for the peak at 728.9 cm™. In this case the number is the 95% confidence limit in the average
spectrum for C, the only spectroscopist who had spectra in this region.

b - The % estimated accuracy is the sum of the maximum deviation and the uncertainty due to the
anchor points as a percentage of the unweighted average. The uncertainty due to the anchor points is
the average of the uncertainties in k(v ) (Table 2.1) for the two anchor points either side of the peak.

¢ - In this column the number in parentheses is the 90% confidence limit in the last digit®.

d - In this column the number in parentheses is the evaluated uncertainty in the value’.
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Figure 2.2 - Absorption index (imaginary refractive index), A( V), spectrum between 6500 and 435 cm’
of toluene at 25°C. The scale labels in the middle and bottom boxes are for the lower spectrum in the
box; they must be divided by 50 for the upper spectrum in the box.
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Table 2.7 - Absorption indices between 6500 and 435 cm™ of liquid toluene at 25°C.*®

XE YE

4

3

3

cm 2 4 6 7 8 9 10 11 12 13 14 15 16
M99 3 -7 22 16 16 i3 9 14 13 7 i3 8 9 8 3 3 8 5 1
636876 3 -7 S 1 1 1 2 4 3 1 2 1 ! 1 1 6 15 13 21
623763 3 .7 38 28 28 30 33 30 51 a3 a2 63 89 131 131 150 171 209 27
AT 7 143 b 238 2Rl ns oSz 208 189 208 267 334 339 s517 819 979 1128 1366
SY7S39 3 -7 1513 1m3s 1723 1782 1721 1815 1439 1372 1357 1435 1404 1237 18] 1228 1143 966 776
S83322 3 .7 633 €28 471 439 M5 183 508 825 534 S14 4195 501 S12 523 546 562 532
ST 3 -7 2 385 43 a6 393 379 394 224 439 336 1i8 350 280 246 227 193 165
Ss8195 3 -7 172 147 n7 138 121 108 126 17 108 99 13 104 87 91 83 2 81
545031 3 -7 84 %1 81 2] 83 85 92 90 96 107 12 1 121 128 138 1.1 130
5319468 3 .7 Hns 120 121 98 100 96 83 8] ” ) il 39 85 75 RS I 69
518454 3 .7 65 59 6 56 72 A9 63 64 65 63 64 62 65 68 69 67 68
s05740 3 -7 A n 80 8S 87 92 100 111 127 147 159 175 178 177 174 170 162
92627 3 -7 153 152 147 134 125 119 125 133 130 141 141 134 142 142 140 137 138
479513 3 .7 B 164 186 204 213 226 233 259 296 336 403 455 532 683 1027

268617 0 -7 1089 1148 1210 1278 1343 1409 1478 1546 1622 1696 1774 1863 1957 2056 2163 2268 2373
466680 2 .7 2592 2350 18987 1714 1655 1740 1980 2223 2269 2230 2332 2572 2851 3187 34294 3275 1730
460132 2 .7 2170 1818 1422 1524 1530 1677 1877 .US4 1947 1650 1437 1274 1106 978 899 846 830
353190 3 -7 790 721 ns 751 773 739 176 769 837 938 1055 1218 1411 1622 1822 2067 2453
0076 3 -7 8OO 2996 IN22 2920 2RI 2847 2847 2817 2809 2878 3115 3397 3449 3261 2999 2713 2714
426963 3 -7 2983 3668 3376 3373 3230 2626 2105 1920

421177 2 -7 1931 1869 1765 1672 1610 1613 1708 1730 1623 1530 1488 1500 1575 1617 1599 1561 1512
314620 2 -7 1497 1530 1618 1719 1741 1699 1683 1747 1879 2022 2062 2078 2180 2434 2885 3610 4674
J0RO6 2 -7 S813 6573 7023 7374 7897 7991 8093 7828 7181 7278 8272 9467 S415 7922 6015 3443 3489
401507 2 -7 2992 2723 2699 2558 2293 2028 {860 1802 1516 2171 1955 1825 1825 1860 1500 1970 2090
3194950 2 -7 2099 1989 1909 1872 1847 189 1094 2150 2049 2044 2143 2098 2026 2033 2049 2024 1952
388393 2 -7 1859 1832 1930 2IS8 2214 2080 2016 2111 2332 2494 2509 2492 2419 2198 1994 1878 1795
381836 2 -7 1728 1739 1742 1642 1487 1387 1306 1560 1766 1693 1420 1198 1077 1046 1086 1039 963
375280 2 -7 911 893 903 9a4 1024 1110 1232 1381 1365 1233 1198 1306 1387 1255 1098 1064 1102
368723 2 -7 1203 1305 1398 1459 1H6 1441 1525 1741 2118 2531 2688 2443 1982 1603 1436 1462 1597
362166 2 -7 1570 1291 1044 947 M) 959 979 995 1094 1227

358647 -1 -7 1238 1247 1255 1263 1267 1263 1250 1225 1192 1158 1124 1093 1064 1036 1011 988 965
357489 2 .7 817 735 30 783 900 1020 1073 1073 987 824 701 9 675 738 829 819 728
350933 2 -7 662 622 6134 628 630 621 599 598 619 639 654 672 692 722 775 874 1039
344376 2 -7 191 1261 1217 1108 983 887 839 827 839 865 897 925 957 1008 1058

338208 3 -7 079 1026 931 866 875 961 1063 1152 1167 1176 1201 1160 1171 1195 1224 1254 1307
325091 3 -7 1345 1405 1453 1547 1692 1892 2194 2392 2654 2931

317956 1 -7 3032 3170 3359 3645 4074 3575 4829 4791 4667 4560 4510 4507 4586 1669 4767 4832 5025
31677 1 -6 S14 531 550 574 597 625 656 696 735 808 891 999 1131 1294 1497 1718 1911
311399 1 S 208 229 260 302 336 366 358 344 345 373 438 558 750 992 1152 1125 992
307928 2 -~ 774 736 863 1134 1339 1342 1268 1172 1106 1134 1290 1700 2370 2952 3010 2358 1650
301371 2 -5 1238 1026 945 899 807 M6 737 764  ROB 830 822 803 788 827 906 958 995
2714 2 s (017 1007 990 1002 1073 1224 1430 1621 1569 1270 949 724 °593 528 514 539 593
288257 2 -6 o635 7363 7906 7984 7856 7641 7130 6029 4674 3524 2710 2165 1778 1490 1283 1184 1070
281701 2 -7 Y537 9221 884S 7917 7032 6368 STTL 5229 4868 3655 3476 4265 4051 3798 3646 3630 3684
275337 1 -6 377 392 416 454 514 62T s 972 1273 1583 1723 1574 1267 977 761 612 510
272058 1 -7 4394 3898 3536 3252 3021 28N KI5 2539 2429 2348 2273 2207 2163 2148 2153 2157 2134
268780 1 -7 2084 2037 2005 1976 1945 i7.’ 1976 2099 2270 2234 2072 1990 1989 2039 2109 2170 2205
265502 1 -7 2206 2197 2215 2273 2341 238 2397 2386 2408 2507 2734 3095 3272 3161 3002 2872 2779
262223 1 .7 2716 2678 2677 2734 2889 3180 »«’< 3619 3867 4163 3925 3479 3185 3110 3251 3675 4497
258945 1 -7 S770  71S5 7658 6665 S213 3119 3408 2027 2564 2286 2088 1960 1876 1828 1821 1850 1905
258666 1 -7 1951 2012 2126 2273 2358 2354 2373 2522 2735 2710 2478 2255 2070 1921 1822 1788 1825
252388 1 .7 1901 1934 1933 1936 1978 2091 2286 2497 2533 2372 2236 2210 2281 2419 2526 2478 2442
299110 1 -7 2335 2437 2399 2350 2305 2280 2271 2270 2279 2301 2347 2421 2513 2564 2559 2538 2526
235831 1 -7 2514 2493 2353 2407 2364 2338 2329 2345 2394 2477 2588 2734 2941 3132 3187 3180 3213
242553 1 -7 3303 3460 3705 3033 4433 4804 5139 5258 5024 4634 4256 3942 3697 3533 3470 3517 3667
239274 1t .7 3894 4198 4387 3135 3702 3354 3084 2879 2759 2709 2705 2767 2911 3208 3802 4920 6521
235996 1 -7 6918 5941 5188 4755 4399 4068 3845 3814 3036 4541 5228 6106 7355 7887 6632 5063 4001
232718 1 .7 3393 3092 3009 3112 3436 4058 5016 6005 6061 5045 3977 3259 2827 2582 2474 2476 2577
220439 1 -7 2779 3064 3365 3625 3782 3757 3713 3815 3618 3226 2948 2803 2750 2790 2961 3289 3787
226161 1 -7 4263 4305 3879 3352 2910 2562 2291 2084 1939 1849 1823 1867 1949 1965 1842 1680 1563
222882 1 -7 1500 1469 1437 1392 1349 135v 1357 1463 1660 1916 2352 2730 2372 1856 578 1485 1507
219604 1 -7 1600 1761 1981 2211 2450 2711 2728 2414 2103 1915 1834 1833 1920 2155 2638 3477 4526
216326 1 -7 4894 4180 3232 2504 1998 1665 1459 1335 1260 1203 1154 1116 1090 1072 1049 1013 976
213047 1 -7 963 988 1070 1162 1185 1219 1348 1479 1437 1395 1400 1353 1249 1146 1067 1016 991
209769 1 -7 9%7 987 984 989 1003 1027 1056 1083 1106 1134 1179 1243 1318 1402 1534 1644 1574
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Table 2.7 - Continued.

an' AE YE D 1 2 3 1 < B M N 2 i 11 12 13 14 18 1o
063490 1 -7 148 1286 122 e 1121 N7 1oes TUST 1aad [dS Tese 1oTT 0 TIOS SO 1222 1Ry 18 3e
203212 1 -7 1689 1638 16t 1703 ISID I9SY 0 212e 2333 Zold 288N BAD 0 3333 3RO ISAT O 33S1 WY Wkl
199933 1 -7 3685 4243 S2TR o063 QST a8l o7 6192
198198 2 -6 618 i 607 842 1295 190Y 239] 0 2364 260 AV 2274 J0Te I8RO ANTE O 1316 1o 739
Med B bt 33 177 s i ads N R3S 1A3Y 46 MWD TAON edR 0 oS 3R 433N ang?
185084 2 .6 243 IsS8 1202 1001 WS WG Fi9e 1398 1STS 171 2054 O824 3ew3 3T7HO 2N0R LOSO ESL
178528 2 .5 1245 1180 1222 w77 RRD N3 74 269 o3l Tt V6T 1) INSS S 236 IRYOY 100 Toe?
171971 2 .7 7348 0267 ouSd  oldd ol owid SIS
165464 1 .7 7331 0936 &8  oll4 5932 o028 6373 T3 835 9231 90l TASY 71800 6713 S023 odg IS
166185 1 6 337 922 957 R ) W26 O |80 N6l S6e2 RN V7S ool 1181 133 1887 183 2328
162907 1 -6 2879 3819 77 ACES Al0F 0SS 398% J1Y 0 dSee 3878 83
160882 0 -3 993 1335 1858 2532 3030y 2999 2880 2102 1076 13ad 1tes Rl 828 743 ol ol Sewd
159137 1 -6 5081 4907 919 JIRO1 4562 2331 I367 4560 813 SO81 0 SE03 0 SON1 4783 4381 376 Wndl AN
155868 1 -6 3206 3152 3167 3296 358 3352 39 3545 37I3 0 QO3 43200 JSA0 Q0 AT9S AN S9SN
152899 1 -§ 07 862 789 674 631 a7 o [yt 729 Sun 238 1143 1813 221S
149986 0 -t 282 378 542 805 1081 143 783 557 17 330 2n 234 200 INS 108 182 (B3]
148058 2 -5 1388 1537 1811 2180 2§85 2768 2712 2430 20588 1706 134 HUT] 838 T3 718 oS3 S84
18501 2 6 Si% 4925 4671 4416 4323 S 77T 5629 7433
138223 1 -8 913 1178 1267 981 2 887 470 416 377 348 7 3 298 276 280 2 ARR)
1349483 1 6 2242 21588 2070 1990 13300 1886 1871 1880 1961 206D 19SS 81T 1729 1671 led2 163 S
131666 ! 6 1810 2027 2% 2016 1757 1524 1453 1339 119 1371 1207 1222 1led 1126 1108 1097 1onl
128387 ! 6 1109 1123 1146 1158 1156 11346 11290 1111 1095 10%0 109 1108 1131 tie7 1221 1313 1468
125109 1 -6 1676 1815 1776 1645 1497 1371 1271 1197 1150 1122 1114 1119 1138 1171 1217 1286 1383
121831 1 -6 1518 1726 21234 3044 3324 3846 2877 2320 2122 2148 2309 2504 2628 2674 2709 291 Zued
118649 0 -6 3101 3295 3570 3959 4531 S402 6713 8436 9632 9066 7524 6117 S109 Al Q000 3709 3S14
116913 1 -6 3202 3225 3269 3386 3567 3790 3992 4095 3815 3332 3113 2856 26SKR 0 0S24 2423 2327 22w
113635 1 -6 2159 2114 2099 2097 2065 2019 1992 2006 205§ 2183 232) 2613 323 9T S280 6S4S oS0
110356 1 -5 559 485 441 423 427 457 519 631 ¥35 1219 1936 2847 28ST  2USK 1SR 1211 262
107078 1 -5 785 669 599 561 547 552 573 6l2 669 79 853 uB6 1141 130d 1430 15060 1483
103896 0 -5 1447 1307 1373 1362 1388 1486 1720 2218 3133 398S 3577 2623 190 1426 1142 967 RS9
102257 0 -6 7942 7342 6627 6007 5533 3170 J4B8R  JI669  3aBB 4331 4217 4121 A0S0 9T 6T WS9 3un?
100617 0 -6 4000 43056 4171 4370 4194 07 3249 3100 3984 3RO 3829 3TRL 37SO 3734 3733 M2 3TN0
98689 = 6 3946 4185 4222 3985 3915 3986 3940 3651 3388 3239 3173 3023 2781 2572
93382 1 -6 2563 2666 2870 2938 2726 2465 2299 2224 2212 2245 2309 2381 2468 2560 2678 2aY 32N
90204 1 -6 3823 4914 6757 8842 BT711 6482 4560 3415 2763 2381 2148 2018 [98S 2042 2177 2274 2227
86733 2 -6 2012 1877 1885 2046 2410 3039 3613 35831 2945 a0l 2041 1871 1839 1908 2048 2139 IR0
80465 0 -6 2199 2226 2254 2287 2331 2380 2326 2483 2540 2607 2700 2779 2904 3065 35O 3563 l7
78826 0 -6 4790 6098 7784 8339 7439 6354 5546 5036 4719 4516 3382 4298 4279 4240 4233 4283 4320
77187 0 -6 4317 3373 471 4594 4749 3896  S065  S27S S4B 5654 SBTB 6196 655] 6924 7373 746 Redl
75547 0 -5 949 1048 1185 1310 1476 1651 1821 1991 2177 2393 2647 2953 3319 3766 4331 5055 S99
73908 0 4 722 887 1108 1408 1318 2371 3101 4023 5105 6214 7017 7116 6388 S421 3235 3182 2350
72269 0 4 1747 1313 1007 790 633 s19 435 n 321 282 249 222 202 89 182 183 11
70630 0 - 207 233 273 326 393 471 565 694 899 1259 1896 2861 3616 3330 2498 1765 125)
68991 0 -5 8951 6555 4974 3925 3215 2724 2384 2154 2005 1919 18RO 1877 1872 1830 1733 1575 13K6
67352 0 -5 1202 1036 893 777 681 607 537 484 439 397 365 337 310 290 266 249 213
65712 0 -6 2213 2048 1980 1863 18134 1705 1666 1574 1588 1495 1508 1433 1420 1370 138S 1311 1318
64073 0 -6 1301 1330 1335 1424 1459 1468 1492 1532 1559 1558 1556 1569 1617 1708 1850 2055 2335
62434 0 -6 2681 3035 3256 3221 2943 2567 2202 1902 1657 1464 1304 1171 1066 990 937 886 425
60795 0 .7 7550 6906 6375 5953 S613 5359  S134 4934 4760 4600  AASA 434] 4233 Jl46 66 3962 WIS
59156 0 -7 38341 3796 3773 3760 3739 3720 3702 3744 3745 3786 3BI4 36T 33T 3020 4044 4211 4312
S7516 0 -7 4300 4360 4550 4619 4667 J701 4741 4766 1793 4803 4835  4BOS 4715 4627 4553 ME9 4ds4
55877 0 -7 4457 4485 4523 4576 4570 3656 4733 4842 4954 5093 5258 5454 SGH4 5946 6275 6675 7143
54238 0 -6 787 881 1007 1185 1275 1303 1247 1177 1132 108 1133 1171 1233 132} 1440 1597 1803
52599 0 -6 2099 2527 3186 4245 SB30 7135 6291 4480 3216 2508 2132 1904 1760 1653 1568 1S0# 1474
51008 -1 -6 1462 1452 1445 1441 1394 1363 1307 1266 1274 1281 1225 1144 1134 1202 1153 1069 )

S0188 -1 -7 9312 9256 9572 9814 8861 8526 8491 8334 9N16 9536 9728 U666 V111 BEIG 9190 9329 17
49369 -1 -6 982 1022 987 1012 1124 1268 1321 1301  i33¢ 1391 1425 1491 1606 1483 I¥SS 193 2025
48549 -1 -6 2005 2210 2303 2389 2688 2797 2787 2976 3165 3322 3443 3574 3681 IR 4106 4427 483
47729 -1 5 524 574 638 74 774 862 963 1081 1218 1375 1568 1782 2027 2329 2693 3145 3708
46910 -1 3 439 526 640 787 979 1227 1544 1930 2362 2748 2953 2798 2443 2032 1649 1322 1]
46090 -1 -5 8527 6935 S717 4764 4n39 3473 2999 2593 2235 1928 1682 1459 1266 1120 1007 402 402
45271 -1 -6 7250 6618 5S60 5411 5043 4716 4349  4iSR  3MHB 3646 3523 3314 3193 3083 2974 2%68 2577

44451 .1 -6 2453 2525 2510 2400 2239 2075 2127 2296 2317 2333 2420 2345 2222 2287 2370 2354 234}
43631 -1 -6 2463 2626 2694 2773 2989 3039

a - The column headed cm™ contains the wavenumber of tie first &( V) value in the row. The columns



39

headed XE and YE contain the X-2xponent and the Y-exponent, respectively. for the row. The
columns headed 0,1.2.--16, contain the ordinate values, and the headings give the indices of th
ordinate values in the row. In a row which starts with ¥(0). the wavenumber corresponding to the

- — 15798.002 -
ordiaate indexed Jis y({J)= v(0)- 16381 J - 2Z. The k( V) values in that row are the

ordinate value shown times 10", Thus the entry indexed 16 in the first row of the table shows that

15798.002

k=1x10 at v =6499.90 - 16384

-16 - 22 =6376.48 cm™.

b - The k( v) values in the table can be interpolated to the original wavenumber spacing. 0.482117 cm’,
and yield the original A( v) vatues accurate to 126 below 4500 cm’!, 2% between 4500 and 5000 cm’’
and 5% above 5000 cm™ . via the 4-point spline interpolation program TRECOVER®.

larger number of spectra from this laboratory did not unduly influence the average peak

heights. Peak heights agreed between spectroscopists to +2.1% on average. There

was no evidence that resolution affected this agreement.

The unweighted average absorption index, k( V), spectrum, areas and peak
heights were taken as the primary absorption intensity results of this work. This (V)

spectrum is shown in Fig. 2.2 and is tabulated in Table 2.7 in Compact Table format®.

2.3.2 - Real refractive index spectrum.

The real refractive index spectrum, n( V), was determined by Kramers-Kronig
transformation of the k( V) spectrum, with n = 1.4773+0.0004 at 8000 cm’. This value
was obtained by fitting literature”'® values of the refractive index at eight wavelengths in
the visible region to n°(¥) =av*+b¥*+c and extrapolating to 8000 cm™. Further, we
assumed that the k( V) values are all zero between 6500 and 8000 cm’. The final real

refractive index spectrum is shown in Figure 2.3 and the values are in Table 2.8.
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Figure 2.3 - Real refractive index, n( V), spectrum between 6500 and 435 cm’ of toluene at 25°C. In

the bottom box, the partial spectra shown by the upper curve are (n( V) - 1.21) x 6.6, to magnify and
offset the curves for clarity.
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Table 2.8 - Real refractive indices between 6500 and 435 cm of liquid toluene at 25°C.>®

,

-

.m' XYE 3 i M 3 3 < 4 7 ® 9 11 11 12 13 13 15 16
PP 3 14TEE 1ATER 14748 13768 14748 14760 (4768 14768 14768 13758 13768 13768 13768 13768 14768 14768 13768
436876 3 14768 14767 13767 13767 13767 13767 14767 14767 14767 13767 13767 14767 14767 13767 14767 13767 13767
£23763 3 14767 13767 13767 iaTnT 13767 13767 13767 14767 14767 (4767 13767 14767 13767 14767 14767 14757 13767
610649 3 13767 13747 14767 13767 13767 13757 14766 13766 14766 13766 14766 14766 13766 14766 13766 14766 11766
1535 3 14766 13766 13766 13767 13767 14767 13767 13767 13767 14767 13767 13767 14767 14767 13767 13768 11768
s¥IIID 3 14707 14767 13767 13767 13767 14767 13767 14767 13767 13767 13767 13767 14767 13767 14767 13767 13767
71308 3 14767 13767 13767 14767 14767 13767 13767 14767 13767 13767 14767 14767 14767 13767 13767 14767 14766
558195 3 14766 13766 13766 13766 14766 13766 13766 13766 14766 14766 13766 13766 13766 14766 13766 13766 13766
35081 3 14766 13766 14766 14766 13766 14766 13766 13766 14766 14766 13765 14765 14765 14765 14765 13765 13765
531068 3 14765 13765 14765 13765 14765 13765 14765 13765 14765 13765 13765 13765 13765 13765 14765 14765 134765
SI8853 3 14765 14765 14765 13765 13765 14765 14765 14763 14763 14763 14763 14763 14763 14763 14763 14763 13764
SOSTAN 3 14763 13763 14763 14763 14764 11763 14763 14761 14764 14754 134763 14764 13763 13763 14763 13763 14763
492627 3 14763 14763 13763 13763 13763 13763 14763 14763 14763 13763 13763 13763 14763 13763 14762 14762 14762
379513 3 14762 14762 14762 13762 14762 14762 14762 13762 13761 14761 13761 14761 14761 14760 14760
217 0 14760 14760 14760 14760 13760 13760 14760 14760 14760 14760 14760 13760 14760 14760 14760 14760 13760
& %y ¥ 14761 14761 13761 13761 13761 13761 13761 134761 14761 14761 14761 13761 14761 134761 1376 14762 13763
g a2 2 14763 14763 14762 13762 14762 14762 13762 14762 14762 14762 14762 14762 13762 14762 13762 14762 14762
uo90 3 14762 14761 14761 13761 134761 14761 13760 14760 14760 14760 14760 14759 13759 14759 14759 14759 14759

“T6 3 14759 14759 13760 14760 14760 13760 14760 13760 14760 14760 14759 13760 14760 14760 14760 14760 134760
426963 3 14759 14760 14760 14760 14761 14761 14761 14760
21177 2 19760 13760 13760 13760 14760 14760 14759 14759 13759 13759 14759 14759 14759 14759 14759 14759 13758
214620 2 14758 14758 14758 14758 13758 134757 14757 14757 14757 14757 14756 14756 14756 14755 14755 14754 14754
408063 2 14754 14755 14755 14756 13757 14757 14758 14759 13759 13758 14758 14760 14762 14764 14763 14764 14763
01507 2 14762 14762 13761 13761 14761 14761 14761 13760 13760 13760 14760 14760 14759 14759 14759 14759 13759
394950 2 14759 14759 14759 14759 14758 14758 14758 14758 14758 14758 14758 14758 14758 14758 14758 14758 14758
388393 2 14758 14757 14757 13757 14757 14757 14757 13757 14757 14757 13757 14757 13757 14757 14757 14757 14757
I8 36 2 14757 14757 14757 14757 13757 14757 14756 14756 14756 14756 14756 14756 14756 14756 14756 13756 14755
375280 2 14755 14755 14755 14755 1475§ 14753 14753 14753 14753 14754 14754 14758 14754 14754 14754 14753 14753
368723 2 14753 14753 14753 14753 14753 14753 14752 14752 14752 14752 14753 14753 14753 14753 14753 14753 14752
3621 66 2 14753 13753 14752 14752 14752 14752 14752 14751 14751 14751

358647 -1 14751 14751 13751 14751 14751 14751 14751 13751 14751 14751 14751 14751 14751 14751 14751 14751 14751
357489 2 14751 14751 14750 14750 14750 14750 14750 14750 13750 13750 14749 14749 14749 14749 14749 14748 14748
350933 2 14748 14748 14748 14748 14747 14747 14747 14747 14746 14746 14746 14736 14746 13745 14745 14735 14745
334376 2 14745 14744 14743 14734 13743 14733 14743 14743 14743 14743 14742 14742 14742 14742 1474)
338205 3 14741 14741 14730 14739 14739 14738 14737 14736 14736 14735 147334 14733 14732 14731 14730 14729 14728
325091 3 14727 14725 14724 14722 14721 14719 14717 14715 14712 14709

317956 1 14709 14708 14707 14706 14705 13705 147034 14703 14703 14702 14702 13700 13699 14698 14697 14696 13695
314677 1 14694 14602 14691 13689 13688 14686 14684 14682 14680 14678 14675 14673 13670 14668 14665 14663 14661
311399 1 14659 14656 13653 14651 14651 14653 14653 14649 13643 14635 14625 14616 14611 13617 14639 14664 14676
307928 2 14673 13656 14630 14637 14656 13677 14687 13689 14679 14662 14641 13621 13632 14696 14795 14868 14875
301371 2 148SR 14837 14822 14816 (4810 14799 14789 14782 14779 14779 14779 14778 14773 14766 14765 14767 14771
2048 14 2 14775 14778 14778 13774 14769 14767 14776 14804 14844 14871 14874 14865 14853 14840 14829 14820 14813
288257 2 14812 14814 14821 14820 14836 14843 14853 14862 14863 14860 13855 14850 14845 14840 14836 14832 14829
281701 2 14826 14823 14821 14820 14818 14816 14814 13812 14810 14808 14807 14805 13804 14803 14801 14800 14798
275337 1 14797 14796 14795 14794 14793 14792 14791 14790 14790 14792 14796 14800 14802 14802 14802 14801 14800
277058 | 14799 14798 14797 14797 14796 14795 14795 14794 14794 14793 14793 14792 14792 14791 14791 14790 14790
268780 1 14790 14789 14780 14789 14788 14788 14787 14787 14787 14787 14786 14786 14786 14785 14785 14785 14785
265502 1 14784 14784 13784 14783 14783 14783 14783 134782 14782 14782 14781 14781 14781 14781 14781 14781 14781
262223 1 14781 14780 13780 14780 1<779 14779 14779 13779 14779 14779 14779 14779 14779 14778 14718 14777 14776
258945 1 14776 14777 14779 14781 14781 14781 14780 14780 13780 14779 14779 14778 14778 14778 14777 14777 14777
255666 1 14776 14776 14776 14776 14776 14775 13775 14775 13775 14775 14775 14775 14775 14775 14714 14774 14773
252388 1 14774 14773 14773 14773 14773 12773 14772 1472 14772 14772 14772 14772 1472 14TT2 14712 14772 14T
240110 1 14771 14771 14TT0 19771 13771 14771 14770 14770 14770 14770 14770 14770 14770 14769 14769 14769 14769
4S8 31 1 14769 14769 14769 14769 14768 14768 14768 14768 13768 14767 14767 14767 14767 14767 14767 14767 14766
242553 1 14766 14766 14766 14766 14766 14766 14766 13767 14767 14767 14767 14767 14767 14767 14766 14766 14766
239274 1 14766 14766 14766 14766 13766 14766 13766 134766 14765 13765 14764 4764 14763 14763 14762 14762 14762
235006 1 14763 14765 14765 14765 14765 14765 14764 14763 14763 14763 14762 14762 14763 14765 14766 14766 14766
232718 1 19765 14765 14764 14763 14763 14762 14762 14763 14764 14765 14765 14765 14764 14764 14763 14763 14762
230339 1 14762 14762 14762 14762 14762 14762 14762 14762 14762 14762 14762 14762 14761 14761 14761 14760 14760
226161 1 14761 14761 14762 14762 14762 14762 14761 14761 14761 14760 14760 14760 14760 14760 14760 14760 14759
222882 1 14759 14759 14759 14758 14758 14758 14758 14757 14757 14757 14757 14757 14757 14757 14757 14757 14756
219604 | 14756 13756 14755 13755 14755 14758 14756 14756 14756 14755 14755 14755 14754 14752 14753 14753 13754
216326 1 14755 14756 14756 14756 14756 14755 14755 14754 13754 14754 14754 14753 14753 1475: 14753 14752 14752
213047 1 14752 14782 14751 147S1 14751 14751 14751 14751 14751 14750 13750 14750 14750 14790 14750 14749 14749
09760 1 14740 14749 14748 14748 14748 14748 14747 14747 13737 14747 14747 14746 14746 14746 14746 14746 14746




Table 2.8 - Continued

1

e’ XE ) 1 > 3 3 3 > 7 b 10 11 12 13 13 18 lo
e 90 1 14TS 13TIS (2736 12TIS 4TS AT 1aTA 1373 14T 1ATIT 137D 14T 1aTaI 13T T4 AT Lt
203212 1 13730 13730 13739 13730 13739 13738 14TIR 14737 14737 14737 1370 WNe 1373 14730 1STIS 14T 14733
199933 1 14733 13733 14732 13732 13TID 14733 14733 14732
1981 9% 2 14731 13729 14720 14723 14720 13720 14733 13728 G4T33 14735 1373 a0 1378 140NT 14T dT 1Y
191641 2 13743 13741 14733 14735 14733 14731 (4719 13726 14733 14700 13TIY 143D 1376 14725 134733 1373 474N
1SS0 S84 2 14783 14751 13746 14731 14736 13733 14731 14728 13727 L4725 14722 14721 13728 14741 13748 4TAR 147
178528 2 14731 14738 13737 13737 14735 14733 14731 13729 187Zo 1STII 14719 1An7 13719 14723 13729 1473 14w
171971 2 13726 14722 13720 13717 14718 14713 14712
160363 1 14712 13711 13710 14709 13707 13706 14703 13703 14702 14702 14702 14701 13700 [do98 ldodn 1403 Tdewd
166185 1 13691 13690 13680 13688 14687 13685 14683 13681 13078 14675 13672 1de08 13003 ldool 13056 14652 14N
1629007 1 13635 13633 13645 14647 13647 13643 14037 13026 14612 14593 13508
1608 82 O 13549 13533 14528 14553 14626 14713 14773 14802 14810 13807 13798 14788 13779 14772 14768 14759 14783
159147 1 14741 14732 14726 14723 14720 14718 13709 14705 14703 14702 14704 14700 13707 14700 14704 14700 oo
155468 1 14691 13686 13681 13676 13673 11670 13665 14660 13654 14650 14640 146343 14639 14635 140V 1362l 1doil
152530 1 13603 13612 13623 13618 13605 13391 14575 14558 14537 13511 13478 1430 14378 1429
195 86 O 13248 13150 12123 I2I1TS IAIS3 13803 1S112 1140 1108 15063 15021 14081 149% 14033 13008 14833 1d8ed
148058 2 14797 14758 13736 14733 14755 13799 13851 14892 14915 14924 14927 14913 13893 1IR7E 13R6Y 13863 138%e
141501 2 14848 13840 14832 14825 14817 13808 14798 13789 13780
138223 1 14779 14792 14835 13863 13863 14857 14850 14843 14839 14835 13831 14828 13826 14824 14K21 14819 148le
133944 1 14814 14812 13810 13807 14805 14803 14801 14799 14797 13797 14797 14796 14793 14792 14790 14788 14780
131666 1 14783 14784 14786 14788 14788 13786 13783 14782 14781 14780 14779 778 13776 14775 14773 14772 14770
128387 1 14769 14767 14766 14765 14763 14763 14762 14761 13760 14759 13757 1756 13753 13753 14750 14750 13748
125105 1 14748 14749 14751 14751 137ST 14749 14748 14736 13743 14743 14741 14739 14737 14735 14732 14730 14727
121831 1 14724 14721 14717 14713 13722 14736 14738 14733 14730 13726 14723 14721 14720 14719 14716 1473 1w
1186490 O 14707 14703 14701 13697 14694 13690 14690 14697 14718 14733 14755 14757 14756 14752 14749 147358 14733
116913 1 14738 14733 14730 14728 14726 14726 14727 14730 13733 14733 14732 14730 14728 14728 13723 14721 13718
113635 1 14715 14713 14710 13707 13705 14701 13608 14693 14689 14681 14678 14672 14665 14659 14657 14665 13079
110356 1 14683 13680 14673 13663 13653 14630 13625 14607 13585 14561 14583 14617 14741 14801 14810 14802 13791
107078 1 14777 14763 13750 14738 14776 13715 13705 14695 13666 14678 14670 14665 14663 13668 14679 14693 14708
103896 0 14708 14707 14703 13695 14682 136634 14641 14620 14630 14730 13883 14936 14935 14917 14898 14880 13864
102257 0 14854 14847 14831 14833 14826 14819 14813 14807 14802 14798 13793 14789 14785 14782 14778 14775 14172
100617 0 14769 14766 147634 14762 14763 14763 14763 14762 14760 14758 14756 14754 14752 14751 14749 13747 14735

OB689 2 14740 14737 14737 14735 14731 14728 14728 14726 14723 14718 14715 14712 14708 14702

93382 | 14699 14696 13604 14694 13694 14692 14688 13683 13680 13676 14673 1369 14665 14661 13657 14652 13645
00203 1 14639 14632 14631 14638 14679 146934 13692 14685 14677 13670 14663 14657 13650 14635 13631 13438 14635
86733 2 14628 14619 14608 13598 14587 14579 14576 14575 14570 14559 13546 13531 14515 1adux 14482 1dd6d 1348
80365 0 14439 14433 14328 14423 14317 14410 13303 13398 14391 13384 14376 139 13360 14352 14342 14332 13322
788236 O 14310 14301 14303 14316 14323 13320 13311 14300 14289 14277 14265 14253 14240 14228 14213 13201 14187
TTI87 0 14172 14156 14140 14123 13105 13087 14068 14047 13026 13004 13979 13954 13927 13898 13467 13833 13798
75547 0 13760 13721 13678 13633 13587 13539 13489 13433 13370 13301 13222 13135 13037 12926 12799 12656 12492
73908 0 12305 12094 11860 11605 11335 11113 10966 10997 11346 12173 13582 15325 16850 17901 18396 18362 18248
722690 0 18004 17692 17392 17121 16881 16669 16483 16320 16173 16042 15920 15803 15693 15585 15479 15373 1Slo8
70530 0 15161 15053 14531 14829 14717 14601 13467 14301 13093 13858 13698 13947 15046 16394 17039 17160 17074
68991 O 16919 16745 16581 16438 16315 16210 16120 16043 15977 15920 15873 1SR35 15808 15788 15773 15758 15740
67352 0 15718 15695 15670 15646 15622 15600 15579 15558 15539 15521 15504 15487 15472 15457 15443 15330 15417
65712 0 15405 15393 15381 15370 15360 15350 15340 15331 15322 15313 15305 15297 15289 15282 15274 15267 15260)
64073 O 15253 15246 15239 15233 15228 15222 15217 15211 15206 15201 15196 15191 15185 15180 1S175 15170 15165
62434 0 15162 15161 15162 15164 15165 15163 15161 15158 15153 15150 15146 15142 15137 15133 15130 15126 15123
60795 G 15119 15116 15112 15109 15106 15102 15099 15096 15093 15090 15087 15084 15081 15078 15975 15072 15070
59156 0 15067 15064 15062 15059 15057 15054 15052 15049 15047 15644 15042 15040 15037 15035 15033 15030 15028
$7516 0 15026 15024 15022 15020 15018 15016 15013 19011 15009 15007 15005 15003 15001 14999 14997 14999 134993
5877 O 14991 14989 14087 14984 14982 14980 14978 14976 134973 14971 14969 13967 14964 14962 14959 14957 14984
54238 0 14952 14949 14947 14945 14944 14943 14942 14930 14937 14935 14931 143928 14925 14921 14918 14914 14910
$2599 O 14905 14000 14895 14892 14895 14913 14936 14942 14938 14931 14925 14920 14913 14911 14907 14903 13899
51008 -1 14897 14895 14893 14891 14890 14888 14886 14884 13881 14880 14878 13876 14873 14871 14869 14867 14864
SOl 88 -1 14862 14858 14856 14853 13851 14847 14845 13B4l 14838 14835 14832 14829 14826 14822 14818 14815 13#]1)
0369 -1 14807 14803 14799 14794 14789 14785 14782 14778 14772 14768 14762 14757 14751 14745 14739 14734 1372%
28549 -1 14722 14MS 14708 14700 14692 14686 13678 14668 14659 14650 14640 14629 14617 14603 14590 14574 14%%%
47729 -1 1454} 14523 14503 14484 14461 14437 143411 13383 14352 14320 14284 14247 14203 14156 14102 14044 13979
46910 -1 13910 13830 13748 13660 13584 13522 13513 13585 13820 14251 14903 15572 16030 16299 16409 164327 16383
46090 -1 16317 16232 16153 16072 16001 15936 15883 15831 15787 15742 15703 15665 15631 15596 15568 15540 15517
35271 -1 15492 15472 15451 15433 15414 15399 15383 15369 15356 15334 15332 15322 15311 15303 15293 15286 1527%
43451 -1 15269 15260 15255 15248 15243 15234 15227 15221 15218 15211 15209 15205 15201 15195 15193 15188 15187
43631 -1 15182 15182 15178 15181 15178 15178

a - The column headed cm™ contains the wavenumber of the first n( v) value in the row. The
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column headed YE contains the X-exponent for the rew. The colii’ ins Beaded 0,1.2.+-16. contain
the n( ) values with the decimal point implicitly after the first digit in each value, ang the headings
give the indices of the n( v) values in the row. In a row which starts with v(0), the wavenumber

. . . .~ - 15798.00
corresponding to the ordinate indexed ./ is  v(J) = v(0) - _1_6?54—2 -J- 2. Thus, the entry

15798.002

indexed 16 in the first row of the tabie shows that n» = 1.4768 at V= 6499.90 - 16383 ~16 23 =

6376.48 cm’'.

b - The n( ¥) values in the table can be interpolated to the original wavenumber spacing, 0.482117 cm’.
and yield the original n( v) values accurate to 0.1%, via the 4-point spline interpolation program
TRECOVER®.

2.3.3 - Molar absorption coefficient spectrum.

To present the data in a form preferred by analytical chemists, we have used the
final &( V) spectrum to calculate the molar absorption coefficient spectrum’, by En(V) =
A V k(V)/(2.303 C), where C is the molar concentration. The En(V) spectrum is
shown in Figure 2.4 and the values of E( V) are tabulated in Table 2.9 in Compact Table
format®. For liquid toluene at 25°C, the molar concentration is 9.36 moV/L, as
calculated from its density of 0.8623 g/ml’. The molar absorption coefficient is in the
unit L mole! cm™?. The areas under the molar absorption coefficient bands are in Table
2.10, with their estimated accuracies. The areas are in the unit used by analytical
chemists, L mole™ cm™?. The values should be divided by 100 to put them in the km
mole™ unit usually used by physical chemists. The values of the molar absorption

coefficient at the peaks of the bands are listed in Table 2.11.

For selected spectral regions, the molar absorption coefficient spectrum, the
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Figure 2.4 - Molar absorption index, £.( v), spectrum between 6500 and 435 cm’ of toluene at 25°C.
The scale labels in the middle and bottom boxes are for the lower spectrum in the box; they must be
divided by 50 or 25, as shown, for the upper spectrum in the box.
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Table 2.9 - Molar absorption coefficients between 6500 and 435 cm™ of liquid toluene at 25°C.*"°

an' XE YE U 1 2 3 3 5 6 7 k] 9 10 11 12 13 13 i5

2 16
34 e 3 LR 1T 4482 ML 33D €217 SGTn IVO8 4962 08T 3309 3052 9%8 1268 3069 1871 372
636876 3 6H 1862 371 37y 37 %22 1345 waoR 07 13 357 367 367 366 2355 5523 4745 782
623763 3 -5 1389 101w 1017 1083 1233 13h1 1830 1593 1527  22BO 3195 5043 5035 5351 6096 7439 3100
olimdy 4 3 0l 732 LS8 U510 wol 126 67 73z %39 1172 1S40 2161 2866 2423 3939 4763
TS 35 3 a1 S26h SA%G SYKS  HIED Sped S231 2972 4738 2675 4938 4827 4282 3050 4193 3907 3298 I64S
3332 3 a4 2SR 1TWS 1600 1389 ISIL 163§ 1717 1773 1800 1729 1663 1881 17iS 1752 1824 1877 {772
STI3LK 3 4 ie71 Ield 1372 1381 1303 1255 130l 1399 Q6 1436 1372 1149 817 803 740 828 S36
4S81 9% 3 .5 SSWT 4790 3RO 7T 303 34MS 3062 3756 3465 3184 3641 3331 2777 2906 2651 2626 2589
sasOoB] 3 .5 26E1 2361 2STI 2569 2607 2685 2894 2836 306 3365 3505 3453 3764 3007 4289 467 4362
S3g68 3 .S 1663 3766 3732 303G 3076 2051 2582 2398 2352 2265 2421 2712 2584 2270 2249 2204 21
S1¥8 54 3 -5 1973 1782 1300 1678 2169 2065 1873 1925 1530 1891 1903 1831 1931 2002 2030 1984 2000
05740 3 -5 M1 2093 2362 2402 2546 2699 2913 3227 3704 4270 609 5069 5164 5106 5010 4895 4557
492627 3 .S 26Y2 3335 3196 3832 3573 01 3584 3775 3963 2002 3993 J06d 3992 3991 3943 3835 3863
479513 3 4 N2 357 519 568 591 625 645 116 816 $52 1197 1249 1458 1869 2807
268617 O -4 2973 3135 3303 3389 3664 384 2031 4215 421 2623 4886 5077 5333 5601 5839 6174 6360
M6599 2 4 T0SH AIRE SII3 3839 JIMT 4713 S3ST OIS 6130 6020 6290 6932 7679 8575 9206 8797 7318
260132 2 24 S820 4872 4332 077 3089 378 S007  S476 5187 4392 RG22 3384 2936 2594 2382 2231 2195
353190 3 -3 20RK 1902 1883 1972 2031 2067 2030 2006 2181 2440 738 3157 3650 3190 3697 5319 6303
20076 3 -4 781 TOT2 T3 7350 7386 7238 7225 7136 7103 7266 TRI®  ®S, 8659 8173 7503 6775 6765
426963 3 -3 7422 911G 8371 AI7 7980 £376  S181 4717
G177 2 - 4739 3583 4325 4093 3938 3930 170 4219 3954 3725 36%9 3645 3823 3921 3875 3780 3657
3620 2 -3 362 69 390 a4 319 409 s 9 351 384 493 497 521 581 688 860 1113
08063 2 -3 1383 1562 1607 1772 1871 1892 1913 1849 1695 1716 1949 2228 2214 1861 1412 1042 817
401507 2 -4 002 6366 6304  S968  S335 4722 3328 4188 3450 5036 4531 4226 4221 4298 4387 4543 4815
393950 2 -3 3832 4573 4386 <297 4236 4333 4792 a914 3679 3664 48RS, 4778 2609 3620 4651 43590 123
I8H393 2 4 4207 3143 4360 <4871 4993 3685 4536 4746 S237  SS95 S622 5578 5411 9910 4350 187 3999
IIB36 2 -4 3845 3866 3869 3643 3296 3070 3110 3348 3899 3733 3127 2637 2367 2298 2382 278 2109
375280 2 4 1993 1953 1972 2058 2229 2416 2677 2999 2961 2671 2592 2824 2997 2709 2367 2291 2371
368723 2 3 2586 2802 2998 3123 3093 3079 2$7 3714 3513 S387  ST1S S190 4207 3399 3040 3093 3375
362166 2 -3 3314 2722 2198 1993 1977 2014 2054 2084 2290 2566
158647 -1 -3 1S9 2605 2632 2639 2646 2638 2611 2559 2489 2417 2345 2281 2220 2162 2108 2060 2012
357489 2 4 1702 15850 1817 1627 1867 2113 2221 2219 2039 1700 1444 1356 1388 1515 1701 1678 1491
350933 2 -1 1354 1270 1253 1281 1303 1263 1217 1215 1254 1294 1323 1357 1397 1456 1560 1758 2087
349376 2 - 2389 2527 2438 2216 1963 1769 1672 1648 1669 1718 1781 1833 1895 1994 2091
3138205 3 < 2126 2017 1826 1695 1709 1872 2067 2234 2359 2271 2314 2229 2245 2285 2336 2386 2483
325091 3 -4 2548 2656 1739 2910 3176 3543 3097 4457 4932 5434
37966 1 4 S619 S¥I0 6217 6731 7531 8453 ®916 8841 8607 84nd 8307 8295 8336 8584 8758 8965 9221
33677 1 3 12 974 1007 1050 1092 1143 1199 1270 1359 1474 1624 1820 2060 2355 2721 3122 3470
U3 1 2 378 36 N 548 627 663 617 622 624 673 790 1005 1351 1786 2073 2022 1782
307928 2 -2 1388 1319 1545 2028 2392 2393 2288 2085 1965 2013 2286 3008 4189 5212 5307 4153 2902
01371 2 -2 267 1800 1656 1573 1310 1301 1285 1330 1405 1430 1425 1390 1362 1429 1562 1650 1713
04813 2 .2 1747 1728 1697 1713 1833 2089 2456 2760 266% 2156 1609 1226 1003 892 866 907 997
288257 2 -2 1145 1235 1325 1336 1313 1275 1188 1003 177 585 449 358 294 246 211 195 176
WBITOL 2 -3 1566 1512 1448 1204 1138 1033 930 850 791 55 725 690 654 613 587 584 592
275337 1 3 604 628 667 127 822 970 1202 1552 2031 2523 2746 2506 2016 1553 1209 972 809
177058 1 -3 6967 6176 5599 5136 4776 4476 4224 4007 3830 3698 3578 3472 3301 3374 3380 3384 3345
268780 | -3 3264 3189 3136 3088 3038 3023 3082 3272 3536 3477 3223 3093 3089 3165 3271 3363 3415
265502 1 -3 3313 3397 3422 3509 3611 3684 3693 3673 3705 3853 3199 4752 5020 4844 4598 4396 4250
262323 1 3 4180 Q090 4085 4160 4302 4843  S288  SS02 5875 6321 5954 5275 4824 4707 4917 5555 6792
258945 1 .3 8N 1079 1154 1004 84 619 s12 439 385 343 313 293 281 273 272 276 284
255666 1 -3 2906 2995 3163 3380 3503 3495 3521 3738 4051 3011 3664 3332 3056 2834 2687 2635 2686
282388 1 -3 Y796 2843 2840 2841 2900 3063 3336 3654 3703 3465 3264 3223 3324 3522 3677 3603 3549
49110 1 -3 3549 353§ 3477 3404 3336 3297 3282 3278 3288 3318 3382 3485 3614 3685 3675 3642 3621
245831 1 <3 3602 3569 3509 3340 3377 3336 3321 3341 3409 3524 3679 3883 4174 342 4515 4503 3546
242653 1 3 4669 4888  S229  S703 6237 6764 7229 7392 7058 6504 S969 5524 5176 4943 48§51 4912 5117
239274 1 -3 S330 S850 6108  S7S2 S136  J658 4280 3992 3823 3750 3741 3824 4021 4427 5243 6778 8977
235996 ' -3 952 816 n2 652 603 557 26 S22 552 620 713 832 1002 1073 902 688 543
232718 1 -4 4601 4190 4074 4211 4645 5480 6770 8097 8166 6791 5350 4380 3796 3465 3316 3316 349
70439 1 -3 3716 4003 4492 4835 S040  S002 4942 SOT2 4805 4281 3910 3714 3630 3690 3913 4343 4996
WEI61 1 3 5619 S670  S104 3307 3823 3363 3004 2731 2538 2418 2382 2437 2543 2561 2399 2187 2032
222882 1 -3 1549 1907 1864 1804 1746 1720 1753 1889 2141 2469 3029 3513 3049 2383 2025 1904 1930
29604 1 -3 2048 25T 2831 1822 3125 3453 3473 3071 2673 2431 2326 2323 2432 2726 3335 4392 5712
26326 1 -4 olT1 5265 4067 3139 2510 X 1830 1672 1577 1504 1342 1393 1359 1336 1306 1260 1213
23047 1 4 1196 1226 1326 1339 1466 1507 1665 1825 1771 ITM17 1723 1663 1534 1406 1308 1234 1213
29769 1 -3 1207 1205 1201 1206 1223 1250 1283 1316 1342 1375 1429 1505 1593 1694 1851 1942 1896
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Table 2.9 - Continued.

em® AT YE 9 1 o 3 4 S [ ~ N 2 10 11 12 13 14 1S lo
20649 1 4 1707 ISSR 67 1T 134

DTS O1I89 12370 12470 1289 1283 1313 13eT 482 1S N
Tl 27Se NTI I ION 23 SV 4149 3033 W) QN
1y Tie?

203212 1 4 0l 1889 1o ol Ilaw ‘

i

o Zolo Zevd 32 3IVAT Q831 dod7 ST 20T 1408 1123 N2?
3

199934 1 a4 42wt 4939 A139 39 sy o
198198 2 -3 710 o036 699 9aT7 1484 2
-

1
1916 31 -3 31 539 330 s77 o8] 71 788 QG P38 JSed 2233 2R3I7 0 Z8eS IRee loue 4%000 3183
185083 2 -3 21851 1817 1291 1073 lued 1170 1273 1486 o733 ISI1L 0 ZITO 2077 ANRA AN 2938 2037 N7
178828 2 -3 1298 225 1266 1113 RS LN 76l ofo 638 728 VRS lded 20120 22290 1911 LKW hike
171971 2 4 7364 0267 6070 6117 o238 o912 8im7
169364 1 3 7338 6842 6374 6027 3832 $917 o252 JOST SIS0 Q033 RTOT T oY6e 65833 odi7 oT03 7272
16618 1 3 811 K92 s R1D So3 |70 847 827 827 Lral RET IR TVI R SRS 0 S D2 T T L 1 I & L Mg 1Y
162907 1 -3 2733 3337 W61 4053 3IVTI IR2T R7ST O 3872 4094 8237 T340
160882 0 -2 933 1251 1741 2370 283§ 2303 219 1963 1561 1283 w30 877 m [ 025 Sew 823
159147 1 -3 4713 4546 4551 4520 4T11 3992 d0Z1 0 4193 HZ1 d602 4780 JoS0 AT o0 3628 3116 0eR
155868 1 -3 2913 2860 2870 2983 3126 3116 3101 3193 3376 3021 WY JuTo  S207 a6 4373 IS86 N0l
152590 1 -2 628 766 700 597 458 554 6% 598 42 m 824 1003 1328 1937
149986 0 -2 2365 3305 4727 7019 9428 9089 6BIS  JBS1 3627 2864 2382 2033 18IS loh3 1429 1314 147
148058 2 -2 1197 1323 1554 1866 2182 1357 2304 20589 1736 1438 1127 848 701 037 W7 s 483
131501 2 -3 4359 050 3831 3612 3517 351 33T 3853 ovnd
138223 't .2 736 938 1018 187 s 6 375 332 300 xn 200 247 234 M RS A IN}
133943 1 -3 1763 1695 1623 1558 1509 1473 1459 1469 1825 1599 1Sle 1407 1336 1290 1266 1263 12
131666 1 -3 1389 1553 1680 1530 1303 1161 1105 1093 1076 1038 9R1 923 77 847 831 %23 323
128387 1 -3 830 840 855 863 860 851 837 822 809 304 806 8lo %31 856 894 Qe 1072
125108 1 -3 1222 1321 1291 1193 1085 992 918 Bt 328 807 800 802 813 837 Xk 916 JR3
121831 1 -3 1078 1223 1503 2SI 3050 710 2023 1629 1487 1503 1613 1747 1¥3G 18S9 IN8) 193 2050
118649 0 .3 2145 2277 2364 2731 3123 3720 4620 SB00 6617 6223 SI60 4192 3498 3038 2734 2533 29
116913 1 -3 2243 2194 222 2296 24134 2561 2693 2758 2566 2304 2086 1911 1775 1683 1613 1846 14K
113635 1 -3 1430 1398 1385 1382 1359 1326 1306 1313 1342 1404 1511 1698 2026 252 3413 4224 dlos
110356 1 -2 360 311 283 270 713 292 330 401 529 T2 1224 1796 1799 1356 w3 789 601
107078 1 -3 3898 3169 3728 3483 3388 3311 3537 3771 4112 4598 SR33 6031 6967 7945 BT61 9145 NOR7T
103896 0 -2 876 851 830 822 837 896 1036 1333 1883 2393 2146 1572 1R 853 683 ST? Si2
102257 0 -3 4733 4371 3932 3570 3285 3067 2897 2763 26534 2565 2490 243y 2386 2353 2333 2326 2320
100617 0 -3 2336 2376 2441 2855 2626 2572 2477 2388 2319 2262 2224 2194 2173 2162 2459 263 177
98689 2 .3 2270 2398 2310 2265 2217 2248 2213 2042 1888 1797 1754 1664 1524 1904
93482 | -3 1397 1449 1557 1591 1473 1329 1237 1194 1185 1200 1232 1268 1311 1357 1417 1SIS 1e9d
90204 1 -3 2010 2578 3537 4619 540 3371 2367 1768 1428 1228 1105 1036 1017 1044 1110 1157 1131
86733 2 -3 1017 o4 943 1020 1197 1507 1777 1729 1436 1165 986 A0 830 N9 97t 1009 1023
80465 0 .3 1031 1043 1054 1068 1088 1109 1129 1154 1180 1210 1251 1286 1342 1415 1503 1641 I8S2
78826 O -3 2200 2798 3567 3817 3301 2901 2529 2294 2147 2052 1988 1943 1937 I917 1911 1931 M6
77187 0 -3 1942 1965 2006 2059 2125 189 2261 2352 241 2519 2611 2749 2003 3064 1259 3S08 K10
75547 0 -2 418 a61 S12 574 647 722 796 869 949 1041 PIST 1282 1439 1631 1873 218} 2584
73908 0 -1 31 381 476 603 779 1015 1325 1717 2176 2645 2983 3021 2751 2296 1791 134 P
72269 O -2 7358 5523 4231 3313 2652 2173 1817 1547 1339 1172 1033 922 %38 782 753 758 o
70630 0 -1 85 96 112 134 161 193 231 283 366 512 TI0 1160 1464 1336 1009 712 S04
68991 0 -2 3599 2632 i9%4 1572 1286 1088 950 858 797 762 716 743 740 723 683 620 S35
67352 0 -3 4718 4060 3497 3036 2659 2365 2091 1880 1704 1539 14t) 1302 1196 1116 1022 957 LU
65712 0 -3 8477 7830 7560 7103 6905 o481 6326 5968 6011 5649  S691 5399 5334 5147 5194 49l Wi
63073 0 -3 4857 4959 3971 5294 S4ld SA4] S523 5659 STS2 573 ST ST6L SW2T 6252 G762 T3A9 KSM0
62434 0 -3 976 1103 1181 1167 1064 927 794 685 596 525 67 419 381 353 334 315 293
60795 0 -3 2675 2343 2252 2099 1976 1884 1802 1729 1665 1607 1554 1S5H 1472 1439 luM 1370 1352
59156 0 -4 1324 1307 129 1290 1281 1272 1264 1276 1274 1286 1293 1309 1330 1357 1379 1416 143K
S7516 0 -3 1475 1493 1520 1541 1554 1562 1573 1579 1585 1586 1594 IS8I 1542 I517 1491 1467 1453
$5877 0 -3 1451 1458 1468 1483 1478 1503 1526 1SSE 1591 1633 1683 1742 1813 1893 1994 218 2275
53238 0 -4 2486 2781 317¢ 363G 4001 W83 3901 3676 3526 3477 3518 3628 3813 4079 4437 4914 SS37
52599 0 -3 643 773 973 1294 1774 267 1907 1356 o2 756 642 572 528 495 468 450 E V]
51008 -1 4 43335 4314 4287 4271 4130 2032 3863 3737 3759 37177 3608 3366 3334 3529 3381 3134 28w
50188 -1 -3 2724 2705 2794 2862 2582 2483 2469 2421 2617 2765 2818 2798 2634 2552 2652 2718 2649

49369 -1 4 2827 2938 2834 2903 3222 3630 3779 37IB 3809 3967 4059 4243 4567 47O 5263 5623 5734
48539 -1 -3 593 625 650 674 757 787 784 836 BE8 932 964 1000 1029 1075 1146 1234 1347
41129 -1 -2 146 160 177 195 214 239 266 299 336 379 432 490 557 639 7348 862 1013
46910 -1 -2 1200 1438 1745 2145 2667 3338 3196 5239 6405 7444 7991 7563 6597 5481 42443 3557 2WS2
46090 -1 -2 2291 1861 1533 1276 1080 928 800 692 595 513 4a7 348 136 297 266 219 212
45271 -1 -3 1913 1744 1569 1423 1325 1238 1130 1089 1020 953 920 864 832 802 T4 745 [0 ]

44451 .1 -4 6355 6535 6489 6198 S748  S347  S3TS  S903  S950  SUBA 6202  £U02  SAB2  SBA2  GHAR SUH 4T
43631 -1 4 6263 6671 6834 7028 7567 7684

a - The column headed cm™ contains the wavenumber of the first £,( v) value in the row. The
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columns headed XE and YE contain the X-exponent and the Y-exponent, respectively. for the row.
The columns headed 0.1.2,--16. contain the ordinate values, and the headings give the indices of the
ordinate values in the row. In a row which starts with ¥(0), the wavenumber corresponding to the

15798.002

ordinate indexed Jis v(J) = v(0) - o3sa V- 2*E The En(V) values in that row are the

ordinate value shown times 10'E. Thus the entry indexed 16 in the first row of the table shows that

- 15798.00
E.=372x106=372x10%at v =6499.90 - _T;;&_z 16 - 2°=6376.48 cm™ .

b - The E,( V) values in the table can be interpolated to the original wavenumber spacing, 0.482117
cm’, and yield the original E.( V) values accurate to 1% below 4500 cm™, 2% between 4500 and
5000 cm™ and 5% above 5000 cm™, via the 4-point spline interpolation program TRECOVER®.

¢ - The unit of £, is L mole™ cm™. Multiply the values by 1000 to convert to the unit cm® mol™.

areas under its bands, and the real and imaginary refractive index spectra will be
proposed to Commission I.5 of the International Union of Pure and Applied Chemistry

for consideration as secondary infrared intensity standards’.

2.4 - The accuracy of the results

As noted previously', the purpose of this experimental study was to determine
the accuracy of the measurements, rather than to obtain the highest possible precision.
One must reveal the errors in the measurements in order to reveal accuracy, and to this
end as few parameters as possible were kept constant in this work, as detailed
previously'. A consequence is that the 95% confidence limits for the studies by VB,
CDK and YA include the effects of factors that are usually kept constant when high
precision is the goal. Thus they include errors that are usually systematic, as well as the
random errors on which the use of confidence limits to indicate precision is based. They
are therefore expected to reflect the accuracy of the measurements better than is usually

the case. The comparison with the measurements from other laboratories should reveal
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Table 2.10 - Overall average areas under molar absorption coefficient bands of liquid toluene at 25°C.

Region (cm™) Area® Estimated accuracy Area above Estimated accuracy of
of area®® baseline™® area above bascline**
6307.1 - 5445.0 132 +9 121 6
4763.8 - 4518.9 89.5 +0.5 592 +0.2
4478.4 - 4145.2 196.8 + 1.0 103.1 +0.4
4145.2 - 3988.1 160.7 +1.9 99.2 +=0.6
3988.1 -3748.9 99.6 +1.6 26.13 +0.06
3748.9 - 3694.9 13.73 +0.11 2.266 + 0.004
3694.9 - 3608.2 29.4 +0.4 10.9 +0.1
3608.2 - 3569.1 8.13 +£0.17 1.30 +0.02
3569.1 - 3531.5 6.86 +0.12 145 +0.01
3531.5 -3503.1 4.20 + 0.08 0.490 +0.005
3484.3 - 3418.7 11.45 +0.14 2,064 +0.007
3418.7 -3357.0 11.64 +0.12 1.344 +0.002
3150.1 -2770.2 4830 + 106 4535 + 100
2759.6 -2679.1 65.6 +0.5 299 +0.1
2679.1 - 2563.4 53.5 +0.3 20.2 +0.1
2563.4 21310 171.8 +2.1 87.0 +0.9
2131.4-2095.8 5.22 +0.28 0.92 +0.04
2095.8 - 2049.5 6.69 +0.39 1.0% +0.05
1977.6 - 1910.1 143.8 +0.9 104.4 + 0.6
1910.1 - 1836.9 143.2 +1.1 85.3 +0.7
1836.9 - 1754.9 139.7 1.4 70.2 + 0.6
17549 - 1712.5 52.97 +0.4 26.4 +0.2
1713.0 - 1686.4 17.52 +0.46 1.71 £+ 0.04
1686.4 - 1668.1 13.41 +0.34 2.15 +0.05
1650.3 - 1555.3 497 £3 320 +1
1531.7 - 1516.3 90.9 +£3.3 14.3 +04
1513.3 - 1400.1 1730 + 12 1201 +6
1400.5 - 1338.4 2340 £1.6 78.6 +0.5
1265.6 - 821.0 1266 =15 891 £9
790.7 - 775.7 36.7 +0.4 10.5 +0.1
769.9 - 710.2 3119 + 250 2823 +223
710.2 - 660.0 1135 + 87 911 + 69
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Table 2.10 - Continued.

Region (cm™) Area’ Estimated accuracy Area above Estimated accuracy of
of area™® baseline*® area above baseline™*

640.2 - 606.5 20.8 14 8.58 +0.10

552.0 - 498.5 275 +0.3 16.48 +0.07

490.3 - 440.2 480 +36 456 + 34

a - Unit: L mol” cm™. Divide the values by 100 to convert to the unit km mol™.

b - Calculated from the percent estimated accuracy of the area, which is the same for the £( V) and k( V)
(Table 2.5) bands.

¢ - The baseline is a straight line drawn through the molar absorption coefficient value at each end of
the integration range.

d - Calculated by scaling the maximum deviation from the corresponding area in the (V) spectrum

(Table 2.5), by the ratio of the Ex( V) and k( V) areas.

systematic errors associated with different instrument design, different laboratory,

different environment, different cells, different samples, and different person.

2.4.1 - Accuracy of absorption index values.

For the above reasons, we believe the agreement between the resuits of the
different spectroscopists gives a good indication of the accuracy of our final &( V) values.
We use the maximum deviation from the unweighted mean to express this agreement.
However, this is not a complete description of the accuracy because we introduce a
systematic error by requiring all spectra to have the same 4( V') value at each anchor
point"*. Accordingly, we define the estimated accuracy of our final average k( V) values
as the maximum deviation from the unweighted mean plus the uncertainty in the 4( V)

values at the anchor points. The uncertainty in k() at the anchor points (column 5 of
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Table 2. 11 - Overall average peak heights in the molar absorption coefficient spectrum of liquid toluene
at 25°C.

viem')  EW(W vem')  En(v) v (cm™) En(¥) v (cm™) En(¥)
50499 0.622(10) 35846 0.265 () 23126 0.837 (3) 14603  23.6 (16)
14667.0 0.705(13) 35499 0.224 ($) 2280.7 0.507 (7) 13789 104 (¥
4637.2 0.615(12) 35193 0.173 (3) 2260.5 0.574 (149 13320 1.60 (4)
4612.1 0.924(15) 34397 0253 (H 22373 0.258 (6) 13128 1.68 (4)
4573.6  0.550 (7) 33854 0.214 (1) 2207.5 0.351(12)  1277.7 0.863 (51
4388.8 0.775(6) 3167.5 0.893 () 2185.3 0.353 (7 1248.7 1.32(H
4311.0 0.871(6) 31042  6.63(9) 2163.7 0.621(12)  1210.2 3.10 (10)
42444  0.3840(3) 3086.4 209 (H 2116.6 0.183 (8) 1178.6 6.64 27
4186.4 0.426 (6) 3062.1 24.3(7) 2068.5 0.198 (9) 1156.0 2.76 (5)
4161.3 0.392 (4) 30269 543 (12) 2032.0 0.200 (9) 1106.5 4.34(6)
41324  0.420(7) 29792 144 (2) 2008.6 0.420 (9) 1081.4  19.0(4)
4056.7 1.92(5) 2947.7  17.5(2) 1991.1 0.814 (11)  1041.5 9.16 (12)
4036.3 2.28 (1) 29198 27.9 (5) 1942.1 4.91(5) 1002.3 2.63 (8)
3980.3 0.504 (9) 28726 13.4(2) 1872.1 2.92 (1) 980.8 2.44 (8)
39512 0.489 (9) 27341 2.75(5) 1857.6 4.65(7) 966.6 2.25 (8)
3923.8 0.495(7) 26717  0.357 (5) 1802.6 4.06 (5) 929.6 1.60 (5)
3909.9 0.492(9) 26320 0.502(5) 1778.5 1.27 (D) 895.4 4.79 (21)
3869.8 0.504 (7) 26047  0.633 (13) 1735.6 2.23 (1) 873.0 116 (17
3847.2 0.564(14) 25859 1.16(1) 1696.8 0.811 ¢17) 842.8 1.81 (16)
38122 0.389(7) 25404 0.410 (9) 1676.7 0.910 (16) 785.6 3.84 (17
3786.3 0.394 (7) 2509.2  0.373(5) 1623.1 4.06 (6) 7289 30525
3764.0 0.238 (9) 24968  0.368 (7) 1604.5  28.9(11) 694.5 148 (8)
37242 0.305(4) 24655  0.369 (5) 1586.7 4.57 (6) 622.1 1.19 ($)
3707.0 0.300 (4) 24124 0.740 (7) 1572.2 4.76 (3) 537.8 0.410 (6)
3675.1 0.313(10) 2389.0 0.611(9) 1550.4 3.14 (14) 521.0 2.17(11)
3649.0 0.572 (4) 2360.6  0.968 (17) 1523.6 7.70 (3) 4642  79.9 (105)
3624.0  0.343 (4) 23353  1.08(2) 1495.6  97.4 (33)

a - The unit of E.(¥) is L mole” cm™. Multiply the values by 1000 to convert to the unit cm® mol'.
The numbers in parentheses are the estimated accuracies in the last digit. The percent estimated
accuracy is the same as that of the corresponding k( v) peak height.

Table 2.1) is ~1 x10° above 1600 cm™ , and ~+1 x10”* below 1600 cm™. The

estimated accuracy of k( V) is expressed as a percentage of &( V). The percent estimated

accuracy of the En( V) values is the same as that of the &( V) values.
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The percent estimated accuracies of the peak A( V) values are included in Table
2.6. They are generally good, but are poor for the six peaks at 1460, 1278, 873, 843,
728, and 464 cm™'. These peaks are discussed below, and are excluded from the
following general comments. The average estimated accuracy is +2.5% for the heights
of the 39 strong, medium and weak peaks below 4100 cm’! which have knax > 0.002.
The average estimated accuracy is £1.9% for the heights of the 51 very weak peaks
below 4100 cm™ which have kq.x <0.002. The average estimated accuracy is +1.3% for
the heights of the 11 very weak peaks above 4100 cm’, but the peaks above 4500 cm™

were measured only in this laboratory.

The heights of the peaks at 1460, 1278, 873, 843, 728, and 464 cm™ have
estimated accuracies of 6.9, 6.0, 14.7, 9.1, 8.3, and 13.2%, respectively. There is no
obvious reason why the peaks at 1460 and 843 cm™ should have such large uncertainties.
The peaks at 1278 and 873 cm™ are very weak and form part of the baseline of
surrounding peaks that are more intense. The peak at 728 cm’! was poorly determined.
It is very strong, requires cells of < 8 um path, and only two spectra from one
spectroscopist were available. The peak at 464 cm’ is near the transmission limit of the
KBr windows but no reason for the poor accuracy is evident. It should be noted that the

height of this 464 cm™ peak reported here is about 2.5 times that reported by Jones and

co-workers’.

The peak k( V) values must be compared with the only calibrated results available,

those of Jones and coworkers in Ref. 7. Of the 94 k.« values in Table 2.6 for which
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there is a calibrated value, 29 lie outside the evaluated uncertainty limits of Ref. 7. They
are at the wavenumbers 3675, 3550, 3519, 3385, 3168, 3027, 2979, 2948, 2872, 3361,

2164, 2032, 1942, 1858, 1572, 1524, 1460, 1378, 1332, 1313, 1107, 1041, 895, 843,

729, 695, 538, 521, 464 cm™. The three values at 1460, 843, and 464 cm’™' had
unusually poor accuracy in this work. Only the 13 peaks underlined in the above list

disagree by more than the combined error limits, and only the 464 cm’! peak is in serious

disagreement.

The A(V) values in the baseline are not known as accurately as those in regions of
significant absorption, except at the anchor points. From the agreement between
different workers and the uncertainties in the anchor point values, we estimaté the
accuracy of the baseline k(¥) values to be +~2 x10® above 1600 cm™, and +~1.5 x 10

below 1600 cm™. This corresponds to between +3 and +£10% of the &( V) values in the

baseline.

2.4.2 - Accuracy of areas.

The percen: estimated accuracies of the areas under the &( V) bands are given in
Table 2.5. Each was calculated by multiplying the uncertainty in &( V) at the anchor
points (Table 2.1) by the integration range, adding the maximum deviation of the
spectroscopist averages from the unweighted average (Table 2.5), and expressing the
result as a percentage of the area. As was the situation for benzene', the uncertainty at

the anchor points contributes about 0.5% to the percent estimated accuracies. The
p
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percent estimated accuracy of the area under an £,( V) band equals that of the

corresponding (V) band. The estimated accuracies, rather than the percent estimated

accuracies, of the F( V) bands are given in Table 2.10.

The average accuracy of all of the band areas is £2.4% and it is an excellent
+1.2% for the eleven regions between 3150 and 775 cm™ which contain a band with

0.002<kmax<0.112.

The area we prefer for use as 2 secondary standard is the area under the molar
absorption coefficient spectrum above a linear baseline drawn through the £, values at
the integration limits. This area is given in Table 2.10 with its estimated accuracy. The
percent estimated accuracy of this area is the same as the maximum deviation of a
spectroscopist's average area under a A( V) band from the unweighted average (Table

2.5) expressed as a percentage of the average.

2.4.3 - Accuracy of real refractive index valuzs.

Three factors contribute to the accuracy of our n( V) values. First, our Kramers-
Kronig transform procedure has an intrinsic accuracy of about 0.05%''. Second, we
used n(8D00 cm™ ) = 1.4773 £0.0004, an accuracy of 0.03%. Third, the approximately
2.5% accuracy of the absorpticn indices yields an approximately 2.5% accuracy in the
values of An = n(V)n(8000 cm™ ) from the Kramers-Kronig transform, which

corresponds to an error of ~ 0.08% in n( V). The sum of these contributions gives
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~0.2% as the estimated accuracy of our »( ) values.

2.5 - Summary

Transmission measurements by 6 spectroscopists in 4 laboratories have been
recorded on four different instruments made by three different manufacturers. They
have been converted to absorption index spectra which were compared and averaged,
and the real refractive index and molar absorption coefficient spectra have been
calculated from the average. The percent estimated accuracy of the absorption index
and molar absorption coefficient values is on average £2.5% at the peaks of the strong,
medivm and weak bands with 0.002</A,,x<0.112, and £1.9% and +1.3% at the peaks of
the very weak bands below and above 4100 cm’, respectively. The baseline values are
accurate to between 3 and 10%. The percent estimated accuracy of areas under bands
or groups of bands in k( V) and E,( V) spectra is +2.4% on average, and averages +..."
for the bands between 3150 and 775 cm™ wi'h 0.002< kmax <0.112.  The estimated
accuracy of the real refractive index values is 0.2%. For long-term reference, the
complete numerical data are presented in Compact Table format®, which is readable and
allows the original spectra to be recovered by interpolation without loss of accuracy.
The complete final &( V), n( V), and £,( V) spectra obtained in this work are available on
diskette from the authors. To provide continuity over the longer term, it is anticipated

that they will be made available in the future on an internationally accessible data base.
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Chagpter 3 - Accurate Optical Constants and Molar Absorption Coefficients

Between 4800 and 450 cm™' of Chlorobenzene at 25°C from Spectra Recorded in

Several Laboratories*

3.1 - Introduction

In previous papers? we have reported absolute infrared absorption int rnsities of
benzene and toluene. The quantities reported have been the spectra of the real and
imaginary refractive indices and the molar absorption coefficient, and the areas under
bands in the imaginary refractive index and molar absorption coefficient spectra. The
imaginary refractive index is also called the absorption index®. In this paper we report
these same quantities between 4800 and 450 cm’ for chlorobenzene at 25°C. The

methods used were the same as have been described in detail for the spectra of

benzene'* and toluene’.

For selected bands, the refractive indices, molar absorption coefficients, and areas
under molar absorption coefficient bands, will be submitted to Commission 1.5 of the

International Union of Pure and Applied Chemistry for consideration as secondary

infrared intensity standards for liquids’.

* A version of this chapter has been published. Bertie, Jones and Apelblat, Appl. Spectrosc., 48, 144
(1994).
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3.2 - Methods and results
The chlorobenzene in this laboratory was of spectroscopic or reagent grade.
Samples were purified by fractional freezirg one to three times and were checked by gas
chromatography and infrared spectroscopy. No impurities were detected. The samples

were kent over molecular sieve to ensure dryness.

Experimental absorbance spectra of chlorobenzene were obtained from fixed path
length ceils with KBr windows and path lengths between 11 and 1500 p. znd from a
variable path length cell with NaCl windows and path lengths between 100 and 500 pm.

Spectra were used only in the regions where the absorbances of the strongest bands were

between 0.3 and 2.0.

To determine the linear absorption coefficients at the anchor points®, spectra with
strong baseline absorbance were also cbtained in cells with path lengths from 50 um to
3.5mm. Table 2.1 summarizes the wavenumbers of the anchor points, the path lengths

of the cells, the measured linear absorption coefficients and their 95% confidence limits,

and the uncertainty in the absorption index, &( V), that results from the precision of the

linear absorption coefficients.

In addition to the experimental absorbance spectra recorded in our laboratory,
spectra recorded in this laboratory in 1984-5 by V. Behnam, and reported previously®”,
were also reprocessed by our current improved methods to yield the refractive indices .
In addition, three spectroscopists in three other laboratories kindly recorded and supplied

experimental absorbance spectra of chlorobenzene. One set was recorded with 2 cm™
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Table 3.1 - Linear Absorption coefficients at the anchor points of liquid chlorobenscne at 25°C.

Wavenumber cell path tengths 93% confidence Uncertainty in
(cm™) (mm) KWy em™) limit k()
4795.1 1.5-33 0.32 0.09 3sxt1o”
44750 1.5-35 0.617 0.021 gox 10
3849.2 1.5-3.5 1.303 003} 15x10°
33333 15-35 0.682 0.025 14x10°
2931.2 1.3-35 3.152 0.021 13x10°
1908.2 0.7-3.5 4.723 0.017 1.6 x 10*
1835.9 0.7-3.5 4428 0.021 2.1x10°
1754.9 0.7-35 5.846 0018 19x 10°
1676.8 0.7-3.5 1114 0.017 1LY x10°
1630.5 05-1.5 11.64 0.03 36x10°
1534.0 0.5-1.7 9.081 0.030 3.6x10°
1404.8 0.5-1.7 7.056 0.032 42x10°
1345.1 1.3-3.5 3.526 0.016 2.2x 10°
1251.5 0.5-3.5 6.235 0.025 3.7x 10"
11975 0.5-1.7 9.545 0.020 31x10°
1141.6 0.2-0.7 *7.65 0.10 1.7 x 10°*
1045.2 02-13 16.52 0.09 1.6 x 10°
949.8 05-15 14.05 0.03 6.0x 10"
801.3 02-%3 12.66 0.08 1.7x 107
7174 ~0.05 65.7 0.6 1.5x 10
630.6 0.5-1.5 5.46 0.06 1.6 x 10°
5284 ~15 2.08 0.05 1.6 x 16’
437.8 _ 0.5-15 747 0.20 8.5x 10°

nominal resolution on a Nicolet 170SX spectrometer with a mercury cadmium telluride
detector at 77K and Happ-Genzel apodization. For that work, the chlorobenzene was
HPLC grade. The second set was recorded with 2 cm™ nominal resolution on a Nicolet

510P spectrometer with room-temperature deuterated triglycine sulfate detector and
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Table 3.2 - Pathlengths, high-wavenumber refractive index. and number of spectra from each
spectroscopist . for the regions processed.

Region Pathlengths
(cm?) (1xm) n,®’ YA VB A B C Total
4800 - 3990 200-700 1.501 18 5 i 2 26
4000 - 3325 500-700 1.5G3 18 5 0 0 23
3335 -2925 30-100 1.495 24 6 15 0 0 45
2940 - 1620 100-200 1.496 5 1 0 16
1640 - 1399 11-13 1.481 9 6 0 0 15
1415 - 1130 200-700 1.487 13 5 1 2 21
1150 - 935 11-13 1.473 5 6 0 0 0 11
960 - 790 25-100 1.493 14 6 15 1 2 38
810 - 705 ~8 1.450 0 0 5 0 0 5
725 - 610 8-13 1.596 5 4 5 0 0 14
635 ~ 520 100-500 1.558 7 3 0 1 0 11
535420 1113 1.520 5 3 0 0 0 8

a - ““he: spectinszopists are identified as YA, VB, A, B and C (sce text).

b.- . 48 Bz s56i vefractive index at the highest wavenumber in the region.

Happ-Genzel apodization. The chlorobenzene was 99%+ grade. No experimental
details are available for the third set, but they were clearly run under comparable

conditions. None of the spectra showed unexpected peaks.

Table 3.2 shows the spectral regions that were used in the computations,
together with the cell thicknesses used, the value of n_, and the number of spectra from
each spectroscopist, for each region. ii> value of n_ for each region is required by the
Kramers-Kronig transform in program RNJ46A'*. The spectra recorded in this

laboratory are labeled YA for Y. Apelbiat, and VB for V. Rehnam. The other

collaborators are identified by A, B and C. The real refractive index at the highest
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wavenumber in each region, »_, was taken from tables of »( V) in this laborator~ which

were calculated from the 4( V) spectra in reference 7.

3.2.1 Absorption index spectrum.

The experimental absorbance spectra of each spectroscopist were converted to
absorption index, &( V), spectra by program RNJ46A'*. The peak heights, wavenumbers

and areas were measured for each A(V) spectrum. For each region (Table 3.2), the £(v)
spectra were averaged to give a single spectrum from each spectroscopist. Table 3.3
gives the peak wavenumber of each band and, for each spectroscopist, the average peak
heights with their 95% confidence limits. The peak heights from different

spectroscopists are in good agreement although, as was found for benzene' and toluene?,
the existence of systematic errors at the few percent level is indicated by the disagreement
between spectroscopists sometimes being outside the combined confidence limits.

For each region, the average spectra from the different spectroscopists were

themselves aveisied to yield an unweighted average k( V) spectrum. The unweighted
average peak heights are given in Table 3.4 with the maximum deviation of any

spectroscopist's average from the unweighted average in parentheses. A weighted
average k( V) spectiu:m was also calculated, with the ‘awightivi fasice B-ing the number
of spectra which contributed to the spectroscopist's average. The weighted average

peak heights are listed in Table 3.4 with their 95% confidense limits in parentheses. For



Table 3.3 - Spectroscopist average absorption index peak heights.a

6l

v (cm™) YA VB A B C
4656.4 0.000495(38) 0.000504(26) 0.000497

4622.0 0.000163(12) 0.000168(10) 0.000168

45953 0.000108(8) 0.000110(7) 0.000107

4574.7 0.000243(14) 0.000251(10) 0.000244

4514.6 0.000075(3) 0.000076(2) 0.000075

4252.7 0.000111(1) 0.000111(1) 0.000109 0.000105
4145.7 0.000271(3) 0.000271(1) 0.000268 0.000262
34077.4 0.00120(10) 0.00117(5) 0.00111 0.00105
4066.5 0.00108(5) 0.00115(4) 0.00110 0.00105
445587 0.00129(14) 0.00120(6) 0.00118 0.00112
4000.5 0.000253(4) 0.000253(2) 0.000249 0.000246
3917.8 0.000103(2) 0.000102(1)

3899.6 0.000109(1) 0.000109(1)

3785.% 0.000354(4) 0.000355(2)

3772.3 0.000265(2) 0.000260(1)

3699.4 0.000521(7) 0.000532(6)

3653.3 0.000104(2) 0.000107(1)

3636.9 0.000137(2) 0.000138(1)

3613.6 0.000143(2) 0.000145(1)

3488.8 0.000080(1) 0.000078(1)

3464.4 0.000077(1) 0.000075(1)

3368.0 0.000065(1) 0.300065(1)

3165.5 0.000658(7) 0.000664(2) 0.000671(7)

3083.1 0.00659(2) 0.00682(3) 0.00671(3)

3069.5 0.00981(2) 0.01007(5) 0.00989(5)

3058.5 0.00811(2) 0.00793(5) 0.00793(5)

30258  0.00316(1) 0.00319(2) 0.00318(1)

3016.4 0.00279(1) 0.00273(1) 0.00275: )

2949.5 0.000338(4) 0.000337(2) 0.000343(2)

29190  0.000439(3) 0.000426(1) 0.000417(1) 0.000425

2685.6 0.000270(6) 0.000277(1) 0.000274(1) 0.000268

2877.0 0.000284(5) 0.000279(1) 0.000282(1) 0.000275

2849.2 0.000260(3) 0.000250(1) 0.000251(1) 0.000250

2795.1 0.000102(8) 0.000099(2) 0.000103(}) 0.000093

2772.9 0.000302(9) 0.000303(D) 0.000299(1) 0.000293

2756.0 0.000128(7) 0.000126(1) 0.000129(1) 0.000121

2739.0 0.000111(8) 0.000111(D) 0.000112(1) 0.000104

2714.2 0.000087¢(8) 0.000089(1) 0.000092(1) 0.000084




Table 3.3 - Continued

T (cm™ YA VB A B
2703.0 0.000094(5) 0.000096(2) 0.000098( 1) 0.000090
2663.5 0.000460(6) 0.0004642) 0.000470¢ 1) 0.000456
2648.1 0.000302(8) 0.6:00299(1) 0.000302(1) 0.000292
2616.3 0.000426(5) 0.000420(2) 0.000418(1) 0.000410
25998 0.000409(7) 0.000415(1) 0.000419(1) 0.000407
2582.2 0.000336(5) 0.000328(1) 0.000324(1) 0.000319
25574 0.000295(5) 0.000295(1) 0.000302(1) 0.000292
25443 0.000335(6) 0.000336(1) 0.000335(1) 0.000326
2510.9 0.000103(6) 0.000107(1) 0.000106(1) 0.000100
2496.0 0.000146(6) 0.000148(1) 0.000152(1 0.000142
2471.4 0.000198(6) 0.000199(1) 0.000201(:; 0.000193
2446.6 0.000152(8) 0.000154(1) 0.000155¢1) 0.000148
2427.3 0.0D0195(5) 0.000197(1) 0.000201(1) 0.000193
2406.4 0.020337(4) 0.000338(1) 0.000339(1) 0.000331
2390.3 0.000452(7) 0.000452(1) 0.000453(1) 0.000444
2365.7 0.000193(5) 0.000196(1) 0.000210(12} 0.000208
2331.0 0.000766(5) 0.002770(1) 0.000787(8) 0.000776
2319.8 0.000781(7) 0.000768(1) 0.000781(3) 0.000770
2271.8 0.000318(6) 0.000321(1) 0.000320(1) 0.000314
2240.5 0.000571(7) 0.000569(1) 0.000566(2) 0.000557
2194.0 0.000187(7) 0.000189(1) 0.000185(1) 0.000182
2178.7 0.000360(6) 0.000363(1) 0.000355(1) 0.000351
2150.5 0.000145(6) 0.000148(1) 0.000145(1) 0.000142
21325 0.000086(5) 0.000090(1) 0.006085(1) 6.000084
2089.1 0.000140(6) 0.000145(1) 0.000139(1) 0.000137
2058.2 0.000131(5) 0.000138(1) 0.0C0131(1) 0.000130
2045.6 0.000149(6) 0.000149(1) 0.000143(1) 0.000145
2023.7 0.000249(5) 0.000248(1) 0.000236(1) 0.000236
2002.5 0.000279(5) 0.000289(1) 0.000284(1) 0.000283
1962.2 0.00207(1) 0.00207(1) 0.00209(1) 0.00206
19429 0.00410(3) 0.00406(4) 0.00413(1) 0.00409
1881.4 0.00240(1) 0.00240(1) 0.00240(1) 0.00238
1861.9 0.00441(4) 0.00444(6) 0.00443(1) 0.00438
1787.8 0.00354(3) 0.00357(2) 0.00358(1) 0.00354
1730.5 0.00345(2) 0.00349(3) 0.00346(1) 0.00342
1685.9 0.000663(8) 0.000649(1) 0.000646(1) 0.000649
1645.5 0.00229(1) 0.00227(1) 0.00227(1) 0.00225
1622.2 0.00270(3) 0.00263(2)
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63

v (em™) YA VB A B C
1583.8  0.0826(5) 0.0803(4)
1566.1  0.0149(1) 0.0146(1)
1477.4  0.245(3) 0.262(22)
14454  0.710(1) 0.097(1)
1387.1  0.00303(1) 0.00304(1) 0.00303 0.00304
1370.7  0.00303(1) 0.00303(1) 0.00302 0.00304
13252 0.00252(1) 0.00254(1) 0.00248 0.00254
1298.1  0.00377(2) 0.00373(1) 0.00369 0.00383
1272.5  0.00366(5) 0.00385(1) 0.00373 0.00377
12352 0.00278(1) 0.00277(1) 0.00276 0.00278
12109  0.00233(1) 0.00235(1) 0.00234 0.00236
1171.6  0.00522(1) 0.00521(1) 0.00512 0.00527
1156.4  0.00459(1) 0.00459(2) 0.00454 0.00466
1122.7  0.0265(1) 0.0270(1)
1083.2  0.180(1) 0.176(1)
1068.1  0.0529(2) 0.0513(2)
1022.6  0.197(1) 0.175(3)
1001.9  0.0461(2) 0.0426(2)
963.7  0.00384(4) 0.00369(6)
9350  0.00785(1) 0.00784(2) 0.00780(1) 0.00837 0.00787
9029  0.0315(1) 0.0317(1) 0.0312(1) 0.0330 0.0320
866.3  0.00304(1) 0.00302(5) 0.00294(1) 0.00291 0.00291
830.0  0.00585(2) 0.00587(6) 0.00576(1) 0.00594 0.00554
8122  0.00354(2) 0.00352(+) 0.00349(1) 0.00353 0.00346
739.5 0.747(16)
7022  0.305(2) 0.292(4) 0.320(2)
684.8  0.372(2) 0.353(12) 0.395(2)
661.9  0.0170(1) 0.0171(4) 0.0185(1)
6140  0.00847(5) 0.00792(2) 0.00776
547.7  0.00100(1) 0.00098(1) 0.00093
533.7  0.00141(1) 0.00138(2) 0.00140
467.8  0.289(3) 0.275(6)

a The numbers in parentheses are the 95% confidence limits in the last digit.

reference, we include in Table 3.4 the peak heights of chlorobenzene published

previously from this laboratory’ and the results of the only measurements that have been

made against a primary standard®. The latter have an evaluated uncertainty® of ~6%.
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Uncertainty

~ Weighted Unweighted :::h‘:r csﬁ::’mc J Ref, 8 Ref. 7
(cm™) average average:b points’ accuracy
4656.4  0.000497 (28) 0.000499 (42) 2.2 x 10% 1.4
4622.0 0.000165(9) 0.000166 (3)  2.2x10° 3.1
4593.3  0.000108 (6) 0.000108 (2)  2.2x10° 39
45747 0.000245 (105 0.000246 (5)  2.2x10° 2.9
4514.6 0.000075(3) 0.000076 (2)  2.2x10°¢ 55
42527 0.000110(1) 0.000109($)  1.2x10° 48
4145.7 0.000270 (2) 0.000268 (6) 1.2x10° 2.7 0.000276 (21)
4077.4 0.00118 (7) 0.00113 (8) 1.2x 10° 7.2 0.00113 (5)
4066.5 0.00110(3)  0.00110 (5) 1.2x 10° 4.7 0.00115 (5)
4058.7 0.00125(%)  0.00120 (9) 1.2x10° 7.6 0.00112 (5)
4000.5 0.000252(3) 0.000250 (4)  1.2x10° 2.1 0.000252 (19)
3917.4 0.000103(2) 0.000105 1)  1.2x10° 2.1 0.000110 (9)  0.000103 (1)
3899.6 0.000109 (1) 0.000109(1) 1.2x10° 2.0 0.000115 (9}  0.000109 (1)
3785.1 0.000354 (3) 0.000354(1) 1.5x10° 0.7 0.000352 (28)  0.000356 (2)
37723  0.000264 (2)  0.000263(3) 1.5x10° 1.7 0.000270 (20)  0.000261 (2)
3699.4 0.000524 (6) 0.000527(6) 1.5x10° 1.4 0.000541 (37)  0.000532 (4)
3653.3 0.000105(1) 0.000106 (2) 1.5x10° 3.3 0.000109 (9)  0.000107 (2)
3636.9 0.000137(1) 0.000138 (1)  1.5x10° 1.8 0.000144 (11)  0.000138 (2)
3612 <143 () 0.000144 (1) 1.5x10° 1.7 0.000146 (11)  0.000145 (1)
3488.8 .._oy079(1) 0.000079 (1)  1.5x10° 3.2 0.000083 (7)  0.000077 (1)
3464.4 0.000077 (1)  0.000076 (1)  1.5x 10°® 3.3 0.000082 (7)  0.000075 (1)
3368.0 0.000065 (1)  0.000065 (1)  1.5x10® 3.8 0.000071 (73 9.005064 (1)
3165.5 0.000663 (4)  0.000664 (7) 1.4 x10° 1.3 0.000709 (32)
3083.1 0.00666 (3)  0.00671(12) 1.4x10% 1.8 0.00670 (30)  0.00689 (2)
3069.5 0.00987(3)  0.00992(15)  1.4x10° 1.5 0.00991 (20)  0.01015 (4)
3058.5 - 0.00802 (3)  0.00799(12) 1.4 x10% 1.5 0.00796 (17)  0.00800 (3)
3025.8 0.00317(1)  0.00318 (2) 1.4 x 10°° 0.7 0.00321 (14)  0.00325 (1)
3016.4 0.00277(})  0.00276 (3) 1.4 x 10° 1.1 0.00278 (13)  0.00279 (1)
2049.5 0.000339(2) 0.000339 (3) 1.4 x10° 1.3 0.000364 (27)
2019.0 0.000427 (5)  0.000427 (12) 1.5 x 10® 3.2 0.000444 (35)
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Uncertainty

- Weighted Unweighted :::hto"r esﬁ:ﬁ’m 4 Ref. 8 Ref. 7
(cm') average averagcb poimsc accuracy
28856 0.000274 (2) 0.000273 (35) 1.5 x 10°¢ 24 0.000300 (22)
2877.0  0.000281 (2) 0.000280 (5) 1.5 x 10° 23 0.000300 (22)
28492 0.000253 (3) 0.000253 {7) 1.5x10° 3.4 0.000268 (20)
2795.1 0.000101 (2) 0.000099 (4) 1.5 x 10° 5.6 0.000117 (10)
27729 0.000301 (2) 0.000299 (6) 1.5x 10°® 25 0.000301 (22)
2756.0 0.000127 (2) 0.000126 (5) i5x10° 5.2 0.000148 (11)
2739.0 0.000111 (2) 0.000109 (5) 1.5x10° 6.0 0.000128 (10)
2714.2  0.000089 (2) 0.000088 (4) 1.5x 10° 6.3 0.000108 (9)
2703.0 0.000096 (2) 0.000094 (4) 1.5 x10® 5.9 0.600115 (9)
2663.5 0.000464 (3) 0.000462 (8) 1.5+ 10° 2.1 0.000480 (38) 0.000470 (2)
2648.1 0.000300 (2) 0.000299 (7) 1.5x 10° 28 0.000310 (23)
1616.3 0.000421 (3) 0.000418 (8) 1.5 x 10°° 23 0.000437 (33) 0.000425 (1)
2599.8 0.000414 (3) 0.000413 (6) 1.5x 10® 1.8 0.000434 (33) 0.000421 (1)
2582.2  0.00329 (3) 0.000327 (9) 1.5 x i0° 3.2 0.000344 (25) 0.000333 (1)
2557.4 0.000297 (2) 0.000296 (6) 1.5x 10°¢ 2.5 0.000316 (23)
25443 0.000335 (2) 0.000333 (7) 1.5 x 10 2.6 0.000356 (26) 0.000341 (1)
2510.9 0.00010S (2) 0.000104 (4) 1.5x10® 53 0.000124 (11)
2496.0 0.000148 (2) 0.000147 (5) 1.5x10° 14 0.00016% {13) 0.000153 (1)
2471.4 0.690199 (2) 0.000198 (5) 1.5x 10° 3.3 0.000219 (30) 0.000204 (1)
2446.6 0.00015% (2) 0.000152 (4) 1.5 iv® 3.6 0.000171 (13)
2427.3  0.00G197 (33 0.000197 (4) 1.5x 10 28 0.00L216 (16)
24064 0+ 5T (i) 0.000336 (5) 1.5x10°¢ 1.9 0.000344 (25) 0.000342 (1)
23903 0.000452 (2) 0.000450 (6) 1.5x 10 1.7 0.000466 (35) 0.000456 (2)
2365.7 ©.000200 (5) 0.000202 (9) 1.5x10° 5.2 0.000220 (17)
2331.0 0.000774 (5) 0.000775 (12) 1.5x 10 1.7 0.000801 (55) 0.0600775 (1)
2319.8 0.000776 (4) 0.000775 (7) 1.5x10° 1.1 0.000842 0.000773 (1)
2271.8 0.000319 (2) 0.000318 (4) 1.5x 10 1.7 0.000331 (24) 0.000325 (1)
2240.5 0.000568 (2) 0.000566 (9) 1.5 x 10 1.2 0.000598 (48) 0.000573 (1)
21940 0.000187 (2) 0.000186 (4 1.5x10%¢ 3.0 0.000206 (16) 0.000192 (2)
2178.7 0.000359 (3) 0.000257 (6) 1.5 x10° 2.1 0.000576 (27 0.000366(1)
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Uncertainty

- Weighted Unweighted ::fh‘;’r . Sn:“’m 4 Ref. 8 Ref. 7
(cm™) average averageb poinlsc accuracy
2150.5 0.000145(2) 0.000145(3) 15x10° 3.1 0.000170 (14)
2132.5 0.000087(2)  0.000086 (4)  15x10° 6.4 0.000108 (10}
2089.1 0.000141(2) 0.000140(5)  L5x10° 46 0.000154 (13)  0.000147 (1)
2058.2 0.000133(2) 0.000132(6) 1.5x10° 5.7 0.000149 (13)
20456 0.000147(2) 0.000147¢(3)  L*® ~10° 3.7 0.000164 (14)  0.000150 (1)
2023.7 0.000244 (3)  0.000242 (7} 1 iaw® 3.5 0.06L:245 (20)  0.000249 (1)
2002.5 0.000284 (2)  0.000284 (5) L B 2.3 0.000306 (23)
1962.2  0.00208 (1) 0.00207 (2) iy % 10° 1.0 0.00213 (8)
1942.9 0.00410 (2) 0.00409 (4) (5% 10 1.0 0.00441 (11)
1881.4  0.00240 (1) 0.00239 (1) 19x10° 0.5 0.00243 (9) 0.00239 (1)
1861.9  0.00442 (2) 0.00442 ($) 1.9x10° 0.9 0.00465 (12)  0.00445 (3)
1787.8  0.00356 (1) 0.00355 () 2.0x10° 0.9 0.00357 (13)  0.00355 (2)
1730.5 0.00346 (1) 0.00345 (3) 1.9x 10% 0.9 0.00347 (13)  0.00348 (1)
1685.9 0.000652(4) 0.000652(11) 1.9x10° 2.0 0.000673 (25)  0.00652 (1)
1645.5 0.00227 (1) 0.00227 (2) 2.8 x 10 1.0 0.00233 (8) 0.00230 (1)
1622.2  0.00267 (3) 0.00267 (4) 3.6 x 10 1.6 0.00267 (10)  0.00264 (1)
1583.8 0.0816 (7) 0.0814 (12) 3.6 x 10 1.5 0.0811 (20) 0.0805 (5)
1566.1 0.0148 (1) 0.0147 (2) 3.6 x 10° 1.4 0.0141 (3)
1477.4  0.252(9) 0.254 (9) 3.9x 10° 3.5 0.323 (8)
14454 0.105 (4) 0.103 (7 3.9x 10° 6.8 0.109 (3) 0.098 (1)
1387.1  0.00303 {1) 0.00303 (1) 3.2x10° 0.4 0.00315 (111)
1370.7 0.00303 (1) 0.00303 (1) 3.2x10° 0.4 0.00313 (12)
1325.2  0.00253 (1) 0.00252 (4) 3.0 x 10° 1.7 0.00268 (10)
1298.1 0.00376 (5) 0.00375 (8) 3.0x 10° 22 0.00390 (15)
1272.5 0.00372(5) 0.00375(10) 3.0x10° 2.7 0.00402 (15)
12352  0.00278 (1) 0.00277 (1) 3.4 x10° 0.5 0.00285 (11)
12109 0.00234 (1) 0.00235 (2) 3.4x10% 1.0 0.00246 (9)
1171.6  0.00522 (1) 0.00520 (8) 1.0 x 107 1.7 0.00532 (20)
1156.4 0.00459 (1) 0.00459 (7) 1.0x 107 1.7 0.00480 (18)
1122.7  0.0267 (2) 0.0268 (3) 1.7x 107 1.2 0.0258 (5)
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lincertainty

~ Weighted Unweighted ::cchlc:’r csu;::mc d Ref X Ret

(cm™) average a\'eragcb points dccuracy

10832 0.178 (D) 0.178 (2) 1.7x 107 11 0179 (3 0170 (D)
1068.1  0.0320 (6) 0.0521 (&) Ix 107 lo 00515 (1M QOS1T ()
10226 0.185(8) 0.186 (1) 1.1 x107° 59 0194 (S) 0175 ()
1001.9 0.0442 (12) 0.0444(17) Lix1o® 39 0.0434 (%) 0.0427 (H

963.7 0.00376 (6) 0.003756 (8) I1x ot 24 000395 (15)

9350 0.00784 (3) 0.00795 (42) 1.2x107 54 CAO0812 (24

9029 0.0315(1) 0.0319(11) 1.2x10° 35 0.0304 (6)

866.3 0.00299 (2) 0.00296 (8) 1.2x10° 31 0.00314 (12)

830.0 0.00582 (2) 0.00579 (25} 1.2x10° 15 0.00609 (23)

8122 0.00352 (1) 0.00351 (5) 1.2x10° 1.8 0.00366 (14)

739.5  0.747 (16) 0.747 (16) 84x10° 22 0.785 (20)

7022 0.307 (7) 0.306 (14) 84x10"° 16 0311 (8) 0.293 (3)

684.8 0.375 (10) 0.373 (22) 83x10° 59 0.389 (11) 0.355 (6)

661.9 0.0176 (4) 0.0175 (10) 83x10° 6.2 0.0175 (4)

614.0 0.00826 (20)  0.00805 (42) 1.6 x 107° 5.4 0.00902 (30)

547.7 0.00099 (1) 0.00097 (4) 1.6 x10° 58 0.00101 (4)

533.7 0.00140 (1) 0.00140 (2) 1.6 x 107 26 0.00144 (5)

467.8 0.284 (6) 0.282 (7) 51x10° 2.5 0.263 (39)

a - In this column the number in parentheses is the 95% confidence ‘imit in the last digit.

b - In this column the number in parentheses is the maximum deviation from the unweighted average,
except for the 739.5 cm™ band where it is the 95% confidence limit in the last digit of the data of A,
the only spectroscopist to measure that band.

¢ - The unceitainty is calculated as the average uncertainty in the anchor points (Table 3.1) at each side

of the band.

d - The estimated accuracy is the sum of the maximum deviation from the unweighted average and the

uncertainty due to the anchor points, as a percentage of the unweighted average.
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Figure 3.1 - Absorption index, k( V), spectrum between 4800 and 435 cm™ of chlorobenzene at 25°C.
The ordinate scale labels in the middle and bottom boxes are for the lower spectrum in the box; they
must be divided by 20 and 100, as shown, for the upper spectrum in the box.
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Table 3.5 - Absorption indices between 4800 and 435 cm™ of liquid chlorobensene st 25°C -
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160351 6 S 204 -1 323 362 a1 477 567 692 861 1077 1333 1604 1866 2118 2383 2710 3166
1S8712 o S 3882 SIi6 6860 RO35 8017 7336 6287 5116 43054 3195 2555 2103 1802 1617 1518 1471 1435
156977 1 -5 1374 141S 0 1973 1331 1078 822 623 468 357 278 224 186 161 144 132 122 116
1<3498 t -6 1G87 1069 1163 1163 1224 1296 1398 1S16 1705 1920 2188 2360 2678 2819 2949 3196 3633
156420 1 S 441 569 749 931  i6 1119 1230 1417 1678 2067 2736
148398 o 3 331 414 s 86 1121 1713 2365 2367 2135 1490 1013 735 577 463 363 2734 209
146756 O -S 1662 1371 1173 1031 928 855 807 783 778 796 837 903 999 1127 1291 1489 1713
145117 0 43 196 25 268 337 493 800 1033 783 S04 330 25 192 163 137 109 86 70
143381 1 .6 SI186  4i93 3559 3047 2608 2224 1893 1624 14134 1271 1162 1056 983 941 916 919 940
10103 1 -6 976 1047 1186  1sl0o 1766 2252 275§ 3022 2941 2655 2335 2112 2058 2214 2559 2927 3016
136824 | -6 2718 2224 1739 1339 1042 837 703 615 557 519 496 483 480 485 497 517 536
133636 3 <04 676 840 1139 1753 2464 2300 1808 1537 1327 1134 1032 992 1008 1073 1201 1430
130364 0 -6 1612 1869 2231 2701 3227 3645 3737 3455 2962 2436 2005 1688 1469 1329 1234 1194 1166
128728 0 -6 1149 1139 1135 1137 1150 1174 1213 1271 1352 1472 1647 1916 2330 2910 3470 3738 3699
126989 1 -0 3311 2893 2443 1982 1614 1335 1150 1019 942 911 922 980 1092 1275 1545 1897 2289
123741 1 -6 2629 2773 2634 2317 1969 16347 1307 1277 1249 1325 1512 1795 2104 2309 2331 2192 1968
120332 1 6 1743 1575 1483 1454 1471 1524 1610 1729 1888 2093 2349 2674 3077 3531 3974 4439 3945
117183 1 -6 S201 4965 3873 3297 4193 4235 3373 4530 3591 3454 4142 3786 3458 3162 2955 2851 2825
113875 1 -§ 293 322 376 479 (S 960 1455 2129 2636 2558 2241 2051 1875 1587 1315 1145 1073
110507 | 4 108 118 137 167 208 252 303 382 504 717 1095 1595 1764 1417 950 606 401
107418 0 -5 3391 2992 2804 2872 3277 3161 S137 4936 3874 3070 2577 2182 1807 1469 1199 990 829
105775 0 .6 7024 6033 S2B3 4744 2297 3932 3606 3377 3214 3097 3012 2974 2926 2896 2912 2066 3008
103137 0 -5 310 320 330 340 358 379  a09 450 500 570 664 795 980 1235 1604 2219 3310
102497 0 3 $52 1031 1772 1726 1104 662 312 273 193 150 126 115 121 126 107 86 76
100858 0 -S 704 703 733 826 1088 1616 3063 33433 2907 1500 100S 734 613 537 484 466 451
Y219 0 6 W91 4756 4851 A5 341 3385 4301 4271 3302 43234 4316 4242 3148 4013 3884 3769 3656
97483 1 6 3437 417 3510 3566 3631 3713 3743 3697 3518 3273 3014 2846 2693 2709 2772 2937 3256
94208 1 6 3809 4727 6125 7578 78IS 6726 S316 3234 3593 3293 3318 3608 3875 3949 4227 4920 6298
w927 1 .S 907 1451 2362 3134 2949 22158 1531 1050 719 515 399 327 283 256 240 230 223
87648 1 -6 2161 2112 2091 2210 2565 2942 2862 2604 2342 2107 1933 1825 1772 1776 1839 1954 2110
84370 1 6 2343 2663 3057 3571 3199 34901 SS01  S787 5628  S144 4575 4090 3702 3436 3328 3372 3494
R1091 1 -6 3456 3256 3075 2962 2909 2895 2889 2913 2955 3013 3094 3191 3332 3481 3609 3812 4105
7813 1 4 45 19 54 60 67 76 86 100 118 142 176 227 305 433 657 1077 1858
T4S3S 1 4 72 4938 6619 7450 6104 3723 2028 1120 676 350 326 253 209 183
7931 0 4 178 170 168 169 173 180 i92 209 233 269 321 398 518 709 1012 1492 2179
70292 0 <3 2870 3019 2581 1976 1430 1056 802 638 545 510 524 576 652 753 908 1186 1691
68653 0 -4 2511 3425 3690 3083 2232 1564 1099 784 577 4 349 286 242 210 186 168 155
67014 0 -5 1457 1399 1376 1362 1371 1420 1513 1642 1745 1717 1546 1321 1123 961 826 713 620
05374 0 -6 5387 4739 4276 3849 3500 3203 2971 2742 2533 2391 2275 2146 2026 1936 1835 1798 1757
63738 0 6 1745 1695 1654 1648 1645 1608 1623 1584 1599 1625 1658 1680
662 -1 -6 1679 1679 1675 1670 1673 1678 1693 1708 1737 1766 1814 1862 1937 2013 2126 2239 2416
61807 -1 -6 2594 2886 3178 3697 4217 S100 5982 6969 7957 7S81 7205 6035 4864 4105 3346 2989 2633
GV R7 1 6 2476 238 2219 2120 2022 1924 1826 1728 1652 1577 1516 1456 1406 1356 1308 1260 1213
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!t ¥ Y& J 1 2 3 2 3 o - Ky N o 1 12 i 14 i e
118 0 6 (I3 oW B x97 N3% T R0 (8] a27 SNN < 03 a9n 3 RES PN X3
SEI80 ) .7 AT02 4222 15T 3039 3007 3TOa ITIO IS Ay WA 3T RARBEE S 5k SR SX Y] NN W e
6841 0 .7 3142 3130 316d 3T 3279 AT RS AT L0T0 4ies 4TIS S202 SNRR AeaT gl SOSY NI
$3202 0 .7 3660 8854 9123 330 93l 2033 980T W3S 9120 NSO Sdee XML NUONS
83997 .1 B N8 S12 Nle 83 K NXd RN RENS a7 Py 1212 1287 HRIOM 137 1387 1318 103
§3177 .1 &0 1lad 1nas 908 \Q2 N3 N7 AT g 833 RS 333 FRXY s o 1™ 1% “t
51634 3 O 8] &) D a a
48352 0 [y} 2 © 1 1 25 35 s n R 141 2 2 302 AAL I I (10 21w
46813 O 4 1767 2366 17TOR 12 o7 45 3o 238 IR 130 113 Noy [ N2 Wy 0 AR
72 0 6 1585 1038 978 10Vl Soo S0 TaZ9 e 1287 13SS 1727 ool 20230 240% 0 292 39 N
43535 0 .6 3616 3147

Note: Footnotes follow Table 3.7

The average agreement between the weighted and unweighted average peak
heights is 0.6% which shows that, as was found previousiy"z, the fact that more spectra
were run in this laboratory than elsewhere did not have an important influence on the
averages. The agreement between spectroscopists is shown by the maximum deviations

from the unweighted average peak heights, which average 2.4% for the 108 peak

heights in Table 3.4.

The unweighted average &( V) spectrum, is taken as the primary intensity result of

this work. It is shown in Fig. 3.1 and tabulated in Compact Table format” in Table 3 5.

3.2.2 - Real refractive index spectrum.

The real refractive index spectrum n( V) was obtained by Kramers-Kronig

transformation of the unweighted average k() spectrum’'® with the value of n at 8000

cm equal to 1.5043+0.0005. This value was found by fitting the literature values'"'* of
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Figure 3.2 - Real refractive index, n( V), spectrum between 4800 and 435 cm™ of chlorobenzene at 25°C.
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Table 3.6 - Real refractive indices between 4800 and 435 cm'' of liquid chlorobenzene at 25°C A"

1

cm XE Q 1 N 3 3 S o N N 2 o 11 12 13 14 1 1o
379998 O 15033 13033 15033 18033 15033 18933 15033 TS03F 0 IS0 15033 1S 18033 18031 1o (S0t 1wy 1
278356 O 15033 15033 13033 15033 1833 1R033 1S033 0 18033 I8033 0 18033 1S033 0 18333 15033 1S3 1S03 0 sy psost
3766 20 13033 18033 15033 13033 13033 15033 18033 15033 18033 13033 1803 15033 18033 18031 1S3 18033 1soid
3731 39 15033 15033 IS033 IS0 18032 18037 TS0 1S0RY 0 1S03T 15032 1Se33 1<o31 1[0 1803 FSe3 0 1sed o
3665 N2 15031 15031 13 130 150358 {3038 1803 13035 15033 15033 15033 15033 15033 103 18033 1803 1oy
4600 35 15033 13934 & 1 1S033 18033 TS033 13033 18033 15033 15033 1033 [S033 S0 1SORg S0 Taotg
353379 15033 15034 1 153033 15033 1SG33 15033 15033 13033 150138 15033 18033 15033 18088 sy et
3369 22 15033 15033 13033 15033 13033 15033 15033 15033 1SO32 IS032 0 [S032 (5032 15032 18032 18082 1su3) o
3303.65 15032 15032 15032 15032 15032 18032 15032 15032 15032 15032 150127 15032 18032 15032 18032 sy tsol?
433808 15032 15032 15037 15032 15032 15032 15031 15031 18031 1S031 15031 1SO31 15031 18031 [sadl 1sod] 1sody
4272 51 15031 15030 15030 15030 15030 15030 {5031 15030 15030 15030 15030 15030 15030 15030 18030 180w s
2206 55 15C3C 18030 ISO30 SIS0 18028 1309 TSI 1RO29 IS0 TSO9 0 18020 DSl ik S0 Do N s
414138 15029 15029 15029 13029 15029 15029 15029 13029 15028 15028 15027 15020 1S028  1SO2% 1S023 [s023 12
207774 15028 15029 15030 1S030 135030 15031 15032 13032 15033 15033 135035 15017 1S03R 15030 1Sodx SO’ 1sod7
4033 95 15037 15037 15036 15036 15036 15035 {SO3S 15035 15035 15033 15034 15033 15033 150k 180 (80 1503
4012.17 15033 15033 15033 15033 15033 15033 150331 15033 15033 15033 15033 19033 15033 15033 15033 18033 1sol
397746 15032 15032 15032 15032 15032 15032 15032 15032 15032 15031 15031 15031 15031 15031 18031 1503 1soid)
3911 89 15031 15031 135031 15031 15031 15031 15031 15031 15030 15030 15030 15030 (5030 18030 1S030  {S030  1soo
3846 32 15030 15029 15029 15029 15029 15029 1S5C29 15029 15029 15029 15028 15028 1S0O2% 1SO2X 1SO2R 1S02%
3786.54 15028 15029 15029 15029 15029 15029 15029 15029 15030 15030 15030 15030 15030 15030 1SQ30 SOV 1s00
375376 15030 15029 15029 15030 15030 15029 1S029 15029 15029 15029 15029 15029 1SU29 15020 [SOR 1SR 1828
372097 15028 15028 15027 15027 15027 15027 15027 1S027 1S027 15027 15028 15029 15030 15011 18031 IS0 1sody
3688.19 15031 15031 15031 15030 15030 15030 1S030 15030 15030 15029 15029 15029 15020 (S0 (SO0 15029 1802
3655.40 15029 15029 15029 15029 15029 15028 15028 15028 15028 15028 15029 15029 15029 15020 15029 [SO28 1Sl
3622.62 15028 15028 15028 15028 1SO28 15028 1SO29 15029 15029 15028 15028 15028 1SO28 1SOXE 15023 15028 1Sl
358984 15028 15028 15028 15028 15028 15028 15027 15027 15027 15027 15027 15027 15027 15027 1SO27 15027 18027
3557.05 15027 15027 15027 15027 15027 1SO27 15027 15027 15027 15026 15026 15026 15026 15026 15026 15026 1s026
3522.34 15026 15026 15026 15026 15026 15026 15026 15025 (5025 15025 15025 [S025 15025 15025 15028 15028  [S028
3456.77 15025 15025 15025 15025 15025 15025 15024 15023 15023 15024 15024 15023 15023 15024 15023 15023 (s}
339120 15023 15023 15023 15023 15023 15022 15022 15022 15022 15022 15022 15022 15077 15022 15021 1402)
3332.39 15021 15021 15021 15021 15021 15021 15021 15021 15021 15021 15021 15021 15021 *S02)

15020 15020 15020

15020 15020 15020

3299.60 15020 15020 15020 15019 15019 15019 15019 15019 1501y 15019 15019 15019 1S901Y 15018 15018 15018 15018

3261.03 15018 15017 15017 15016 15015 15015 15014 14913 15012 15011 15010 15009

317425 15009 15008 15008 15008 15008 15009 15009 15009 15009 15009 15008 [S008 15007 15007 15007 15006 15006
314147 15005 15005 15004 15004 (5003 15003 15002 15001 15001 15000 14999 14998 14997 14996 14095 14993 134992
3108 68 14991 14989 14987 14985 14982 14979 14976 14973 14970 14968 14965 14965 14971 14981 14949 14992 14mi
3075 %0 14987 14985 14992 15007 15024 15036 15041 15041 15043 15050 15062 15069 15070 15067 15065 15064 15062
3043.12 15060 15058 15055 15053 13050 15048 15046 150434 15045 15048 15051 15052 15050 15050 15092 15054 15059
301033 15055 15054 15053 15053 15054 15055 15055 15054 15053 15052 15051 15050 15049 15048 15048 15047 ]S040
2977 55 15045 15044 15044 15043 15043 15042 15042 15041 15041 15040 15040 15039 15039 1503 15038 1903 19038
2944.76 15038 15037 15037 15037 15036 15036 15035 15035 15035 15033 15034 15033 15033 15033

2918.13 15034 15035 15035 15035 15035 15035 15034 15033 15034 15033 15033 15033 15033 15033 15033 15033 150383
2902.34 15033 15032 15032 15032 15032 15032 15032 15032 15031 15031 15031 15031 15031 15031 15030 15030 15,30
2385.95 15031 15031 15031 15031 15031 15031 15031 15031 15031 15031 15031 15031 15031 15031 15031 15031 15031
2868.59 15031 15030 15030 15030 15030 15029 15029 i5029 15029 15029 15029 15029 15029 15029 15029 15029 14029
2835.81 15029 15029 15029 15028 15028 15028 15028 15028 15028 15027 15027 15027 15027 15027 15027 15026 15026
2803.02 15026 15026 15026 15026 15026 15026 15025 15025 15025 15025 15025 15024 15024 15024 15024 15024 15029
2770.24 15025 15026 15025 15025 15025 15025 15025 15025 15024 15024 15024 15024 15024 15024 15024 15024 15024
273745 15024 15024 15023 15023 15023 15023 15023 15623 15023 15023 15022 15022 15022 35622 15022 15022 15022
2704 67 15022 15022 15021 15021 15021 15021 15621 15021 15021 15020 15020 15020 15020 15020 15019 15019 5019
2671 89 15018 15018 15018 15018 15019 15020 15021 15021 15021 15021 15020 15020 15020 15021 15021 1802) 1562}
2639.10 15020 15020 15020 15019 15019 15019 15019 15018 15018 15018 15017 15018

261692 15018 15019 15019 15019 15019 15019 15019 15019 15619 15018 15018 15018 15018 15018 15018 1SOI8 15018
2599 57 15019 15019 15020 15020 15020 15019 15019 15019 15018 15019 15019 15019 15019 15019 15018 15018 15017
2566 78 15017 15017 15017 15017 15018 15018 15018 15018 15018 15017 15017 15048 15018 15018 15019 15018 15018
2534.00 15018 15018 15018 15018 15018 15017 15017 15017 15017 15016 15016 15016 15016 ISN16 19016 13015 1401
2501.22 15015 15015 15015 15015 15015 15015 15015 15015 15014 15014 150i4 15014 15014 15014 15614 15014 15014
246843 15014 15014 15014 15014 15014 15013 15013 15013 15013 15013 15013

244818 15013 15013 15013 15013 15013 15013 15012 15012 15012 15012 15012 15012 15012 15012 15012 15041 1%611
243083 15011 15011 1S0It 15011 15011 15011 15011 15011 15010 15010 150106 15010 15010 15010 15011 15011 15011
2398.04 15010 15010 15009 15010 15010 15011 15011 15011 15011 15011 15011 1501} 1SO11 1S0Y0 15010 1500 1547
2365.26 15009 15009 15009 15009 15008 15008 15007 15007 15007 15006 15006 15006 15006 15005 15005 15005 150065
233248 15006 15007 15008 15009 15008 15008 15009 15010 15GI1 15012 15012 15012 15032 15011 1501L 1SO11 15010

1
;
2
2
2
2
2
2
1
1
1
2
2
2
1
i
1
i
1
1
1
1
2
2
2
0
331599 0O 15020 15020 15020 15020 15020 15020 15020 15020 15020 15020 15020 15020 15020
1
3
1
1
1
1
1
1
1
1
0
0
0
1
1
1
1
1
1
1
!
0
1
1
1
1
1
0
1
i
1
1
1

2299 69 15010 15009 15009 15008 15008 15007 15007 15007 15006 15006 15006 15006 15006 130046 15006 1S6G06 15047
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.m RY:S 2] } 2 3 3 S * 7 5 ¥ 19 il 12 i3 14 15 19
220490 1 ESOUT  IS0E 1SS LSOOG TSOHS 18NS 15005 1800S 1505 15004 1S 15003 15003 18003 15005 15007 15007
223312 1O ISOGT ISOAOT 1SO06A 1SUA 1SS 1SONS iS00S 1500S 15064 15003 15004 15004 15003 15603 15003 1S002 15602
22001 3Q 1 1SON2 15661 1SGOL 1S0OE 1SU01 1SOnL SO0 15001 15000 15000 14999 15000 15001 15001 15001 15001 15001
2168 86 1 IS0 1S4 1SA) 1 SO 13999 14999 14996 14999 [109% 13999 14999 13999 14999 142G98 14098 134998 13997
203877 1 137 130T 13997 1399T 13996 13996 139v6 13996 1096 11995 13995 14995 14995 14994 14984 14994 14993
216299 1 a3 14993 14991 1av92 14992 13992 13992
200038 O 1892 13902 14992 14992 13992 13992 134992 13991 14991 12991 14991 13991 14991 14991 14990 14990 14990
207306 O 13990 14990 1495%0 13990 14989 139389 14989 13989 14989 13989 14989 14988 14938 13088 13988 14988 11983
205767 O 14988 13988 14uBY 13987 14987 14987 14987 14987 14987 11987 13987 13986 14986 143086 14986 13986 14986
2041 28 O 14986 14986 14985 14985 14985 14985 14983 14983 14983 14984 14983 14983 14983 14983 14982 14982 14982
202489 O 13982 14982 14982 149K2 14982 14982 14982 14981 14981 14981 14980 14980 14980 14979 14979 14979 14978
200849 0 13978 13978 14978 13977 13977 14977 14977 13977 14977 14974 14076 14976 121975 11975 14974 149734 14973
199210 0 14973 14973 13972 14972 13972 14972 13972 13972 14971 14971 14971 14970 13970 13969 14968 14967 14967
197473 1 14965 14903 14963 13963 14963 14966 13967 14969 14969 13969 14968 14967 14965 14965 14966 14969 14975
1941 96 1 14983 14989 13994 14906 14997 14996 14995 14993 14991 13989 14988 14986 14985 14983 14981 14980 13978
190725 2 14975 14972 14968 14965 14961 14960 134963 14966 14966 14963 14962 14968 13982 13995 14997 14992 14986
1341 68 2 139981 13977 14973 (4969 14967 14963 14962 14960 14958 14957 14955 14952 14951 14954 14962 14970 14975
1776 11 2 14775 14974 14971 14967 4963 14959 14954 13950 14945 13940 14938 14942 14952 14960 14963 14960 14956
171054 2 14952 14948 13946 14943 14930 14936
168933 1 14934 14933 14932 14931 14929 14927 14925 14923 14921 14919 14916 13914 14912 14910 14907 14905 14902
165655 1 134898 13895 14893 14591 14891 13892 143893 14893 14892 13389 14887
163630 O 14887 14887 13885 14883 14880 14877 14874 14871 14867 14864 13861 14859 14858 14857 14857 14858 14858
161991 0 14857 14855 143853 14849 14846 14842 14837 14833 14828 13823 14817 14812 14806 14799 14792 14785 13776
160351 O 13768 14758 14747 14736 14723 14708 13691 14673 13655 134638 13625 13615 14608 14600 14588 14570 14544
ISE712 O 14512 133995 14562 13743 14942 15099 15208 15264 15278 15265 15238 15206 15174 15145 15121 15103 15091
156977 1 15071 15087 15064 15080 15086 15079 15067 15052 15037 15022 15008 14995 14983 14972 14962 14952 14943
§53698 1 14934 14924 14915 14906 14897 14887 14878 14868 14857 13847 14836 14825 14814 14802 14787 14770 14749
150420 1 19726 14702 14680 14663 14636 14620 14581 14532 14469 14383 14258
148395 0 14173 14069 13943 13794 13663 13713 14237 15138 15853 16190 16153 16023 15912 15835 15771 15700 15624
146756 0O 15553 15490 15436 15389 15346 15308 15272 15239 15207 15177 15147 15118 15090 15063 15036 15011 14986
145117 0 13961 14929 14885 14821 14749 14808 15215 15592 15656 15609 15551 15497 15460 15438 15416 15390 15365
143381 1 15322 15290 15266 15246 15229 15214 15201 15188 15177 15167 15157 15148 15140 15132 15125 15118 15111
140103 1 15105 15098 15092 15086 15080 15077 15076 15078 15080 15080 15078 15075 15070 15066 15063 15064 15067
136824 1 15071 15071 15069 15066 15062 15058 15054 15051 15047 15044 15040 15037 15034 15031 15028 15025 15022
133536 1 15019 15015 15011 15007 15004 15008 15015 15016 15014 15012 15010 15006 15003 14999 14996 14992 14988
130364 0 14986 14984 14982 14982 14983 14989 14996 15002 15005 15006 15005 15002 15000 14997 14995 14993 14991
128725 0 14939 14987 14986 14984 14982 14980 14978 14976 14974 14971 14969 14966 14964 14964 14967 14972 14977
126989 1 14983 14985 (4986 14985 14982 14979 14975 14972 14968 14964 14960 14957 14953 14949 14946 14944 14943
123711 1 14945 19948 14950 13951 14950 14948 14943 14940 14936 14931 14927 14924 14923 14923 14924 14924 14923
120332 1 4920 14916 14912 14908 14903 14899 14895 14890 14886 14881 14876 14872 14868 14865 14864 14862 143863
117154 1 14867 14870 14869 14865 14860 14856 14852 14849 14847 14845 14842 14837 14829 14821 14810 14798 14785
113875 1 14769 14751 14731 14707 14680 14652 14632 14640 14697 14762 14786 14792 14800 14799 14779 14748 14712
110597 1 13671 14627 14580 14532 14486 14441 14382 14306 14213 14113 14088 14388 15078 15634 15803 15745 15610
107415 O 15535 15460 15386 15312 15247 15221 15296 15429 15489 15478 15458 15441 15422 15398 15372 15344 15318
105776 0 15293 15269 15247 15226 15207 15189 15172 15155 15139 15124 15109 15094 15080 15066 15052 15038 15024
1041 37 0 15009 14994 14978 14962 14943 14924 14903 14880 13853 14823 14789 14749 14702 14644 14571 14474 14344
102397 O 14175 14068 14544 15495 15927 15904 15786 15666 15564 15481 15415 15360 15320 15306 15297 15271 15241
1008 S8 O 15211 15182 1515t 15114 15072 15018 15009 15199 15377 15361 15310 15276 15248 15227 15209 15194 15181

9219 0 15169 15160 15156 15150 15143 15137 15132 15126 15121 15117 15114 15110 15107 15104 15100 15096 15092
97483 | 15084 15075 15068 15062 15056 15051 15047 15043 15039 15035 15028 15022 15014 15006 14998 14989 14980
94205 1 14970 14962 14958 14966 14982 13992 14991 14983 14972 14960 14947 14936 14926 14915 14899 14879 14854
0927 1 14825 14799 14809 14901 15021 15081 15092 15081 15061 15039 15019 15002 14987 14974 14963 14953 14944
R7648 1 14935 14927 14918 14908 14900 14897 14895 14890 14884 14877 14868 14860 14851 14842 14832 14823 14314
S4370 1 14804 14794 14785 14776 14769 14763 14761 14761 14761 14758 14751 14742 14731 14718 14705 14692 14680
B1091 1 14669 14656 14631 14625 14608 14591 14572 14552 14531 14509 13486 14460 14433 14404 14373 14338 14300
77813 1 14260 14215 14165 14110 14049 13979 13899 13807 13699 13571 13415 13223 12983 12673 12270 11763 11217
S35 1 10897 11291 12770 15432 18216 9110 18712 18021 17320 16958 16603 16320 16084 15880

71931 O 15785 15693 15602 15512 15422 15329 15232 15129 15018 14895 14757 14599 14417 14214 14009 13863 13954
70292 0 14554 15526 16281 16616 1664, 16504 16314 16107 15897 15692 15499 15322 15155 14976 14760 14507 14280
68653 0 14308 14992 16271 17318 17725 17728 17583 17392 17202 17032 16886 16762 16655 16564 16485 16416 16354
67014 0 16299 16249 16205 16166 16130 16097 16070 16052 16048 16053 16055 16046 16030 16011 15991 15971 15951
65374 0 15932 15913 15894 1S877 15861 15845 15830 15816 15803 15790 15777 15765 15754 15743 15732 15721 15711
63735 0 15702 15693 15683 15675 15667 15659 15651 15643 15635 15628 15621 15614

62626 -1 15611 15607 15604 15601 15597 15593 15590 15586 15583 15579 15576 15572 15568 15564 15560 15556 15552
618.07 -1 15548 18544 15539 15535 15532 15529 15831 15533 15547 15561 15570 15579 15578 15376 15572 15567 15563
609 87 -1 15838 15555 18551 15548 15546 15543 1S540 15538 15535 15533 15530 15528 15525 15523 15521 15518 15516
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am’ AT 0 1 z 3 4 B I - < G
601 19 0 13512 13308 15503 (3499 153935 15301 15487 (483 13170 [S4% 0 1847 15368 18405 1S40l {S4SN 15483 NN
38380 0 15347 IS4 1S3 13438 IRA3S 0 TS332 843200 154260 15323 1SA200 1S317T 0 1Sd1d 1S31Y 1SN 1Sdoe 18403 sk
36841 0 18397 18398 13302 [S3I89 14380 18383 1S38) 18378 18378 1SAM

) 1

il i2 13 14 1 1o

13370 183067 18308 18302 1S3m) 1S 3a8 (838

S3202 0 IS355 IS383 15381 15349 15347 15330 18338 1342 15330 (833N 1833 1833 18Ry

53997 -1 13330 18328 IS327 15326 13324 18323 S22 153200 18310 1SN ISIN IS31T7OUSIET O 1S310 18317 1SS 1sAy
$3177 -1 IS317 13316 15315 15313 15313 15312 13310 15310 15300 15308 '5300 15308 18300 {5302 JS300 (SN [ R
51634 3 18268 15239 15201 158146 15043

48452 0 IS025 15001 14976 14937 14913 1a877 14833 14783 14723 13052 14503 14453 14312 14137 13033 11787 3oag
46813 0 14912 16097 16680 15726 15576 16399 16243 1el21 10033 14970 15011 13886 1:811 18270 1870 1500y (soloe
45174 0 15651 15628 15603 15587 15371 1SSS55 0 JAS3® 1SS23 18510 1SS07 0 NSA0N 1SS91 0 1SINY 1SAT77 18472 1Sa71 (1S40
43535 0 15a7 1s473

Note: Footnotes follow Table 3.7

the refractive index at five wavelengths in the visible region to n*( V) = a v + b + ¢ i?

and extrapolating to 8000 cm™. (V) is less than 5 x107* above 4800 cm’', apart from a

doublet of height 2.5 %36 % sveney 5000 cm™.  We did not make reliable measurements in

this region, so we assumed that 4( ) = 0.0 betwcen 4399 &nd 8000 cm™.  The real

refractive index spectrum is shown in Figure 3.2 and tabulated in Compact Table format”

in Table 3.6.

3.2.3 - Molar absorption coefficient spectrum.

The molar absorption coefficient spectrum was calculated from the unweighted
average A( V) spectrum. The molar concentration of liquid chlorobenzene at 25°C is

9.783 mole L™, as calculated from the density'? 1.10118 g cm™. The E.( V) spectrum is

shown in Figure 3.3 and the values are tabulated in Table 3.7. The molar absorption

coefficient peak heights are listed in Table 3.8.
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Figure 3.3 - Molar absorption coefficient, E,.( V) spectrum between 4800 and 435 cm™ of chlorobenzene
at 25°C. The ordinate scale labels in the middle and bottom boxes are for the lower spectrum in the
box; they must be divided by 20 and 75, as shown, for the upper spectrum in the box.
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Table 3.7 - Molar absorption cocfficients between 4800 and 435 ¢m' of liquid chlorobenzene at 25°C™™

em? XE YE 0 1 2 3 3 N > 7 N 5 o 11 12 13 14 v e
4796898 0 -5 3309 3389 33739 3411 330 31QS 0 3254 33800 282 33e A N0 38) 3838 [T R VT S T
478356 0 -3 3714 3806  3ROS  3PIT 0 3TRI 0 3IAI 101 G132 193 4091 a0 3121 18T 4103 0060 Jlaw 30
376620 1 -5 S0W3 3150 SI710 32720 g302 0 4507 A7M8 S08S 0 SQa9 0 S242 0 SATT O At0d 0SS SaNd A410 SaRY Sed?
473149 2 4 ou7 654 o7 20 78 [e7 R 1120 1307 147 Toltd ININ 2266 2049 0TS Syl MY
466592 2 .3 875 1078 1266 125t i) KXY [T S52 487 457 424 42 422 ERN ins 32y ALY
460035 2 4 2668 2744 2651 2471 2356 029 3633 euSe 4886 33200 TR Q398 20RT 1023 1Oy IN7Y A
453479 2 4 1706 1700 1830 18I0 1810 ISR OISIZ je73 1374 now? 243 RN} N7 g [ NS WAy
316922 2 4 01 697 3] [XH) o075 38 730 759 N BAYY Oeed NSS8 N S K40 EAT I TYNEE TS A
40365 2 < 138 1120 lld6 1246 1337 13S0 13D 1261 1153 11230 11%e 119S 0 1210 1ISS 147 118 1w
433808 2 4 1238 1281 13N 1336 Q3RS 1277 1% 1one uds PEN a7 Dend Dend B DO toge '
427251 2 40 1254 1451 1684 1995 2343 23RO 2471 2362 2335 2361 2380 2303 NS M2 MON Dt i
420695 2 4 22420 2193 2203 2304 2561 2928 3311 3865 3ST3 0 3086 30T 4430 QURD S ASTE wwun 68t
414138 2 .3 399 hYAY 37 ST S58 AR H] 480 438 424 413 404 S8 48 M 19X INSNT O M0
407774 1 -3 2573 2518 2 2351 2392 2483 25014 24770 24907 2023 27040 2497 2083 teo 13%ed t121 loss
404495 1 4 9543 8363 7259 6417 S837  SS0) SOIS 0 3701 4730 43740 427 d8dS dsAd A3 0T 3700 3872
401217 1 4 3417 3327 3332 3552 4078 4999 557 STIE 3228 3538 3107 2¥sE 27400 26l 2808 28100 Dl
397746 2 <4 2324 2298 2353 2278 2077 1920 1823 1799 1727 1oW2 1803 1713 loRO 1761 1922 2iRe XM
391189 2 4 2107 2090 2193 2362 2295 2128 1977 1909 (RIS 17¥) 1703 1o45 1634 1573 M6 1368 1133
384632 2 4 1332 1370 1435 1516 1582 1636 1727 1833 1wl 21830 2319 2838 2003 IR JNRS odRO
378654 1 4 7261 7461 7015 6306 S722 5433 5421 SSOR 0 S490  S30R 490 Jdoll 4320 4201 4150 370 daw?
375376 1 4 3482 3435 3483 3429 3210 2973 2738 2526 2352 2228 2119 2029 1wl 1932 928 1074 MaXd
372097 1 3 229 263 306 336 382 428 499 606 T4R 912 1037 1083 1060 1Y} 0 o3l SN2
3688.19 1 4 4278 3688 3254 2898 2585 2319 2100 1929 1790 167 1560 1479 1484 1526 1718 1o Joed
365540 1 4 2123 2139 2128 2062 2014 2028 2121 2290 2520 2742 2766 2825 2206 1O 189Y I7HD 1ein
362262 1 4 1541 1585 1791 2216 2739 280y 2464 1978 1604 139¢ 12N 124 13 10600 12 N2 12
358984 1 .5 7498 7760 B108 8522 7892 737 7047 6798 6637 6506 640 6333 adlT  ednd  oSTT ot enl
355705 1 -5 7241 7489 7759 8010 8306 BS3I7T BSI9 8491 RSB BS2I BO62 Rl 9183 230w OB 0170 90l
352234 2 4 873 890 937 994 1072 1185 1302 1411 1500 1822 1438 1329 128S 1312 13 1an [RUX]
345677 2 4 1207 1026 906 843 786 22 666 623 60S 614 ol b o) W6 S0% o) 6fs LN
335120 2 4 726 822 906 978 1068 1171 1215 1170 1068 268 69 785 774 Jo6  6VT eyl
333239 0 .5 69BB 6871 G910 6958 7107 7318 T73S3I 7512 7569 T6Re  TRI2 RO RIIK O B3 AR K08 NR))
331599 0 4 90s 953 968 992 1014 1027 1066 1084 1108 1137 IR 139) 1210 1230 1238 1256
329960 1 4 1287 1299 128] 1288 1278 1285 1298 1319 1351 1376 1318 140 1503 1S0S 1540 1s8) teasy
326103 3 4 1832 1888 1951 2098 2348 2652 3036 3468 401l A6 S309 74122
317425 1 3 784 862 948 1055 1154 lles 1109 1043 992 959 940 2l 90 Y83 VT2 9us ks
314147 1 -3 1049 1067 1081 1095 1111 1132 1155 1183 1215 1252 1296 1341 13195 1486 1824 1605 1694
310868 1 -2 179 191 205 224 249 284 330 394 478 573 696 872 1057 110 1137 1ou6 o7
307590 1 -2 1127 1302 1543 1690 665 1537 1395 1313 132 1363 1289 1099 N1 788 AN AR ST <82
304312 1 .3 5282 4851 4506 2242 4099 4119 d299  IA26  SOBO 5357 SOMD 4529 4301 4476 632 334] R4S
301033 1 -3 3414 3160 3088 30834 2949 2666 2329 2015 1754 1548 1382 1246 1126 1025 16 Hel) T,
27755 1 4 7430 6977 6596 6283 6006 5773  SS39 5328 512! 4939 4795 4731 4779 SO70 5923 S438 47K
2994476 1 4 4188 3776 3525 3375 3250 3191 3182 3209 3279 3401 3618 W93 5179 67S3
291873 0 4 6916 6424 S650 4914 4319 3B6® 3543 3317 3162 3063 2991 2940 2005 2870 2833 2788 2739
290234 0 4 2693 2647 2607 2581 2562 2555 2552 2563 2579 2607 2651 2725 2836 3020 3296 36%6 4110
288595 0 4 4367 4336 4190 4074 4042 3100 3211 4333 3440 4990 4472 4374 4207 on 3762 3514 3272
286855 1 4 2879 2624 2482 2407 2386 2427 2549 2791 3188 3710 4ol 38 W69 01 27U 2431 2210
283581 1 4 2076 1991 1885 1762 1633 1499 1373 1258 1172 1100 1046 1005 984 981 4V 1027
2803.02 1 4 1222 1368 1482 1528 546 1531 1492 1443 1414 1433 iS13 16KS |y 2535 3444 a3i8 4s4n
277024 1 4 3874 3124 2509 2106 1883 1BO9 1846 1924 1903 1766 1632 1569 {583 1596 1611 J6dn  1eda
273745 1 4 1646 1568 1449 1332 1234 1168 1127 1109 1104 1122 1149 1246 1333 1277 1235 1258 1327
270467 1 <4 1400 1421 1399 1357 1308 1255 1209 1180 1169 1170 1192 1230 1300 1318 1597 I%58 2244
2671.89 1 4 2812 3639 4800 6091 6812 6727 6142 5427 4788 4314 4084 4154 4382 4264 I6TI 3063 2600
2639.10 1 4 2407 2281 2228 2208 2186 2166 2237 2360 2845 3389 4229 5468
261692 0 -4 S976 6075 5687 5058 3455 4000 3710 3553 3502 3548 3686 1927  a297  ATHE 5303 S04 S04
259957 1 4 5977 5830 5303 4555 3911 3535 3412 3525 4063 4703 4071 3171 2624 2347 2283 2430 2312
256678 1 -4 3302 3691 3883 3001 4150 4215 4062 3800 3639 3732 4120 4588 4689 4253 3710 3245 2442
253400 1 4 2501 2194 1920 1665 1454 1288 1175 1108 1069 10S8 1105 1284 1456 1317 1211 1239 1378
2501.22 1 -4 1588 1835 2004 2037 1978 1895 1826 1787 1787 1840 1981 2263 2533 2517 2574 2700 269%
246843 1 4 2493 2153 1785 1557 1472 1490 1587 1701 1776 1816 18K
2448.18 0 4 1979 2056 2067 1974 1847 1747 1685 1653 1650 1659 1683 1724 1743 1868 1976 2109 2245
243083 1 4 2497 2629 2657 2603 2505 2396 2331 2350 2399 2808 3305 3920 44n4 4487 4241 3912 %9
239804 1 4 3573 3764 4401 5440 5998 5618 4978 3402 3909 3461 3016 2601 2301 2153 2175 2344 2974
236526 1 & 2657 2456 2207 2101 2136 2270 2458 2718 3112 3586 3862 4042 450K 323 43T TSHL nu4y
233248 1 3 982 1005 958 897 877 918 987 993 98 789 672 S8 176 397 3 277 2%,
229969 1 4 2031 1774 1614 1531 1499 1559 1781 2191 2596 2746 2802 2987 31329 31724 VA6 us 3T
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um XE_YE 0 1 2 3 L) S i 7 B 9 10 11 12 13 14 15 15
2244114 3325 2uRK 27500 25343 D4as 2T w07 1ud7 0 2967 3115 3883 3340 35220 5714 701 5050 4764
223412 1 40 34920 K3 2338 2G04 IxWd Ieen IWOS 16BS 1868 1316 1135 o957 508 861 857 894 981
2201 3 1 =1 131 135 1euS 0 0% 2287 1wsd G070 1263 1586 1537 2756 3921 4297 3513 2585 2011 1718
219856 1 - 1592 1A 4TS 1SAl Lesl 1670 146160 1594 1645 1725 170G 1504 121 983 858 803 01
IS 1 4 445 P/ U1t ] N7 %30 7R3 766 753 737 704 19 6503 374 568 578 613 658
2290 0 - mns 780 347 i) 468 10RO 1338
2 As 0 4 1snh 1922 1609 1SS 139G 1314 1238 1183 1159 10S) 989 o410 93 880 865 858 356
207406 G 4 A6l K74 3723 234 Y74 1612 1036 1953 1070 168S 1104 1127 1189 1211 1296 1411 1307
208767 O -4 1505 13436 1385 1373 130 1457 1528 159S 1638 1654 1653 1653 16483 1667 1611 1490 1352
24108 0 < 1230 1135 1073 1031 1906 992 IR6 yB? 995 1012 1046 1161 1182 1285 1399 1595 1918
20248y 0 -4 2374 2715 2406 2238 w2l 17 1585 1508 1459 1457 1470 1507 1563 1633 1729 1850 1999
200849 0 -3 2087 2300 2623 2831 2999 3119 3170 3151 3095 3042 3007 2998 3028 3105 3243 3462 3779
190210 0 4 4203 3699 SIS6 S6 SK33 STSS 5904 6069 6191 624] 6235 6221 6253 6372 6615 6998 7543
19173 1 3 916 1146 1426 1721 198S 2171 2258 2258 2217 2186 212 2332 2574 2969 3498 4028 386
14t U6 1 3 4396 4108 3622 3053 2a99 2018 1636 1357 1165 1020 895 784 692 618 563 529 503
190725 2 3 485 543 656 868 1264 1895 2407 2493 2356 2541 3334 4277 4540 3579 2175 1244 768
igar ey 2 -3 546 459 U6 562 673 750 896 1081 1261 1300 1557 1876 2481 3223 3542 3264 2690
177610 2 -3 2047 1615 1138 846 58S 605 609 699 928 1384 2137 3021 3314 2802 2022 1385 100S
171054 2 <1 8276 7988  76R4 £783  SK28  SOO4
18933 1 -4 SN63 ST31 6065 SRIK 4983 3564 2205 422S 4386 687 4982 5195 S376  S648 6035 6528 732
165655 1 -3 BSE  1OSO 1315 1505 1865 2042 2077 1992 1851 1753 1783
163630 0 3 1769 1656 1487 1340 1231 1188 1189 1I23 1300 1431 1613 1839 2078 2280 1388 2405 2338
161991 0 -3 2219 2078 1930 180S 706 1621 1570 1551 1544 1563 1603 1653 171N Y790 1890 2012 2170
ten3 st o .2 236 260 288 323 367 425 S05 617 767 958 1185 1425 165T 1879 2114 2402 2804
158712 0 -2 3437 4326 6065 7099 7079 6483 5545 4510 3571 2813 2248 1849 1584 1420 1332 1290 1258
156977 | -2 1203 1237 1286 1170 9319 715 Sa41 406 309 240 194 161 139 124 114 105 99
153698 1 -3 932 915 943 994 1046 11034 1189 1288 1447 1627 1853 2080 2261 2377 2483 2688 3052
130420 1 -2 370 477 627 778 873 933 1024 1178 1394 1714 2274
148398 0 -1 274 343 449 624 926 1413 1950 2032 1758 1226 833 604 473 330 298 224 171
146759 0 -2 1360 1122 959 842 757 697 658 638 634 648 680 735 811 914 1047 1206 1387
145117 0 -2 1588 IBI8 2145 2723 3979 6457 8329 6310 4057 2734 1968 1539 1309 1103 874 687 560
143381 1 -3 4123 3348 2838 2427 2075 1766 1501 1286 1118 1004 917 832 773 739 719 720 736
1490103 1 -3 763 317 920 1098 1372 1747 2135 2339 2273 2049 1799 1626 1582 1699 1961 2230 2305
136829 I -3 2074 1694 1324 1017 91 633 532 64 420 391 373 363 360 363 371 386 408
133546 1 -3 443 503 616 845 1298 1822 1698 1333 1131 975 839 756 726 737 783 875 1041
130364 0 -3 1172 1358 1620 1959 2339 2641 2705 2499 2141 1760 1447 1217 1059 957 895 8s8 837
128725 0 -3 825 817 813 815 823 840 867 08 965 1049 1174 1365 1658 2069 2465 2654 2624
126989 1 -3 2345 2046 1725 1398 1136 935 807 714 659 636 643 682 760 885 1071 1313 1582
123711 1 -3 1814 1911 1812 1§91 1350 1127 962 3N 851 902 1027 1218 1424 1561 1573 1477 1324
120432 1 -3 171 1usé 993 972 982 1016 1071 1148 1252 1386 1552 1765 2027 2322 2609 2910 3237
LI7ESS 1 -3 3399 3239 2978 2794 2721 2745 2829 2926 2960 2868 2662 2429 2215 2022 1886 1817 1797
113875 1 -2 186 204 238 302 414 605 915 1336 1652 1600 1399 1278 1167 986 815 709 663
1os9r 1 -1 67 73 83 103 127 154 185 232 307 436 664 965 1065 854 571 364 241
107415 0 -2 2032 1791 1677 1716 1956 2482 3061 2939 2304 1825 1530 1294 10T 870 709 585 489
105776 0 -3 4144 3556 3112 2791 2526 2309 2116 1980 1882 1812 1761 1737 1707 1688 1696 1726 1748
104137 0 -2 180 186 191 197 207 219 236 260 288 328 382 457 563 709 919 1271 1894
102497 0 -1 316 589 1011 984 629 377 234 155 110 85 n 65 68 n 60 48 43
100858 0 -2 396 395 412 163 610 905 1713 2377 1623 836 560 408 4 298 269 258 250

99219 0 -3 2485 2629 2679 2507 2348 2415 2366 2348 2362 2372 2365 2322 2269 2193 2120 2055 1992
97483 1 -3 1869 1854 1901 1927 1959 1999 2012 1982 1882 1748 1607 1514 1429 1435 1465 1549 1714
208 1 -3 2001 2479 3205 3957 4088 3498 2759 2198 1837 1698 1708 1853 1986 2020 2157 2506 3201
90927 1 -2 60 734 1193 1579 1483 1111 772 524 359 256 198 162 130 126 118 113 109
87648 1 -3 1057 1030 1018 1073 1243 1422 1381 1254 1125 1010 924 870 843 843 871 924 995
84370 1 -3 1103 1350 1432 1669 1958 2280 2553 2680 2600 2371 2103 1876 1695 1573 1516 1532 1584
81091 1 -3 1563 1469 1384 1330 1303 1294 1288 1295 1311 1333 1366 1406 1464 1526 1578 1663 1786
72 194 MY 232 258 289 324 369 126 502 601 745 957 1284 1817 2753 4499 7745
ME38 1 -1 1319 2047 2737 3073 2511 1528 829 157 275 183 132 102 84 73

nes3t o -2 704 682 672 674 689 718 763 830 926 1066 1269 1574 2046 2794 3986 5866 8554
70292 0 -1 1125 1482 1009 7?2 S61 41l 312 248 21 197 202 222 251 290 349 455 648
08653 0 -\ 961 1309 1409 1175 850 595 417 297 218 167 132 108 91 9 70 63 58
67014 0 -3 S46 5223 SI128  SO70 5094 5269  S606 6075 6446 6333 5695 4861 4124 3524 3025 2609 2262
68374 0 -3 1964 1729 1554 1397 1269 1159 1073 990 913 860 817 770 e 696 655 641 625
63738 0 4 6205 6016 5863 5830 S811 S672 5719 5570 S615 5698 5806 S8M2

62626 -1 4 5866 5860 S840 S821 SR30 5830 5886 5933 6029 6125 6287 649 6705 6960 7346 7732 8337
ol807 -1 -3 894 994 1094 1272 1449 1751 2053 2389 2726 2595 2. 2063 1661 140t 1141 1018 896
60987 -1 4 8420 7879 7536 7I94 6857 6520 6183 5836 SS85S  S325  S118 4911 4737 4564 4399 4234 4075
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am' \E B 0 1 N 3 4 3 o 7 N B} N i 2 1% 14 TS
A0 19 9 4 38 4N RS M S 3 s\ MRS SR SR R DX RIS N ez IR e 14 Lo [
38480 0 4 1390 I13TS 1349 U3HD 1Zee 1IIN 1200 1ITS 1SS 11390 Qe oS0 el 1o3s 1ol 9wl Rl
o83t 0 3 We RS B L e L T B A L e X I L T T £ U LU TR T T SRR P
S5202 0 4 Teeo 2721 IS0 2SS9 JO4Y 290 2896 dsde 27T JeeN Sl 4T AW

33096 -1 4 2433 23T Z4S2 0 2498 AR feso 2762 4T 3R AERA TR T INAN NN 3120 3 el
S3177 -1 30 3383 3mT 0 2867 2038 24N 2323 22200 2128 s Ield 1333 toew B S AN s AR
Sl 38 3 D} 13 0 0 0 N
48452 o 2 0 7 18 27 BN n7 REY HEA 189 203 372 s33 ALE S AT I N [ ST Y W SR Y
w6813 0 2 724 G686 T8 20w I8ue 1173 NS old RG] I INN 2 low 133 102 Iy A%
45174 0 4 3993 2635 484 D512 2I6Y 0 1R0S 0 2SA1 0 TS R 3N0n d42aN 0 Ams 0T sagn TISE TS Ndsn
43535 0 .3 378 1U0S

Footnotes to Tables 3.5, 3.6 and 3.7

a - The column headed cm™ contains the wavenumber of the first ordinate value in the row. The

columns headed .\E and Y contain the X-exponvsi and the Y-exponent, respectively, for the row.

The columns headed 0.1.2.--16. contain the ordinate values. and the headings give the indices of the

ordinate values in the row. [n a row which starts with +*(0) . the wavenumber corresponding (o the

ordinate indexed J is

. . . i
values in that row are the ordinate value shown times 10 .

row of Tables 3.5, 3.6 and 3.7 shows that at v = 4799.95 -

R ; . 4 2
ordinate values are: k=141 x 10" = 1.41 x 10" . n=1.5033 and /5, = 3752 x 10" = 3.752 x 10"

V() = v(0) -

15798.002

16384

NE

For Tables 3.5 & 3.7. the k¢ v) and Jon( V)

In Table 3.6, the n( v) vatues are given
directly with the decimal point implicitly after the first digit. Thus the cntry indexed 16 in the first

15798.002

16384

y -

2 =4784.52cm’ the

b - The 4-point spline interpolation program TRECOVERO. interpolated the A( v) and foo( V) values in

the table to the original wavenumber spacing, 0.482117 cm™, and yiclded the origiral values

accurate to 1% below 4000 cm™', and to 1-2% between 4000 and 4800 cm”.  The original n( ¥)

values were simila:.y recovered accurate to 0.1%.

¢ - The unit of the £, values isL mole”’ cm™. Muliply the vatues by 1000 to change the usit to cm®
mole™.

3.2.4 - Areas under k( V) and E (V) bands.

spectroscopist in the integration ranges given in Table 3.1. The areas were measured

Table 3.9 contains the average area under the k( V') spectrum for each
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Table 3.8 - Peak heights in the molar absorption coefficient spectrum of liquid chlorobenzene at 25°C.a'b

viecm')  Edv) Viem') Ex(v) v (cm’) En(V) v (cm™) Ex(V)
16564 1.29(2) 3016 3 4.64(5) 23310 1.01(2) 1370.7 2.32(1)
16224 0.429(13) 2949 8 0.559(8) 23198 1.00(1) 13252 1.86(3)
45953 0276(11) 29190  0.69422) 22718 0.403(7) 1298.1 2.72(6)
45747  0627(18) 28856  0.438(11) 22405 0.706(13) 12725 2.66(7)
345146 0.189(10) 28770 0.4349(10) 21940 0.227(7) 1235.2 1.91(1)
42529 0).258(12) 28492 0.401(13) 2178.7 0.434(9) 1210.9 1.58(2)
11458  0619(17)  2795.2  0.155(9) 2150.5 0.173(5) 1171.6 3.40(6)
40774 1 58(19) 2773.0  0.463(12) 21325 0.103(7) 1156.5 2.96(5)
4066.5 2.52(12) 2755.9  0.194(10) 2089.1 0.163(7) 11227  16.8(2)
10587 2.71221) 27389  0.167(10) 2058.2 0.152(9) 10833  107.(1)
0005  0.558(12) 27143 0.133(8) 2045.6 0.167(6) 1068.1  31.0(5)
3917.7  0.225(7) 2703.1  0.142(8) 2023.7 0.273(10)  1022.6  106.(6)
38995 0.237(T) 2663.5 0.687(i4) 2002.5 0.317(7) i001.9  24.8(10)
3785.1 0.748(10)  2648.1 0.441(12) 1962.3 2.27(2) 964.0 2.01(5)
37723 0.552(9) 2616.3 0.610(14) 19429 4.43(4) 935.0 4.14(22)
3699.4  1.09(2) 2599.8  0.598(11) 1881.5 2.51(1) 9029  16.1(6)
3653.4  0.215(11) 25822  0.470(15) 1862.0 1.58(4) 866.3 1.43(4)
3636.9 0.279(7) 2557.4  0.428(11) 1787.9 3.54(3) 830.1 2.68(12)
3613.6  0.290(9) 25443 0.472(12) 1730.6 3.33(3) 812.3 1.59(3)
34888  0.153(7) 25109  0.146(8) 1685.9 0.611(12) 739.7  308.(7)
3464.1  0.147(5) 2496.0  0.204(9) 1645.5 2.08(2) 7022  119.(5)
3368.5 0.122(7) 24714 0.272(9) 1622.1 2.41(4) 6848 142.(8)
3165.4 1.17(2) 21466  0.208(7) 1583.8  71.9(11) 662.1 6.47(40)
3083.1 11.5(2) 24273 0.266(7) 1566.1  12.9(2) 614.1 2.74(15)
3069.5 17.0(3) 2406.4  0.451(9) 14776  207.(7) 547.7 0.296(17)
3058.5 13.6(2) 2390.3  0.600(10) 14454  83.3(57) 533.4 0.414(11)
30258  5.36(4) 2365.7  0.266(14) 1387.1 2.35((1) 467.8  73.5(18)

a - The unit of En( V) is L mole™ cm™. Multiply the values by 1000 to change the unit to cm® mole™.
b - The number in parentheses is the estimated accuracy in the last digit. The % estimated accuracy is

the same as for the corresponding k( v) value.

above zero ordinate. The 95% confidence limit is given in parentheses except when

only one spectrum was available. These spectroscopist average areas were themselves

averaged to give an overall unweighted average area and an overall weighted average



Tabls 3.9 - Spectroscopist average areas under the absorption index bands®.

Region (cm') YA VB A B C
4785.0-14750 0.0328(26) 0.0343(22) 0.0337
4$301.9-3850.2 0.0981(33) Q.0978(13)
3850.2-3663.5 0.0320(3) 0.0326(2)
3239.8-2930.3 0.5355(19) 05423221 U.5430(25)
2930.3-2895.1 0.00809¢8) 0.00796(2) 0.00804(1) 0.00798
2895.1-2811.2 0.0144(5) 0.0142(D) 0.0145(1) 0.0140
" '11.2-2688.3 0.0133(9) 0.01342) Q.0137() 00127
2688.3-2517.1 0.0407(11) 0.0412(2) 0.0419%(1) 0.0302
2517.1-2111.7 0.0880(21) 0.0893(2) 0.0902(5) 0.0879
2000.3-1905.3 0.1377(6) 0.1363(29) 0.1390(2) 0.1372
1905.3-1835.4 0.1335(8) 0.1324(5) 0.1342(2) 0.1327
1835.4-1754.4 0.1262(6) 0.1258(2) 0.1269(2) 0.1256
1754.4-1690.3 0.0933(5) 0.0931(3) 0.0936(1) 0.0928
1605.4-1545.2 1.080(5) 1.073(5)
1530.2-1410.2 2.772(14) 2.756(40)
1405.9-1345.1 0.1013(2) 0.1014(1) 0.1017 0.1013
1345.1-1252.1 0.1491(8) 0.1500(1) 0.1487 0.1496
1252.1-1198.5 0.0948(1) 0.0951(1) 0.0946 0.0950
1198.5-1141.7 0.1959(3) 0.1967(3) 0.1952 0.1975
1140.2-1050.1 2.988(15) 3.002(13)
1045.2- 970.0 1.308(5) 1.266(6)
950.3- 851.9 0.6002(4) 0.6028(32) 0.5958(5) 0.6195 0.5942
7996- 717.1 8.354(56)
719.3- 6499 5.065(29) 4.997(46) 5.442(31)
630.6- 5699 0.0941(2) 0.0931(3) 0.0898

a - The unit of area is cm™. The numbers in parentheses are the 95% confidence limits in the last digit.

area for each band. The weighting was the number of spectra that contributed to the
spectroscopist's average. These average areas are listed in Table 3.10. The weighted
and unweighted average areas agree well, and the unweighted average areas are taken as

the integrated intensities that result from this study.

The agreement between different spectroscopists is shown in Table 3.10 by the
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Table 3.10 - Overall average areas under the absorption index bands.

iegion (cm™) My * vxt‘g::: Unweighted . Ma{cirpurgc Anchor‘poiilg % Estimateed
Area® Average Area’ Deviation™ Uncentainty™ accuracy
4785.0-4475.0 0.000474 0.0332 0.0336 +0.0008 +0.0014 6.55
4301.9-3850.2 0.00128 0.0981 0.0980 +0.0002 +0.0011 1.33
3850.2-3665.5 0.000521 0.0321 0.0323 +0.0003 +0.00027 1.76
3239.8-2930.3  0.00993 0.5389 0.5403 +0.0048 £0.00042 0.97
2930.3-2895.1 0.0504323  0.00802 0.00802 +0.00007 +0.00005 1.50
2895.1-2811.2 0.000279 0.0143 0.0143 +0.0003 +0.00012 2.94
2811.2-2688.3  0.000298 0.0134 0.0133 +0.0006 +0.00018 5.86
2698.3-2517.1 0.000461 0.0412 0.0410 +0.0009 +0.00025 2.80
2517.1-2111.7 0.000774 0.0891 0.0889 +0.0013 +0.0006 2.14
2000.3-1905.3  0.00409 0.1376 0.1375 +0.0015 +0.00015 1.20
1905.3-1835.4 0.00442 0.1333 0.1332 +0.0010 +0.00013 0.85
1835.4-1754.4 0.00355 0.1263 0.1261 +0.0008 +0.00016 0.76
1754.4-1690.3 0.00345 0.0933 0.0932 +0.0004 +0.00012 0.56
1605.4-1545.2 0.0813 1.077 1.077 +0.004 +0.00022 0.39
1530.2-1410.2 0.254 2.765 2.764 +0.008 +0.00047 0.31
1405.9-1345.1 0.00303 0.1012 0.1014 +0.0003 +0.0002 0.49
1345.1-1252.1 0.00375 0.1493 0.1493 +0.0007 +0.00027 0.65
1252.1-1198.5 0.00277 0.0949 0.0949 +0.00025 +0.00018 0.45
1198.5-1141.7 0.00520 0.1962 0.1963 +0.0012 +0.0011 1.37
1140.2-1050.1 0.178 2.996 2.995 +0.007 +0.0015 0.25
1045.2- 9700 0.186 1.285 1.287 +0.021 +0.00083 1.70
950.3- 851.9 0.0319 0.5990 0.6025 +0.0170 +0.00011 2.84
799.6- 717.1 0.747 8.354 8.354 +0.056° +0.014 0.84
719.3- 6499 0.373 5.181 5.168 +0.274 +0.0058 5.41
630.6- 569.9 0.00796 0.0934 0.0923 +0.0026 +0.0010 3.90

a - Height of the strongest peak in the region.
b - The unit of area is cm™.
¢ - Maximum deviation from the unweighted average.

d - The anchor point uncertainty is the integration range multiplied by the average of the uncertainties

in k( V) (see Table 3.1) at the two anchor points used for that range.

¢ - The estimated accuracy is taken as the sum of the maximum deviation and the anchor point
uncertainty.

f - This value is the 95% confidence limit of the measurements of A, the only spectroscopist who
measured this band.
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maximum deviation of any spectroscopist's average from the unweighted average. The
average agreement over all bands is 1.9%%. The average agreement for strong, medium
and weak bands with Apa > 0.002 is 1.3%. The average agreement is 3.1% for very

weak bands with k..« < 0.002.

The areas under the molar absorption coefficient, F( 1), spectrum are more
widely used in analytical chemistry. They are listed in Table 3.11. In addition to the
area above zero ordinate, Table 3.11 contains the area above a linear baseline drawn
through the E, values at the integration limits. This latter area is the more accurate, and

is the area we recommend as an intensity calibration standard (vide infra).

3.3 - Accuracy of results
3.3.1 - Accuracy of absorption indices and molar absorption coefficients.

We have described previously' our reasons for regarding the agreement between
different spectroscopists as a good measure of the accuracy of our results. We must

also consider the systematic efror in our absorption index values due to the uncertainties

in the values at the anchor points'**. Thus, the estimated accuracy of our k( ¥) values is
taken as the sum of the maximum deviation from the unweighted average (in parentheses
in column 3 of Table 3.4) plus the uncertainty due to the anchor points. For the peak

heights, the latter is given in column 4 of Table 3.4 and was calculated as the average of

the uncertainties in £( V) at the anchor points on either side of the band (Table 3.1).
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Table 3.11 - Overall average areas under molar absorption coefficient bands of liquid chlorobenzene at
25°C

Region (cm™) Area® Estimated accuracy Area above Estimated accuracy of
of area™® baseline® area above baseline**
4785.0-4475.0 86.66 5.68 71.14 1.69
4301.9-3850.2 2189 29 167.8 0.3
3850.2-3665.5 67.41 1.19 41.62 0.39
3239.9-2930.3 9238 9.0 841.8 75
293(.3-2895.1 13.03 0.20 2.80 0.02
2895.1-2811.2 22.73 0.67 7.84 0.16
281]1.2-2688.3 20.41 1.20 7.20 0.32
2688.3-2517.1 59.53 1.67 10.44 0.39
2517.1-2111.7 115.0 25 81.98 1.20
2000.3-1905.3 149.5 1.8 110.8 1.2
1905.3-1835.4 139.1 1.2 105.2 08
1835.4-1754.4 126.0 1.0 83.36 0.53
1754.4-1690.3 89.72 0.50 54.49 0.23
1605.4-1545.2 948.8 3.7 849.5 3.2
1530.2-1410.2 2266 7 2159 6
1405.9-1345.1 77.98 0.38 45.19 0.13
1345.1-1252.1 107.7 0.7 61.30 0.29
1252.1-1198.5 64.79 0.29 21.68 0.06
1198.5-1141.7 127.8 1.5 48.72 0.30
1140.2-1050.1 i817 5 1650 4
1045.2- 970.0 729.7 12.4 593.8 9.7
950.3- 851.9 3043 8.6 192.4 54
799.6- 717.1¢ 3451 29 3120 21
719.3- 6499 1994 108 1705 90
630.6- 569.9 31.45 1.23 11.34 0.32

a - The unit of area is L mole” cm™. Divide the values by 100 to obtain areas in the unit km mole™.

b - Calculated from the percent estimated accuracy of the area, which is the same for E( V) and k( V)
(Table 3.10) bands.

¢ - The percent estimated accuracy of the area under E( V) above baseline equals the maximum
deviation from the unweighted average k( v) area (Table 3.10) as a percentage of the unweighted

average k( v') area (Table 3.10). This percentage, muitiplied by the area under En( V) above
baseline gives the numbers in this column.

d - These results are from S spectra from spectroscopist A.
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The percent estimated accuracies of the k( 1) values at the peak heights are

included in Table 3.4. For the 108 peaks, the average accuracy i5 +2.9%. This is

somewhat larger than the 2.4% agreement between spectroscopists, because of the large
number of very weak bands for which the uncertainty due to anchor points is comparable
to the maximum deviation from the unweightad average. Thus, for the 65 peaks which
have km.x <0.002, all except 3 of which are above 2630 cm’, the average accuracy is
%3.3% while the average agreement is +2.4%. The heights of the remaining 43 peaks

with kmax >0.002 are accurate to £2.4% on average and the agreement between

spectroscopists is 2.3%.

There are only 19 peaks for which the estimated accuracy is no better than 5%,
and the poorest accuracy is 7.6% . 13 of these 19 peaks are very weak peaks with k.
<0.002, and 9 of them have kn.x <0.0002. Three of the 19 peaks are among the 10
strong peaks which have kmax >0.05, and which have an average accuracy of 3.6%. If

these 3 poorly known peaks are excluded, the accuracy of the remaining 7 strong peaks

is 2.4%.

The k( V) values at the peaks can be compared with those of Jones and co-
workers® which are the only calibrated measurements available. The calibrated results

were obtained from samples held at either 20°C or 28°C®, not at the 25°C of this work.
The density change for a 5°C temperature change affects the &(V) values by about 0.5%,

and it is unlikely that a 5°C temperature difference would affect the 4( V) values by more
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than 2% overall. Koser's results'* indicate that the heights of the peaks at 1477 and
1023 cm™ decrease by about 2% when the temperature increases from 20 to 25°C, while

the peak at 740 cm™ is almost independent of temperature.

There are 102 peak heights reported in both this paper and ref. 8. Forty two of
our values lie outside of the evaluated uncertainty limits of Ref. 8, but only twenty values
lie outside of the combined error limits of the two studies. Ten of these are very weak
peaks between 2100 and 2800 cm™. In fact only two peaks disagree substantially, those
at 1477 and 614 cm™. The estimated accuracy of the 1477 cm™ peak is 3.5%, but the
band was really too intense to yield good measurements in the cells available. This may
contribute to the disagreement. As noted above, Koser's results'* argue that sample
temperature is not the cause of our 1477 cm™ peak being 27% lower than the calibrated

value®.

The k( V) values in the baseline are not known as accurately as those in regions of
significant absorption, except at the anchor points. From the agreement between

different workers and the uncertainties in the anchor point values, we estimate the

accuracy of the baseline 4( V) values to be approximately +2x10° above 3000 cm™,

+6x10° between 3000 and 1650 cm™’, and +6x10™° below 1650 cm’!. These values

corresponds to about +5% and +2.5% of the weakest k{ V) values above and below

3000 cm’', respectively.

The percent estimated accuracy of the molar absorption coefficient, £,( V),
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values is that of the corresponding 4( V) value. The accuracies are given in Table 3 8 in

parentheses as absolute values, not as percentages.

3.3.2. - Accuracy of areas.

To calculate the estimated accuracy of the areas under the k( *) bands given in

Table 3.10, the average uncertainty in £( V) at the anchor points (Table 3.1) on each side
of the integration range was multiplied by the integration range and added to the
maximum deviation from the unweighted average area (Table 3.10). The estimated
accuracy is given in Table 3.10 for each band, as a percentage of the unweighted area.
The average accuracy over all 25 spectral regions is an excellent 1.9%. Of the 17 bands,
for which k.« > 0.002 the average accuracy is 1.3%. The only regions for which the
accuracy of the area is poor are the regions of very weak absorption from 4785 to 4475
cm™, 2811 to 2688 cm’’, and 719 to 650 cm™. The latter may have been influenced by

the very strong neighbouring band at 739.5 cm™, for which spectra were only avzilabie }

from one spectroscopist.

A comparison was made with the areas under three 4( V) bands reported by Késer
from dispersive transmission measurements'’. For the integration ranges 1550.0 -
1350.0, 1100.0 - 825.0, and 825.0 - 615.0 cm’', the areas are 2.89, 4.53 and 13.65 cm™
from our spectrum and 2.97, 1.86 and 13.71 cm™ from Koser’s spectrum. Two regions

show excellent agreement. The agreement in the 1100-825 cm™ region is extremely
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poor However, the integration range 1100 - 825 cm’' includes a large region of weak
absorption, and it is probable that baseline accuracy plays a large part in the

disagreement.

The percent estimated accuracy of the area under a molar absorption coefficient
band equals that of the corresponding absorption index band (Table 3.10). The

accuracy is given in Table 3.11 as an absolute value, not as a percentage.

Table 3.11 includes the areas under the molar absorption coefficient spectrum
above a linear baseline drawn through the molar absorption coefficients at the
integration limits. These areas are free from error due to the anchor points, so their
estimated accuracy simply reflects the agreement between spectroscopists that is shown

by the maximum deviation from the unweighted average area under the corresponding

k(Vv) band (Table 3.10). The percent accuracy of the area above the baseline thus equals
the maximum deviation as a percentage of the unweighted mean area (Table 3.10). In
Table 3.11 we report the actual estimated accuracy v1 the area above the baseline, not

the percent accuracy.

For selected regions, these £,( V) areas above baseline and the real and imaginary
refractive index and molar absorption coefficient values, will be submitted to
Commission L.5 of the International Union of Pure and Applied Chemistry for

consideration as secondary intensity standards for infrared spectroscopy of liquids.
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3.3.3 - Accuracy of real refractive indices.

The real refractive indices, n( V), were calculated by adding the value n =

1.5043+0.0005 at 8000 cm™' to the value of An( V) that is calculated by the Kramers-

Kronig transform'® of the (V) spectrum. The accuracy of #( %) is, then, the sum of the

0.05% accuracy intrinsic to our Kramers-Kronig transform', the 0.03% accuracy of the
value 1.5043 at 8000 cm™ plus the ~0.08% accuracy of An( V) which results from the

accuracy of the &( V) values. The accuracy of the n( V) values is, thus, ~0.2%.

3.4 - Summary
Transmission spectra of liquid chlorobenzene at 25°C that were measured by 5
spectroscopists in 4 different laboratories have been transformed to absorption index

spectra. These k( V) spectra were compared and averaged to yield spectra between
4800 and 450 cm™ of the absorption index, the real refractive index and the molar

absorption coefficient that are believed to be the most accurate currently available.

Absorption index, &( vV}, and molar absorption coefficient, £.( V), values are believed

accurate to £2.4% on average at the peaks of stronger bands , and +3.3% at weaker
bands (k<0.002). The baseline &( V) values are known to ~5% above 3000 cm™' and

+2.5% below 3000 cm™. The areas under 17 bands or band groups in k&( V) and E.( V)

spectra for which An.x >0.002 are known to £1.3% on average. The real refractive
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index, n( v), values are believed accurate to 0.2%.

For future reference, the complete numerical data is presented in Comnact Table

format” to allow the original spectra to be recovered by interpolation without loss of

accuracy. The complete final &( V), n( V), and E,( V) spectra obtained in this work are

available on diskette from the authors. To make them available over the longer term, it

is planned to place them on an internationally accessible data base.
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Chapter 4 - Assignments of Vibrations for Chlorobenzene and Toluene

Despite numerous experimental and theoretical studies reported in the literature

14-36 18,22,23,35-47

on toluene and chlorobenzene there are still some disagreements about the
assignments of the fundamental vibrations, especially for toluene. While some of the
disagreements are simply due to the use of different notation systems, others are due to
different choice of wavenumbers or the assignment of similar wavenumbers to different

symmetry modes.

4.1 - Symmetry and vibrational notations for benzene and monosubstituted
benzenes

The differences in notation arise from two main numbering schemes for the

vibrations of the benzene molecule: Wilson's'>"

and Herzberg's’>. A third notation
system of using letters for the assignments was used by Whiffen®” for halogen substituted

benzenes but was not used afterwards.

Wilson's notation was introduced first and has only been used for benzene and
substituted derivatives of benzenes. Herzberg's notation was introduced later and is in
general use. Inboth numbering schemes, vibrations are numbered according to their
symmetry species. Within each symmetry species, Herzberg numbers the vibrations in
order of decreasing wavenumber. Wilson, on the other hand, numbers them in order of
increasing wavenumber with one or two exceptions. An additional difference between

the two systems is the order in which the symmetry species for Dg, molecules such as
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Table 4.1 - Assignments of benzene using Herzberg and Wilson notation schemes.

Symmetry Assignment™® Herzberg's Wilson's
Species Notation Notation
Ay, CH stretch V) v
Ay, CC stretch Va vy
Az HCC bend Vi vy
Ay oop HCC bend (75). CCC deformation (25) vy Vi
B CH stretch Vs Via
By CCC deformation Ve vi2
B, oop HCC bend (65), CCC deformation (35) vy vs
Bog oop CCC deformation (85), HCC bend (15) vy vy
Bay CC stretch (75), HCC bend (25) Vo Vig
Bau HCC bend (65), CC stretch (35) Vio vis
Eig oop HCC bend vii Vio
Ei CH stretch Vi2 V2o
Ewn HCC bend (70), CC stretch (30) Vi Vig
Ewn CC stretch (65), HCC bend (35) Via Vig
Ezg CH stretch Vis \
Esg CC stretch (65), HCC bend (25), CCC deformation (20) Vie Vg
Ez HCC bend (80), CC stretch (20) V17 Vo
Eaxg CCC deformation Vig \77
E2 oop HCC bend (80), CCC deformation (20) Vig Vi7
Eay oop CCC deformation (85), HCC bend (15) Vg Vig

a - Potential energy distribution in percent is given in brackets. Contributions over 90% are omitted.

b - oop indicate out-of-plane displacements. The remaining vibrations are in-plane.

benzene are listed. Wilson's character table'” lists the species in the following order:
Aig, Azg, Big, Bog, Eig, Eop, Ary, Az, By, Bay, E1u and Ea. I-Ierzberg69 lists them in the
fOllOWil’lg order: Alg, Alu, Azg, Azu, Blg, Blu, Bzg, Bzu, Elg, Elu, Ezg and Ezu. Table 4.1

lists the vibrational assignments of benzene under both, Wilson's and Herzberg's
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Table 4.2 - Correlation table between Dg, and C-, svmmetry species for monosubstituted benzenes

Des C' Den Cx’
Ay A B2, B,
Ay B; Eig A; +B,
Az B, Ei A +B;
B A, Ez A, +B;
By B, Ea Az +B,

a - The A, and B: displacements are in the plane of the ring.

notations. The potential energy distributions were obtained from earlier normal

coordinate calculations of benzene made by C.D. Keefe”.

Monosubstituted benzenes have C,, symmetry which indicates a lower symmetry
than benzene. The lower symmetry has the effect of splitting some of the degenerate
vibrations in benzene into non degenerate vibrations in the substituted benzenes. The
symmetry species for C,, symmetry are: A,, A, B, and B>. The A, and A, vibrations
are the in-plane and out-of-plane modes, respectively, that are symmetric with respect to
the 2-fold rotation axis. The B; and B, modes are antisymmetric with respect to the 2-
fold rotation and they depend on the coordinate system used. In a coordinate system in
which the plane of molecule is the YZ plane, the B, modes are the out-of-plane modes
and the B; are the in-plane modes. This notation is used throughout the thesis, as
recommended by the Joint Commission for Spectroscopy of TUPAP and ITUPAC™.

These C, species can be related to the D¢y, species through the correlation table'® given
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in Table 4.2.

The difference in symmetry species for De;, and Ca. should result in different
numbering of related vibrations for the substituted benzenes. Chlorobenzene, a
representative of the monosubstituted benzenes, has 12 atoms which leads to 12x3-6 =
30 vibrational modes. These 30 vibrational modes are distributed among the Cx
symmetry species as 11A,+3A,+6B,+10B,. If either Wilson's or Herzberg’s notation is
used, the 11 A, vibrations would be numbered 1 through 11, the 3 A, vibrations would
be numbered 12 through 14, the 6 B, vibrations would be numbered 15 through 20 and
the 10 B, vibrations would be numbered 21 through 30. The vibration numbers would
be different from those of the parent vibration of benzene. Thus, under Herzberg's
notation, vis (Ezg) of benzene, is split under C,, symmetry into an A, and a B, vibration.

The vibration numbers would be between 1 and 11 for the A; mode and between 21 and

30 for the B, mode.

Clearly, such a rigorous application of Herzberg’s or Wilson’s notation makes
comparison of similar vibrations in difterent molecules very difficult. Differences of this
nature always occur between benzene and monosubstituted benzenes, and even occur
among the monosubstituted benzenes themselves as the number given to a vibration
within a symmetry species depends on its wavenumber. The wavenumber of a particular
vibration, such as the A,, CX stretching vibration, may change significantly with the
change of mass of the substituent X, and this may result in the CX stretching made being

in a different position in the sequence of the A, vibrations ordered according to
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wavenumber. For example, the A; CD stretching vibration of monodeuterobenzene is

vs while the CCl stretching vibration of chlorobenzene is regarded as vi;.

It is clear from the above example that there is an incentive to use a similar
numbering scheme for substituted benzenes to that used for benzene. By doing so, the
comparison of similar vibrations in different molecules is simplified. The practice of
most authors is to use either Wilson's or Herzberg’s notation for benzene. Whenever a
degenerate vibration in benzene is split, the benzene vibration number is kept and the
letter “a” or “b” is added. All “a” vibrations in monosubstituted benzenes are symmetric
with respect to 2-fold rotation, and so are either A, or A, species under C,,, while all “b™
vibrations in monosubstituted benzenes are antisymmetric with respect to 2-fold rotation
and so are either B, or B; species. Thus, under Herzberg's notation and the above
practice, vis (Ez), the CH stretch in benzene, is split under C,, symmetry into v,s, (A;)
and visp (B2). Under Wilson's notation, the same vibration in benzene is labeled v; (Ez,)
and is split into v, (A1) and vz (B2) under C,, symmetry. These notations do not
follow either Wilson’s or Herzberg’s notations for C,, molecules, but are commonly
used. Throughout the thesis they are termed either pseudo-Wilson or pseudo-Herzberg

notation.

It must be realized that the pseudo-Wilson and pseudo-Herzberg notations only
approximately indicate the relation between a vibration of the C,, molecule and the
parent vibration of benzene. To understand this, consider the A, vibrations under Cy.

The reduction of symmetry from Dgy, to Coy causes a mixing of all the benzene vibrations



97

that correlate with A, vibrations under C».. In most cases the vibration under C, can
not be described by just one vibration under Dgn, which is what the pseudo-Wilson or
pseudo-Herzberg notations attempt. Nevertheless, these notations have been widely

used and the pseudo-Herzberg notation will be used, together with the true Herzberg

notation in the thesis.

The disagreements that result from the use of different notations can be easily
resolved by a) adopting a single notation scheme’, or b) quoting previous authors and
pointing out the correlation between the previous authors assignments and the current
assignments. Throughout the thesis, the recommendation by Miller”, to use the
Herzberg notation, is followed. In addition, the pseudo-Herzberg notation is preferred
to the pseudo- Wilson and consequently assignments using the pseudo-Wilson notation

made by various authors are converted to the pseudo-Herzberg notation in this thesis

using Table 4.3.

In order to relate the true Herzberg notation to the pseudo-Herzberg notation,
the relation between the form of the C,, vibration and that of the Dg;, vibration must be

known. The origin of the relation used must be stated with each table in which the two

notations appear.

The disagreements due to notation are not important to the understanding of the
vibrations and therefore will be considered to have been resolved. Other differences in

assignments are discussed in Section 4.2 for chlorobenzene and in Section 4.4 for

toluene.
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Table 4.3 - Conversion table for the pseudo notations for the assignments of vibrations

of monosubstituted benzenes.

‘pseudo-Herzberg pseudo-Wilson pseudo-Herzberg pseudo-Wilson
Vi V2 Visb Vigh
V2 Vi Vi4a Visa
V3 V3 Viab Vigb
A\ v Visa V7a
Vs Vi3 Visb Vn
V6 V2 Vi6a Vga
V7 Vs Visb Vsb
Vg Vi Vi7a Vo,
Vo Vi Vi Vop
Vio Vis Viga Vé6a
Vila Vi Visb Véb
Vi Viob Vi9a Vi7a
Vi2a V20 Viob Vi
Vi2b V20b V20a Vi6a
Vi3a Vios V20b Viéb

4.2 - Previous assignments of the chlorobenzene vibrations

All of the 30 fundamental vibrations of chlorobenzene are Raman active, and all
except the 3 A, vibrations are infrared active. In principle, theoretical calculations’"¢"°
of band contours of asymmetric top molecules allow the determination of the symmetry
species of the vibrations. which cause bands in the observed gas phase infrared spectrum.
These calculations yield three different types of band for each C, molecule, A, B and C,

due to ¥ Totational transiiions associated with the vibrational transitions. The band
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Figure 4.1 - Qualitative band contour shapes for chlorobenzene.
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shapes depend on the moments of inertia. For chlorobenzene®*® these are I, = 89.1+0.1
amu A% I, =320.5+0.1 am.u A? and I. = 409.7+0.1 a.m.u A2 and for toluene® are I, =
89.2a.m.uA? I, =200.8 amu A’ and L. = 289.1 am.u A%>. According to Ueda and
Shimanouchi’ the moments of inertia yield the three band shapes shown in Fig. 4.1,
which are qualitatively the same for chlorobenzene and toluene. In type A, a strong
sharp central peak due to Q branch transitions is observed as well as medium side-bands
due to P and R branches. In type B, the Q branch is absent and only the unresolved P
and R branches are observed. In the C type, a strong Q branch is observed with weak P
and R branches. For chlorobenzene and toluene, an A-type band indicates an A,
vibration, a B-type band indicates a B, vibration and a C-type band indicates a B,

vibration.

In practice, a complete assignment based just on the gas phase infrared spectrum
is not possible. First, some wavenumbers of fundamental and/or combination transitions
are very similar which results in overlapping and distortion of band shapes. Second, the
A, vibrations are infrared inactive and are unobserved in the gas phase spectrum.
However, in the liquid phase, where adjacent molecules can induce a dipole moment
change, the A, vibrations can be observed with weak intensity. Further information
about the symmetry of vibrations can be obtained from the Raman spectrum. According
to Herzberg'?, the A, modes are polarized in the Raman spectrum, with depolarization
ratio for linearly polarized incident light p, < 0.75, while the other modes are

depolarized, with depolarization ratio p,= 0.75. Cross correlation of observed
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wavenumbers from infrared and Raman measurements permitted several authors to
present a complete assignment for the fundamental vibrations of chlorobenzene. The
assignment of the fundamental vibrations made by several authors are summarized in
Tables 4.4 to 4.7. The differences between them are not due to notation but rather to
the use of different wavenumbers or different symmetry species. It is important though,

to clarify the notation used by each author and his data source.

The first major study of chlorobenzene since 1950 was by Whiffen'”. For the 30
vibrations he used the letters a through y for the assignment of 25 vibrations and z,
through z; for the remaining 5 vibrations, the CH stretches. Whiffen’s letters define a
C2v symmetry coordinate through Fig. 1 in his paper. His notation was quoted in later
studies but was not adopted. He used wavenumbers from experimental infrared and
Raman spectra collected from various studies cited in his paper. He took the plane of

the molecule as XZ and, thus, his B, species are interchanged with our B, species.

In 1960, Schmid, Brandmuller and Nonnenmacher'® performed normal
coordinate calculations with a constant force field and obtained the v.vavenumbers of
benzene and monosubstituted benzenes including chlorobenzene and toluene. In
addition to the calculated wavenumbers, experimental wavenumbers obtained from gas
and liquid phase infrared and liquid phase Raman measurements were also given, some
measured by the authors and some taken from earlier studies. The authors use a true
Herzberg notation but their B, and B, species are interchanged with ours. The authors

also gave the pseudo-Wilson notation.
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In the early 1970s, Bist and co-workers***?

reported vibrational data for gaseous
chlorobenzene from measurements of the infrared spectrum and the UV electronic

spectrum. The authors used the pseudo-Wilson notation.

In the early 1970’s, two books were published which, inter alia, summarized the
vibrations of monosubstituted benzenes. Sverdlov, Kovner and Krainov? selected
without explanation fundamental wavenumbers from a variety of authors, several of
whom published in unobtainable USSR journals. The true Herzberg notation was used
with the B, and B; vibrations interchanged with ours. The second book, written by
Varsanyi®, is specific to benzene and its derivatives. Varsanyi again selected without
explanation fundamental frequencies from a variety of authors including Sverdlov,

Kovner and Krainov?2. The pseudo-Wilson notation was used.

In 1992-3, Pulay and co-worke::. *’ reported the fundamental vibrational
wavenumbers obtained from scaled ab initio calculations. The experimental
wavenumbers which guided the scaling were taken from Bist e? al.***? and Whiffen®’.

The notation used is a true Herzberg notation.

Several other authors have reported vibrational studies on chlorobenzene.
However, the studies either gave only partial wavenumbers and assignments®**!#*% or,

39,43

as is the case for some theoretical studies®**, used wavenumbers and assignments from

previous studies without change. These studies will be cited when deemed necessary.

In the following sub-sections, the assignment of the fundamentals by these

authors is reviewed. The differences will be pointed out, however, a critical evaluation
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of the authors’ choices is left to Section 4.3 where an assignment is proposed. based on

all available data, including data measured for this thesis.

4.2.1 - The 11 A, vibrations of chlorobenzene

Previously reported wavenumbers and assignments for the 11 A, vibrations of
chlorobenzene are given in Table 4.4. The first column gives the true Herzberg
notation, and, for convenience, the pseudo-Herzberg notation is given in the second
column. In Table 4.4 and in the later Tables 4.5 to 4.7, the pseudo notation was taken
from Schmid et al.'®, who determined the relation between the C, vibrations and those
of benzene in the early 1960°s. Schmid’s pseudo-Wilson notation was converted to the

pseudo-Herzberg notation in column 2.

The remaining columns in Table 4.4 contain each author’s wavenumbers and
assignments. Bist’s***? and Varsanyi’s” pseudo-Wilson notations have been converted
to pseudo-Herzberg notation in Table 4.4. No assignment is given for Pulay*’, Schmid'®
and Sverdlov?®>. Pulay and Sverdlov used only the true Herzberg notation which is
shown in column 1 of Table 4.4. The experimental wavenumbers listed in the table are
those from infrared measurement in the liquid phase except for those of Bist. When the

Raman wavenumber is used, it is denoted by the letter R next to the wavenumber.

The agreement on the fundamental wavenumbers is generally very good among
the experimental studies. In several cases, Bist’s wavenumber is high by up to 8 cm,

but this is likely due to differences in the wavenumber calibration. There are however
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Table 4.4 - Previous assignments of the A, vibrations of chlorobenzene

Experimental Theoretical

Whiffen® Bist>® Sverdlov? Varsanyi® Schmid** Pulay**

Herzberg notation [Ref 37] [Ref 40} [Ref 22] [Ref 23] [Ref 18] [Ref 47]
true  pseudo  cm’ cm’ cm’ cm’ cm’ cm’
v viea 3071 Z, 3082 w5 3086 3086 v, 3075 3087
va vi 3050 Z, 3054 v,  3050R 3071 v 3069 3071
v Vs 3029 Z; 3031 Vs 3029 3029 Vs 3053 3047
va viee 1580 k1586 v, 1580 1580 vie 1632 1590
Vs Via 1477 m 1482  wv;3, 1475 1477 Vi3a 1513 1475
Vs Vis5e 1174 a 1153 vy7, 1175 1174 Vi7a 1225 1179
2 Vi7a 1085 q 1093  v;s, 1085 1085 Va 1140 1097
Vg Vida 1026 b 1026  vi4, 1027 1026 Vida 1023 1017
Vg Ve 1003 P 1004 Va 1002 1003 Vs 1000 989
o viee 701 r 706 v 702 701 wis, 708 698
\Z%) Vs 415 t 417 Vi8a 418 420 Visa 389 413

a - Author used his own notation scheme.

b - Assignments in pseudo-Wilson notation were converted to pseudo-Herzberg notation using Table
4.3,

¢ - Wavenumbers of the infrared spectrum of the gas.

d - Authors used the true Herzberg notation in column 1.
e - Calculated wavenumbers.

three significant wavenumber differences. Bist et al.*® reported vs at 1153 cm™ while
Whiffen’’, Sverdlov ez al.Z and Varsanyi®, all put it at 1174+1 cm™. Other

wavenumber differences occur for two CH stretching vibrations, v; and v,. v, is given as
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3052+2 cm™ by Whiffen’, Bist™ and Sverdlov®, while Varsanyi® places it about 20 cm

higher at 3071 em™. v, is given as 3071 cm by Whiffen*’, while Bist”, Sverdlov* and

Varsanyi> placed it at 30842 cm™.

There are also deviations from the pseudo-Herzberg notation. Varsanyi* and
Bist* disagree with each other and with Schmid'® about the pseudo-Herzberg
description of vg, V4, Vo, vig and vy1. Ve is assigned as v,7,, HCC deformation and CC
stretch (Table 4.1), by both Varsanyi and Bist, while Schmid'® assigns it as vys,, the Ej,
CH stretch which, near 1160 cm™, means it is related to the CX stretching mode.
Miller” has noted that vs derives from vg of benzene not v,. However, in the other
cases, the authors give little evidence to help evaluate the other assignments which, in

amy case, probably arise from the limitations of the pseudo-Herzberg description.

The computed frequencies by Schmid ez al.'® and Pulay ef al.*” agree reasonably
well with the experimental wavenumbers. However both are to some extent fitted to

their chosen experimental data, so can not really settle disagreements.

4.2.2 - The 3 A; vibrations of chlorobenzene

The wavenumbers and assignments of the A, vibrations are given in Table 4.5.
The table is arranged in a similar manner to Table 4.4. All wavenumbers and
assignments from the different experimental studies are in excellent agreement, and the

computed wavenumbers are in satisfactory agreement with experiment.
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Table 4.5 - Previous assignments of the A, vibrations of chlorobenzene

Experimental Theoretical
Whiffen® Bist®* Sverdlov® Varsanyi® Schmid*® Pulay®*
Herzberg notation {Ref 37} {Ref 42, [Ref 22] [Ref 23} [Ref 18] [Ref 47]
true pseudo cm’ cm’! cn’! cm’! cm’ cm’!
iz Via 965 h 961 v 065 965 Vi 979 956
vis viie 830 g 832 v, 830 830 vy, 848 821
Via V20a 400 w 400R V20a 400R 400 Va0a 405 104

a - Author used his own notation scheme.

b - Assignments in pseudo-Wilson notation were converted to pseudo-Herzberg notation using Table

43,

¢ - Wavenumbers of the infrared spectrum of the gas.

d - Authors used the true Herzberg notation in column 1.

¢ - Calculated wavenumbers.

Table 4.6 - Previous assignments of the B, vibrations of chlorobenzene’

Experimental Theoretical

Whiffen® Bist>* Sverdlov? Varsanyi® Schmid*®* Pulay®*

Herzberg notation [Ref 37] [Ref 42] [Ref 22] [Ref 23] [Ref 18] [Ref47]
true  pseudo cm’ cm’ cm’ cm’ cm’ cm’
Vis Vs 985 j 981 vy 984 985 A 984 981
Vis vie 902 i 902 vy 903 902  vyg 919 899
Vi7 Viib 740 f 740 Viib 740 740 Vs 752 740
Vig Vg 682 v 685 vg 682 682 Vg 700 679
Vie va 167 y 467 va 469 467 vag 490 466
Vzo vy 196R  x 198R v,  196R 196 v 224 187

* . See footnotes to Table 4.5
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4.2.3 - The 6 B, vibrations of chlorobenzene

The wavenumbers and assignments of the B, vibrations are given in Table 4.6
which is arranged in a similar manner to Table 4.4. All wavenumbers are in excellent
agreement from the different experimental studies and the computed wavenumbers are in

satisfactory agreement with the experimental values.

Differences in assignment or description of the vibration by the pseudo-Herzberg
notation exist for vis, vis and vz with different authors assigning different vibrations to
va, vis and vy,  However, these pseudo-Herzberg description all indicate a mixture of

out-of-plane HCC and CCC deformations, so the differences are of detail, not principle.

4.2.4 - The 10 B, vibrations of chlorobenzene

The wavenumber and assignments of the B, vibrations are given in Table 4.7

which is arranged in a similar manner to Table 4.4.

The only significant wavenumber disagreement is for v,i1, va; and vs.  For the
CH stretching modes, there is no agreement within 25 cm™ about the wavenumber of
v21, and Bist* preferred 3067 cm™ to 3052 cm™ for va,. For vas, Bist’s wavenumber is
18 cm™ higher than that of Whiffen®’, Sverdlov®® and Varsanyi®®. This difference is at

the high end of what can be expected from calibration errors.

The only disagreement in notation is Varsanyi’s assignment of vig and viq to V)4

and v instead of the reverse. w4 and vy are, however, both mixtures of HCC in-plane
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Experimental Theoretical

Whiffen* Bist** Sverdlov* Varsanyi® Schmid** Pulay**

Herzberg notation [Ref 37] {Ref 40] [Ref 22} [Ref 23] [Ref 18] {[Ref17]
true  pseudo _cm’ cm’ cm’ cm’ cm’ cm’
vay vis 3071 Zs 3096 vy 3086 3050 vy 3079 3082
Vaa Visb 3052R  Zs 3067 v 3052R 3052 Visp 3044 3058
vas vie 1580 £ 1598 wv,, 1580 1570 vig 1592 1596
Vi vim 1445 @ 1448 v,y LS 1445 v 1445 1438
Vas Vo 1326 0o 1326 Vo i326 1326 Vo 1324 1320
Va vy 1271 e 1271 Vi 1271 1271 v 1298 1272
Vay Vit 1157 c - Vi7b 1157R 1157 Vi 1141 1162
vos Vi 1068 d 1068 v, 1068 1068  wvia 1064 1069
Vag Vigb 616 S 615 Visb 617 616 Visb 629 618
Vi Viap 297 u 295 Visb 296 297 Vio 321 291

a - Author used his own notation scheme.

b - Assignments in pseudo-Wilson notation were converted to pseudo-Herzberg notation using Table

4.3.

¢ - Wavenumbers of the infrared spectrum of the gas.

d - Authors use the true Herzberg notation in column 1.

e - Calculated wavenumbers.

bend and CC stretching, so the difference is again one of detail not principle.
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4.3 - Assignments of the chlorobenzene vibrations
There is good but not complete agreement between the assignments of the
fundamentals of chlorobenzene in the literature. Unfortunately very little experimental
evidence has been cited in support of any of these assignments, so it is impossible to
evaluate the disagreements. For this reason, it was decided to collect some evidence in
this work to help to evaluate the assignments. Three types of evidence were collected in

addition to the quantitative infrared spectrum of the liquid reported in Chapter 3.

First, the infrared spectrum of the gas was recorded in order to observe the
contours of the different bands, and, hence, deduce the symmetry of the vibration that
causes the band. As discussed previously, for chlorobenzene an A-type indicates an A,

vibration, B-type indicates a B, vibration and a C-type indicates a B, vibration. A,

vibrations are unobserved in the gas phase spectrum.

Second, the Raman spectrum of the liquid was recorded iinder parallel (1;) and
perpendicular (I,) polarizations, with linearly polarized incident light. Frequently bands
that are weak in the infrared are strong in the Raman so additional vibrations can
sometimes be observed in the Raman. Further, values of the depolarization ratio,

Pr= Ylf that are less than 0.75 indicate that the band arises from an A, vibration under

Cav. For A;, B; and B; vibrations under C,,, p,= 0.75.

Third, the selection of fundamental vibrations was guided by a very simple

normal coordinate calculation that showed the changes in fundamental wavenumbers that
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must occur simply from the change in mass of the substituent atom. Thus the latest
force field and geometry for liquid benzene” were used without change, and only the
mass of the substituent atom was changed. This was done for C¢HsD, C¢HsCHs and
C¢HsCl, where a single atom of mass 15 was used to substitute the CH; group in

toluene. These calculations indicated the approximate wavenumber of the fundamentals
in the monosubstituted benzenes, with C¢HsCl being of interest in this section. Further,
when the symmetry coordinates under Dg, that were written for benzene, were used in
the calculations for the molecules of C,., symmetry, the relation between the C,, vibration
and the Dg;, symmetry coordinates was directly given by the eigenvectors. Thus, the
pseudo-Herzberg notation for the vibration was made by choosing the D¢, symmetry

coordinate that contributed the most to the C,, vibration.

The experimental data and the results of & calculations are presented below so
as to form a basis for the evaluation of the assignments. The liquid phase real and
imaginary refractive index spectra, obtained for the secondary intensity standards project
and reported in Chapter 3, were converted into the real and imaginary molar
polarizability spectra by use of Equations 1.3.33 and 1.3.28. The wavenumbers
assigned in this section are the wavenumbers of peaks in the imaginary molar
polarizability, an, spectrum. The experimental spectra of chlorobenzene are shown in
Figures 4.2 to 4.8. First, the entire infrared am spectrum of the liquid is given in Fig.
4.2. Figures 4.3 to 4.8 show the same infrared spectrum, the infrared bands of the gas,
and the parallel and perpendicular Raman spectra for smaller wavenumber ranges, and

thus provide a better view of the various features of the spectra. In addition, Table 4.8
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gives information from all the three spectra for every feature observed in the regions
where the fundamentals are expected, i.e. 3150 - 2950 cm™ and 1700 - 175 em™. The
first three columns give the wavenumber, a brief description and the peak height of the
band in the infrared o spectrum of the liquid. When the feature is a shoulder its
position and height are estimated and are indicated by a ~. In columns 4 and 5 the
infrared gas phase band’s wavenumber and shape are given. The labels ? and ?? are
used to indicate uncertainty and great uncertainty, respectively, in the determination of
the band shape. The wavenumber of a B-type vibration was taken at the minimum of
the R and P branches while the peak of the Q branch is given for the A-type and C-type
bands. In columns 6 and 7 the Raman wavenumber and the depolarization ratio are
given for the liquid. When the feature is too weak or noisy to obtain a reliable ratio, the

labels p and dp are used to indicate a polarized or depolarized band.

The computed wavenumbers, eigenvectors and potential energy distribution
(PED) for chlorobenzene are given in Table 4.9. Only the main contributions are given
in the eigenvector and PED columns. It is clear from this table that the fundamental
vibrations are a mixture of several symmetry coordinates. Hence, attempts in the past to
describe them as being derived from a single vibration in benzene, which is what the

pseudo notations do, were bound to fail and create disagreements in notations.
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Figure 4.2 - Imaginary molar polarizability, ", spectrum of liquid chlorobenzene. Units are cm® mol™.
In each box, the ordinate scale is for the lower curve. It needs to be divided by 20 for the upper curve.
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Figure 4.3 - Infrared spectra of gas and liquid chlorobenzene and Raman parallel (upper) and
perpendicular (lower) spectra of the liquid between 3125 and 2975 cm’. In cach box, the ordinate scale
is for the lower curve. It needs to be divided by the multiplication factor for the upper curve.
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Figure 4.4 - Infrared spectra of gas and liquid chlorobenzene and Raman parallel (upper) and
perpendicular (lower) spectra of the liquid between 1625 and 1400 cm™. In each box, the ordinate scale
is for the lower curve. It needs to be divided by the multiplication factor for the upper curve.
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Figure 4.5 - Infrared spectra of gas and liquid chlorobenzene and Raman parallel (upper)and
perpendicular (lower) spectra of the liquid between 1400 and 1105 cm™. In each box, the ordinate scale
is for the lower curve. It needs to be divided by the multiplication factor for the upper curve.



116

2////\\ﬁ\\‘_//" Liq.
] x10
, i

Raman

5000 - x10

3

O..
1100 1050 1000 950 900

Wavenumber / cm™!

Figure 4.6 - Infrared spectra of gas and liquid chlorobenzene and Raman parallel (upper) and
perpendicular (lower) spectra of the liquid between 1105 and 900 cm™'. In each box, the ordinate scale
is for the lower curve. It needs to be divided by the multiplication factor for the upper curve.
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Figure 4.7 - Infrared spectra of gas and liquid chlorobenzene and Raman parallel (upper) and
perpendicular (lower) spectra of the liquid between 900 and 650 cm™. In each box, the ordinate scale is
for the lower curve. It needs to be divided by the multiplication factor for the upper curve.
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Figure 4.8 - Infrared spectra of gas and liquid chlorobenzene and Raman parallel (upper) and
perpendicular (lower) spectra of the liquid between 650 and 175 cm™.
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Table 4.8 - Features in the experimental infrared spectra of gas and liquid chlorobenzene and Raman
spectra of liquid chlorobenzene

Infrared liquid Infrared gas ¢ Raman liquid °
cm’ Desc.’ ans cm’ Contour cm’ 2 ° comments

3083.1 m 0.0817 ~3095 B?

3069.5 s 0.121 3080 A 3066 s 0.20

3058.5 mbr 0.0968 3065 A?”?

~3050 m sh 0.0545 ~3055 B??

3025.8 w 0.0385 ~3037 A”? 3027vw  0.07

3016.3 w 0.0334 3022 B?

~3004 wsh ~0.02 3005 vw 0.41

~1703 vw sh ~0.01

1685.9 vw 0.008

1645.5 w 0.0278

1636.9 w p/sh 0.0240

1622.1 w br 0.0327

~1591 ssh ~0.25 1589 A?

1583.9 vs 1.00 ~1586 B?? 1583 m 0.76

1566.1 s br sh 0.178 ~1565 wsh dp

~1496 ssh 0.13

1477.8 vs 3.11 1483 A 1476 vw  0.05

14455 vs 1.24 ~1449 B 1445vw  0.78

1387.1 w 0.0367

1370.7 w 0.0367 1369 A 1370 vw  0.05

1325.2 w 0.0306 1325 B? 1326 vw  0.79

1298.1 m 0.0456 1297 B 1300 dp

12725 m 0..0457 ~1271 B? 1272vw  dp

1235.2 w 0.0339 1232 A

1210.9 w 0.0287 1208 A

1171.6 m 0.063% 1176 A 1173 w 0.42

1156.4 m 0.0565 1157w 0.79

1122.7 s 0.332 1126 A? 1124 w 0.03
1128 A?

~1116 s sh 0.244 ~1119 c”

1083.6 vs 218 1092 A 1084 s 0.04

1068.1 S 0.617 ~1068 B? ~1069vw dp

1022.8 vs 227 1025 A ~1023vs  0.03

1012.6 s 0.151 1013 w 0.003

1001.9 S 0.532 1004 A? 1002 vs 0.04

990.5 m 0.0585 991 p




Table 4.8 - Continued
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Infrared liquid ® Infrared gas® Raman liquid®

cm’ Desc.” ans cm’! Contour cm’ 0° comments
983.2 mbrsh/p 0.0521 982 7? 9727 vw p
963.7 mbr 0.0454
935.0 m 0.0967 933 A 937 vw 0.17
~919 m sh/p ~0.0469
903.0 s 0.389 903 C? A? ~904?vw dp
866.3 w 0.0363 868 A? C?
830.0 m 0.0717 831 vw 0.71
812.2 m 0.0437 806 A?

811 A??
741.2 vs 9.52 741 C 743 vw 0.78
702.5 vs 3.67 706 A? C? 702 vs 0.04
685.2 V' 425 685 C

692
662.1 s 0.197 665 c?”

666 B?”?
614.1 m 0.0933 615 B 614 w 0.73
~552 w sh ~0.0102
547.7 w 0.0115
533.4 w 0.0165
468.1 vs 3.39 467 C 468 vw dp
~434 m br sh/p 0.049
415.0 ] 0.548 417 A 418 s 0.15
~400 m sh ~0.0549 literature
297.5 w 0.0292 296 vw 0.73
195.9 w 0.0326 195 m 0.72

a - Features are from the a;, spectrum.

b - Abbreviations used: v- very, w- weak, m- medium, s- strong, sh- shoulder, br- broad, sh/p- shoulder
or a peak. '

c - Peak heights in the @ spectrum in cm® mol™.

d - Peak positions in the absorbance spectrum of the gas. Wavenumbers of B-type bands are measured
at the minimum between the R and P branches. ? and 7? indicate degrees of uncertainty in the

determination of the band shape.

¢ - Depolarization ratio are p, = —II‘IL .

When the feature is too weak or noisy to obtain a reliable ratio, p

or dp are used to indicate polarized and depolarized, respectively.
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Table 4.9 - Computed wavenumbers, eigenvectors and potential energy distributions for chlorobenzene.

cm’

v, Eigenvectors® PED"

vy 3177 Ss 08+ S, -0.59 CH

va 3171 S, -0.73 S5, -0.55 Ss 042 CH

V3 3158 Si2. -0.80 S5, 062 CH

\ 1595 Sizga 0.85 S 043 S§1-. 0.39 CC (75). HCC (25)

Vs 1541 Si4a -1.17  Sy3, 0.27 HCC (60). CC (40)

Vs 1270  Siza 0.69 Sy, -0.59 HCC (55). CT (25). CC1 (20)
\Z) 1148 Sy 0.79 S5, 0.30 HCC (§5). CC1 (30). CC (15
vy 1029 Sie 049 S¢ -031 Sy3, 0.20 CC (55). HCC (22). CCC (22)
Vo 1001 Se 047 S; -0.20 CCC (50). CC (50)

Vio 773 Siza 031 S¢ 0.18 CCC (50). CC (30). CCl1 (20)
Vi 398 Siva 0.20 S, -0.10 CCC (60). CCl1 (40)

Vi 971 Sica 1.25 Sy, 0.44 oop H

vis 852 S, 1.03 oop H

Vis 403 Sy 070 Sy 0.26 oop C

vis 987 S; 113 Sy 064 Sg -0.59 oop H (70), oop C (30)

Vis 915 Siop 0.84 Sy 067 S, 049 oop H

V17 748 Sg 072 S;s 061 §,,-053 S; -045 oopH(67). oopC (33)

Vis 698 Ss 104 S, 052 S, -041 oop C (67), cop H (33)

Vig 481 S:p 066 S 039 S, -0.32 sop C (50). oop Cl (50)

Vao 230 Saob 024 Sy 0.13 Sy, 0.11 oop C (60), oop Cl (40)

Vay 3157 Sy 0.84 Sy, -0.59 CH

Vas 3151 Siap 0.85 S5 -0.59 CH

Va3 1584 Sis, -0.80 S -0.43  Sy9p -0.37 CC (75), HCC (25)

Vag 1452 Sy 1.09 S; -0.54 HCC (65), CC (35)

Vas 1330 S§; -1.08 S, -0.66 HCC (70), CC (30)

Vag 1293 S; 059 S 049 S5 040 Sy 0.35 CC(75), HCC (25)

Va7 1158 S 0.80 Sg -0.61 HCC (65), CC (35)

Vog 1073  Sjp 044 S0 039 Sz -0.38  Si3, 0.22 CC (55), HCC (45)

) 615 Sin 0,40 CCC

V3o 329 Sisb_0.20 Sy 0.18 Sy -0.15 S; 0.11 HCC

a - The numbers are the 85/5Q; elements of the indicated symmetry coordinate in the particular
vibration. Only the dominant terms are shown.

b - CH, CC or CCl are stretches, HCC is CH bend, CCC is ring deformation. Out-of-plane vibrations

are denoted by oop. Fgzcent contributions are given in brackets..
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4.3.1 - Assignments of the 11 A, vibrations of chlorobenzene
There are five i_ stretches in chlorobenzene: three A, vibrations and two B>
vibrations. According to the calculations all are expected within ~30 cm™ and allowing
for anharmonicity should be at 3100 - 3050 cm’’, about 100 cm’! lower than the

calculated values.

The strong A-type band at 3080 cm™ in the infrared spectrum of the gas, has a
counterpart in the strong infrared band in the liquid at 3070 cm™ (Fig 4.3). The
wavenumber shift between the gas and liquid is in agreement with observations of
benzene®. There is a strong polarized Raman band at 3066 cm™. The Raman
wavenumber calibration is such that this band may coincide with the infrared band at

3070 cm™ or there may be two A, vibrations at 3070 cm™ and 3066 cm’.

No other obvious A, vibrations are observed. The peak at 3058 cm™ in the
infrared spectrum of the liquid is often assigned to an A, fundamental and we do the

same, clearly for lack of a better alternative.

Calculations predict that v, is near 1595 cm™ with v,3 (B>) nearby at 1584 cm™.
In the Raman spectra a depolarized band is observed at 1583 cm™ and a depolarized,
weak shoulder at 1565 cm™ (Fig. 4.4). The gas’s infrared band contour is not easy to
interpret, but has a Q branch at 1589 cm™. In the infrared spectrum of the liquid there is
a strong band at 1584 cm™, a peal at 1566 cm™ and a shoutder at ~1590 cm™. The
evidence is not clear, but the gas phase Q branch and complex band shape lead us to

assign v4 (A) to the Q branch at 1589 cm™ in the gas and at 1584 cm™ in the liquid, in



both cases very close to va; (B>).

The calculated wavenumber for vs (A;) is 1541 cm™ and that of vy (B2) 1s 1452
cm’. Both are due to the splitting of the strong ring mode of benzene. vs (A;)is

clearly at 1483 cm™ in the infrared spectrum of the gas and 1478 cm™ in the liquid where

the liquid infrared and polarized Raman band essentially coincide (Fig. 4.4).

The next four A, vibrations are expected near 1270 cm™ for ve, 1150 cm™ for v,
1030 cm™ for vg and 1000 cm™ for vo. The A-type contours in the infrared spectrum of
the gas are located at 1232 cm™, 1208 cm™, 1176 cm™, 1126 cm™, 1092 cm™, 1025 cm™
and probably at 1004 cm™ (Fig. 4.5 and 4.6). All these bands have a corresponding
band within 5 cm™ to low wavenumber in the infrared spectrum of the liquid. The
polarized Raman bands in this region are located at 1173 cm™, 1124 cm™, 1084 cm,
1023 cm™ and 1002 cm™. The bands at 1023 cm™ and 1002 cm™, for which the
calculated wavenumbers agree with those from all three experimental spectra, are
assigned to vs and vo respectively. The very strong band at 1084 cm™ in the liquid and
1092 cm in the gas is assigned to v;. We follow Whiffen®’ by assigning 1172 cm™ in
the liquid and 1176 cm™ in the gas to v and assigning the stronger band at 1123 cm™ in

the infrared spectrum of the liquid to the combination v;o+vy;.

The last two A, vibrations are expected near 775 cm™ and 400 cm™. There are
two strong polarized Raman bands at 702 cm™ and 418 cm™ (Fig. 4.7 and 4.8). A weak
A-type band is observed in the spectrum of the gas at 706 cm™ and a very strong band in

the liquid is at 703 cm™. It is assigned to vio. Vi, is assigned to the infrared and Raman
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bands of the liquid near 415 cm™' correlated with the A-type band at 417 cm™ in the

spectrum of the gas.

4.3.2 - Assignment of the 3 A, vibrations of chlorobenzene

The three A, vibrations are expected near 970, 850 and 400 cm™. These
vibrations are inactive in the infrared but may appear as very weak bands in the liquid.

They are active in the Raman spectra and should be depolarized but are possibly weak.

The only weak, depolarized Raman band without a corresponding band in the
infrared spectrum of the gas is found at 831 cm™ (Fig. 4.7). The band is essentially
coincident with the 830 cm™ band in the infrared spectrum of the liquid and is assigned

10 vis.

The weak Raman bands at 991 cm™ and 972 cm’* are clearly polarized and can
not be assigned to v;2, while the strong, polarized Raman band at 418 cm™ masks the
400 cm™' region. Without evidence, we follow Whiffen®’ in assigning v, at 964 cm™

and vy, at 400 cm™! at 400 cm™.

4.3.3 - Assignment of the 6 B, vibrations of chlorobenzene

The computed wavenumbers of the six B, fundamentals of chlorobenzene are:
987 cm™ for v;s, 915 cm™ for vi6, 748 cm™! for vy, 698 cm™ for vig, 481 cm™ for vy and

230 cm™ for vy. These bands should be depolarized in the Raman spectrum and should
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have a C-type contour in the infrared gas spectrum.
Three strong bands at 903, 741 and 468 cm™ are observed in all experimental
spectra (Fig. 4.6 to 4.8) with the appropriate contour and depolarization. They are
assigned to Vs, V17 and v, respectively. The band at 685 cm™ is very strong in the

liquid and has a C-type contour in the spectrum of the gas. Although no Raman band is

observed nearby, it is assigned to vs.

As the gas spectrum was not recorded below 400 cm™, the choice for vy is based
on the Raman bands and the computed wavenumbers. Of the two depolarized Raman
bands at 296 and 195 cm™, vy is assigned at 195 cm™ because its computed

wavenumber is 100 cm™ lower than that of vso (B)).

vis was previously’>?>"*2 assigned at ~985 cm™. A band at 983 cm™ is
observed in the infrared spectrum of the liquid. A band of undetermined shape is
observed in the gas at 982 cm™ but the Raman shoulder observed in that area is clearly

polarized. For lack of better evidence, we follow the previous assignments and assign

vis at 983 cm’’.

4.3.4 - Assignment of the 10 B; vibrations of chlorobenzene

The computed wavenumbers for the two B, CH stretches are 3157 and 3151

cm”. Allowing for anharmonicity the observed wavenumbers should be about 100 cm’

lower. A possible B-type contour is observed at ~3095 cm’! in the infrared spectrum of
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the gas corresponding to a band at 3083 cm in the infrared spectrum of the liquid (Fig
4.3). These features are assigned to v;. More questionable B-type contours are
observed at 3067, 3055 and 3022 cm™'. The observed infrared bands of the liquid are a
shoulder at ~3050 cm™ and peaks at 3059 (vs A;), 3026 and 3016 cm™. Thereis a
depolarized Raman band at ~3060 cm™ that is not coincident with the strong polarized
band at 3066 cm™. As the computation suggest that all five CH stretches should be
within 30 cm™, we assign vy, at ~3060 cm™. Thus we assign v; (A;) and vz, (B;) nearly

coincident at 3060 cm™.

v23 is expected near 1585 cm™. As was discussed previously, the depolarized
Raman band at 1583 cm™ and the infrared band at 1584 cm™ can be assigned to vas. vas

{R5) and v, (A;) combine to give the confused gas phase band in Fig. 4.4.

v24 is expected at 1450 cm™. It is assigned to the very strong band at 1446 cm’
in the infrared spectrum of the liquid, the corresponding depolarized Raman band at

1445 cm™, and the B-type contour at ~1449 cm in the infrared spectrum of the gas.

vas is expected near 1330 cm™. It is assignet’ -: the weak band at 1325 cm™ in
the infrared spectrum of the liquid that is essentially coincident with a depolarized Raman

band and a B-type band in the infrared spectrum of the gas.

va6 is expected at 1290 cm™. Two bands are observed in the infrared spectrum
of the liquid, at 1298 cm™ and 1272 cm™. Both bands correspond to depolarized Raman
bands and B-type contours in the infrared spectrum of the gas. We follow Whiffen®’ in

assigning vz at 1272 cm™ and the combination vys+vis at 1299 cm™.
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V27 is expected near 1160 cm™. It is assigned to the band at 1156 cm™ in the

infrared spectrum of the liquid that is essentially coincident with a depolarized Raman

band.

vag is expected near 1075 cm™. It is assigned to the band at 1068 cm™ in the
infrared spectrum of the liquid coincident with a B-type band in the infrared spectrum of

the gas. A probable depolarized Raman band at 1069 cm™ is observed on the side of the

strong polarized Raman band at 1084 cm™.

v is expected near 615 cm™. It is assigned to the medium-weak band at 614
cm’! in the infrared spectrum of the liquid and the corresponding depolarized Raman

band and B-type gas phase band.

Finally, vy is expected near 330 cm™. As discussed in Section 4.3.3, the

depolarized Raman band at 296 cm™ is assigned tG vso while that at 196 cm™ is assigned

t0 v (B1).

4.3.5 - Summary of the assignments of chlorobenzene

The proposed assignments are given in Table 4.10. The true Herzberg
description is given i the first column followed by the proposed wavenumber. When a
wavenumber was chosen with imperfect or no supporting evidence from the

experimental data gathered for this thesis, it is indicated by ? or ??, respectively.

In the pseudo-Herzberg or pseudo-Wilson notations for the vibrations of the
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Table 4.10 - Assignments of the fundamental vibrations of chlorobenzene

true Herzberg cm pseudo-Herzberg® Description®
vy 3069.5 Vs, V) CH
v2 3069 7? V1. Visa, Vs CH
V3 3058.5 7? Vi2a, Vi5a CH
Va 1584 7?7 Viga, Vi6a HCC, CC
vs 1477.8 Viaa HCC
Ve 11716 ? Viga, Vias HCC
Vs 1083.6 Viga HCC
Vg 1022.8 Via V6 HCC, CCC
vo 1001.9 Ve CCC
Vio 702.5 Vi7a, V6 CCcC
vi 415.0 Vi7a, Viga CCC, HCC
vi2 963.7 2?7 Vioa oop H
Vi3 830.0 Viia oopH
Via 400 7? V20a oop C
Vis 983.2 77 V7, Viob, Vs oopH.oop C
Vie 903.0 Yigby Vilbs V7 oop H
vi? 741.2 Vg, Vi, Vi1b, V1 oop C, oop H
Vig 685.2 Vg, V4 oop C, oopH
Vig 468.1 Vigb, Va oop C,o0pH
V3o 195.9 V20b, Va oop C, oopH
va 3083.17 Visb, Vi2b CH
V22 3060 7? Vi2b, Visb CH
V23 1583.9 Visb, Vi6, Vi7b HCC, CC, CCC
V24 1445.5 Viab HCC
Vas 1325.2 Vi, Vio HCC
Vi 1272.57 Vi, V1o, V9, Visb HCC, CC
v 1156.4 Vio, Vigb HCC
Vg 1068.1 Viab, V10, Visbs Vi3b HCC
V29 614.1 Vib ccC
V3o 297.5 V1i8b, Vibs V1o, V3 HCC

a - Peak wavenumbers in the imaginary molar polarizability spectrum of liquid chlorobenzene.
b - Contributions greater than 50% of the largest contribution.
¢ - CH. CC are stretches, HCC is CH bend, CCC is ring deformation and oop is out-of-plane.
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monosubstituted benzenes the symbol 1; has been used to relate the vibration to one
symmetry coordinate of benzene, not to one vibration of benzene®®. We follow this
practice, except that it is clear from Table 4.9 that most of the chlorobenzene vibrations
are mixtures of more than one synimetry coordinate of benzene and therefore more than
one v, is required in the pseudo-Herzberg notation. In column 3, v, is given for each
symmetry coordinate that contributed > 50 % of the largest contribution. Note that v,
and v,3,, both CC stretching displacements, do not appear in this table. Although these
displacements contribute to many vibrations they are always minor contributors. The

last column gives a chemical description of the vibration.

A question arises from the table. Where are the C-Cl stretching vibration and
the CI-C-C in-plane and out-of-plane bending vibratiors? From the unsymmetrized

ORcai

eigenvectors, Q0 the C-Cl stretch contributes with HCC, CC and CCC to the

following A, vibrations: v4 (1595), vs (1541), vs (17 :)), v7(1148), v10(773) and vy,
(398). It does not make the major contribution to any of these vibrations. From the
potential energy distribution (PED), the C-Cl stretch is among the three main
contributors to v (1270), v (1148), v0 (773) and v,; (398) but ic the major contributor

to none of these. Therefore we conclude that no single vibration can be identified as the

C-Cl stretch.

Both the unsymmetrized eigenvectors and the PED show that v3o (B5) is the Cl-

C-C in-plane deformation vibration. They also show that v;s and vy are both heavy
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mixtures of the CI-C-C and C-C-C-C out-of-plane deformations, so the CI-C-C oop

deformation can not be assigned to any one vibration.

4.4 - Previous assignments of the toluene vibrations

Toluene, has 15 atoms and 15x3-6 = 39 fundamental vibrations. Technically the
symmetry of the molecule is at most C, but often the CHj; group is considered to be
freely rotating which means that the CH; group can be approximated by a point of mass
15, and thus the molecule has C,, symmetry. Assuming C,, symmetry, the 39
vibrational modes are distributed among the symmetry species as 13A;+4A,+9B,+13B,.
As is the case for chlorobenzene, all of the vibrations in toluene are Raman active, and all
except the 4A,; vibrations are infrared active. Of the 39 vibrations, 30 vibrations are
similar to the 30 vibrations of chlorobenzene and 9 vibrations are related to the CHj
vibrations. The CH; related modes form the representation 2A,+1A5+3B;+3B> under

Ca.

Although the CHj; group can be approximated in simple calculations as an atom
of mass 15, the 9 vibrations of the CH; group cause problems in notation. If true
Herzberg notation is used, the A,, B; and B, vibrations would be assigned different
number ranges compared with other monosubstituted benzenes. Therefore, the
common practice is to treat the phenyl group vibrations separately and to number them
using either the true Herzberg notation, v, to vs,, or the pseudo-Wilson or pseudo-

Herzberg notations. The CHj vibrations are considered then extra and are usually
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labeled as vs, v,, 8., 8., and r, where v, d and r indicate CH bond stretching, HCH angle
deformation and CH; rocking vibrations, and the “s™ and “a™ designate symmetric and
antisymmetric vibrations, respectively. v, and 3, are sometimes marked with ' or” to

differentiate between the B, and B species.

As was the case for chlorobenzene, the use of different spectra is necessary in
order to determine the symmetry species of toluene. However, the difference between
shapes™ of A-type and C-type bands in the gas phase infrared spectrum of toluene, is less
obvious than for chlorobenzene, so the assignment of symmetry species is more
ambiguous. The infrared and Raman spectra of the liquid provide similar information to
that obtained for chlorobenzene. Comparison of observed wavenumbers in infrared and

Raman spectra permitted several authors to present a complete assignment of the

fundamental vibrations of toluene.

The first major study of toluene since 1950, was by Wilmshurst and Bernstein'®.
The authors reported spectra of toluene and toluene-a-d;. They also used literature
data for toluene-p-d. They included figures of their infrared spectra ‘of the gas and
liquid and their Raman spectra of the liquid, and tabulated all the wavenumbers they
observed. They reported gas-phase band types and whether the Raman bands were
polarized or depolarized. They assigned wavenumbers to fundamental vibrations and to
overtone and comibination transitions. On the basis of the CHj to CD; isotope shifts,
they related some of the fundamentals to the vibrations of benzene using the pseudo-

Wilson notation, which was converted in this thesis to the pseudo-Herzberg notation.
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They took the plane of the molecule as XZ . Thus, their B, species are interchanged

with our B; species.

In 1960, Fuson e al.'” reported the spectra of C¢HsCHs, C¢HsCD; and
CsDsCD;. The authors tabulated all the wavenumbers they observed in the infrared
spectra of the gas and liquid phases and included Raman data from Wilmshurst and
Bernstein'® which was confirmed by measurements in their laboratory. For the phenyl
group vibrations the authors used the pseudo-Wilson notation, which was converted to
the pseudo-Herzberg notation throughout this thesis. Their B, species are interchanged
with our B; species. For the CH; group vibrations, the authors used ' and “ to
differentiate between the B, and B, species. The authors also compared their

assignments and those of Wilmshurst and Bernstein'® and those of Kovner'®.

In 1960, Schmid, Brandmuller and Nonnenmacher'® performed normal
coordinate calculations on toluene with the same force field as for benzene and obtained
the wavenumbers of the 30 phenyl group vibrations in toluene. The CH; group was
approximated in the calculations by an atom of mass 15. In addition to the calculated
wavenumbers, experimental wavenumbers obtained from gas and liquid phase infrared
and liquid phase Raman measurements were also given. Their B, species are
interchariged with our B; species. and for the 30 ring vibrations the authors used the true

Herzberg notation. Alongside, a pseudo-Wilson notation is also given.

In 1971, La Lau and Snyder' derived a valence force field for methyl substituted

benzenes from 303 observed wavenumbers of benzene, toluene, p-xylene, m-xylene,
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mesitylene and some of their deuterated derivatives. For toluene, they gave figures of
the infrared spectrum of the crystalline phase and tabulated the observed fundamental
wavenumbers and their computed wavenumbers together with their potential energy
distribution. In a separate table, they gave the wavenumbers of fundamentals below

1606 cm™ of the Raman spectrum of the liquid with the polarization of the band.

As was the case for chlorobenzene, the books by Sverdlov ef al.?2 and by
Varsanyi’ give the wavenumbers and assignments for toluene without explanation. In
the book by Sverdlov et al., the B, and B, species are interchanged with our B, and B,
species. Sverdlov et al. used the true Herzberg notation system for all 39 vibrations.

In the book by Varsanyi, the pseudo-Wilson notation is used.

In 1985, Draeger”’ reported experimental and theoretical wavenumbers for
benzene, toluene and some of their deuterated derivatives. The experimental
wavenumbers were obtained from Raman and infrared measurements of the gas. The

wavenumbers were classified according to symmetry species and a potential energy

distribution was given.

In 1986, Xie and Boggs®® reported fundamental wavenumbers obtained from
scaled ab initio calculations. The experimental wavenumbers used in the scaling were
those of Wilmshurst and Bernstein'’, Kovner ef al.', Fuson e al.'” and Draeger®. Xie
and Boggs numbered the wavenumbers of all 39 vibrations in order of increasing

wavenumber regardless of symmetry species.

In 1995, Schrotter and co-workers**** reported experimental Raman
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wavenumbers of the gas and liquid phases and wavenumbers obtained from normal
coordinate calculation based on the experimental wavenumbers. The B, and B, species
were interchanged with our notation and the authors used the true Herzberg notation for
all vibrations. However, one A, vibration was omitted and, consequently, the

numbering scheme is off by one for the subsequent vibrations.

In the following sub-sections, the wavenumbers and assignments of the 30 phenyl
group vibrations by these authors are given for each symmetry species, followed by the
assignments and wavenumbers of the 9 CHj; vibrations. Differences in assignment will
be pointed out. However a critical evaluation of the authors’ assignment is left to
Section 4.5 where the assignment is evaluated on the basis of all available data, including

data measured for this thesis.

Other studies either gave only partial wavenumbers and assignments®*? or used
wavenumbers and assignments from previous studies without change?®3°3134  These

studies will be quoted and used when deemed necessary.

4.4.1 - Previous assignments of the 11 A, phenyl group vibrations of toluene

The wavenumbers and assignments of the 11 A, phenyl group vibrations of liquid
toiuene are given in Table 4.11. The first column gives the true Herzberg notation for
the 30 phenyl vibrations under the qualification that the CH; group vibrations are
numbered 31 to 39 regardless of symmetry species. The pseudo-Herzberg notation is

given in the second column. In Table 4.11 and later in Tables 4.12 to 4.14, the pseudo
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notation is taken from Schmid ez al.'® who determined the relation between the
vibrations of substituted benzenes and those of benzene. Schmid’s original pseudo-
Wilson notation was converted to the pseudo-Herzberg notation through use of Table
4.3. The remaining columns contain the wavenumbers and assignments of the different
authors. The experimental wavenumbers listed in the table are those from the infrared

measurement of the liquid phase. When only the Raman band was observed, it is

denoted by the letter R next to the wavenumber.

In general, the agreement between the different experimental studies, on the A,
phenyl wavenumbers is very good, with differences that can be attributed to calibration
errors, often within +5 cm™* of each other. There are, however, two major differences in
wavenumbers and several differences in the pseudo-Herzberg notation. The latter
involve interchange of vy, vs, vi2, and vis,, all CH stretches, and interchange of v, and

Visa, @ CC stretch and a HCC deformation, respectively.

Two assigned wavenumbers for the three aromatic A, CH stretching vibrations
are in good agreement among the different experimental studies, 3063+4 cra™ and
30551 cm™. The third A, CH stretching vibration was assigned by Wilmshurst and
Bernstein'’, Varsanyi® and Schrotter ef a/>? at 3003 cm™. Sverdlov et al. placed it at
3060 cm™. Fuson et al.'” placed it at 3087 cm™’, above their other two CH stretches, and
Draeger™’ placed it at 3039 cm’’, below the other CH stretches. Consequently the true

Herzberg notation, for, e.g., 3063 cm™ is different for different workers (Table 4.11).

The second major difference is the wavenumber of v4. Wilmshurst and
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Table 4.11 - Previous assignments of the 11 A, phenyl vibrations of toluene

Experimental Theoretical
Herzberg Wilmshurst Fuson® Sverdlov®  Varsanyi® Draeger’ Schrotter! Schmid® Snyder®  Boges
notation [Ret 15} [Ref 17] [Ref 22) [Ref23])  [Ref25] [Ref32] [Ref18] [Ref19] [Ref 26)
true pseudo cm’ an’ cm™ cm’? cm*! cm’? om’? cm’?! cm?

7] viza 3067 vy, 3087 v, 3060 3063 vy 3067 3065R 3075 3057 3088
va vi 3056 v 3063 v, 3060 3055 v, 3056 3055R 3069 3056 3063
vy Vs 3003 vs 3055R v, 3060 3003 wv;s, 3039 3003R 3053 3055 3049
Vs Viea [I585R v 1605 v, 1608 1605 vy, 1611 1606R 1656 1614 1620
vs viza 1491 w3, 1494 vy, 1500 1494 v;3, 1500 1495R 1524 1503 1504
3 Vise 1209  wvis, 1208 v 1218 1208 s 1212 1210R 1299 1205 1214
Vi via 1178 vz 1175 w5, 1184 1175 w5, 1178 1180R 1157 1182 1189
v via 1029 vy 1030 vy, 030 1030 vy, 1030 1030R 1023 1026 1034
Vo Vs 1002 Vs 1003 vs 1004R 1003 v 1004 1005R 1000 1005 1001
Vie Via 785 vz 784 v 774 74 v 786 787R 778 793 784

v \ 521 viga 521 v, 521 521 wvig 521 521R 506 526 519

a - Assignments in pseudo-Wilson notation were converted to pseudo-Herzberg notation using Table
43.

b - Authors used the true Herzberg notation for 39 vibrations.

¢ - No notation was used.

d - Authors used the true Herzberg notation for 38 vibrations. See Section 4.4.
¢ - Authors used the true Herzberg notation for 30 ring vibrations.

f - Authors numbered all 39 vibrations in order of increasing wavenumber.

Bernstein placed it at 1585 cm™ with a B; vibration at 1604 cm™. Other experimental

studies reverse these assignments.

The wavenumbers calculated by Schmid et al.'® and Boggs et al.? are in
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Table 4.12 - Previous assignments of the 3 A. phenv! vibrations of toluene

Experimental Theoretical
Herzberg Wilmshurst® Fuson" Sverdlov”  Vamamyi® Dracger’ Schrorer'  Schnud®  Snvder  Boggs'
notation [Ref15] [Ref17] [Ref22]  [Ref23] [Ref2S] [Ret3?]  [Ref18] [Ret19) [Ref 26]
true pseudo om’? cm’ cm’ m" em* m’ om’ cm’ 't
Vi2 Vioa 994R Vi, 964 Vioa 970R 964 Vg 964R 990R 979 975 ‘)65
vis Via 842 vy, 844 vy, 836 843 vy, 843R 841R 848 847 836
Vig V20a 407 V202 408R V2a0a 414R 408 V20a 405R 408R 405 403 301

a - Assignments in pseudo-Wilson notation were converted to pseudo-Herzberg notation using Table
43.

b - Authors used the true Herzberg notation for 39 vibrations.
¢ - No notation was used.

d - Authors used the true Herzberg notation for 38 vibrations. See Section 4.4.
¢ - Authors used the true Herzberg notation for 30 ring vibrations.

f - Authors numbered all 39 vibrations in order of increasing wavenumber.

satisfactory agreement with the experimental values, while the wavenumbers computed
by La Lau and Snyder', are in excellent agreement with the different experimental

valugs with the exception of the wavenumbers of the CH stretches.

4.4.2 - Previous assignments of the 3 A; phenyl group vibrations of toluene

The wavenumbers and assignments of the A vibrations are given in Table 4.12
which is arranged similarly to Tatle 4.11. One major disagreement is the assignment of
viz. Wilmshurst and Bernstein'’ and Schrotter ef al.*? placed it at 992+2 cm™, while the

other experimental studies'?>%% placed it at about 25 cm™' lower at 967+3 cm™. The
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Table 4.13 - Previous assignments of the 6 B; phenyl vibrations of toluene

Experimental Theoretical
Herzberg Wilmshurst® Fuson® Sverdlov®  Varsanyi® Dracger” Schrotter! Schmid® Snyder® Boges’
notation Ref 15] {Ref 17] {Ref 22] {Ref23]  [Ref25] [Ref32] [Ref18] [Ref19] [Ref 26}
true pseudo  cm’ em™ cm’! cm® em’? cm? em® cm® cm™

Vis v7 966 V7 978 A% 993R 978 VT 980 974R 984 989 976

Vie Voo 895 vy 893 v 892 893 v, 894 897R 920 909 892

Vit Vi 129 v, 728 7 716 728 vy 730 731R ~34 734 721
Via Vi 695 vy 08 vg 702 695 vy 695 — 700 698 688
Vio Va 464 . . 04 v 465 464 vy 462 466R 497 463 457

vie wvaw 216 wvige 217R vy 217R 217 vip 205 217R 254 210 201

a - Assignments in pseudo-Wilson notation were converted to pseudo-Herzberg notation using Table
43.

b - Authors used the true Herzberg notation for 39 vibrations.

¢ - No notation was used.

d - Authors used the true Herzberg notation for 38 vibrations. See Section 4.4.

¢ - Authors used the true Herzberg notation for 30 ring vibrations.

f - Authors numbered all 39 vibrations in order of increasing wavenumber.

computed wavenumbers'®!%2

of this vibration range from 965 to 979 cm™. The
wavenumbers of the remaining two A; phenyl vibsations are in excellent agreement
among the different experimental studies with the exception of Sverdlov’s which are off

by 6-8 cm™. The computed wavenumbers for these two vibrations are in very good

agreement with the experimental values.
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4.4.3 - Pre~is::¢ assignments of the 6 B, phenyl group vibrations of toluene

The wavenumbers and assignments of the B, vibrations are given in Table 4.13
which is arranged in a similar manner to Table 4.11. There are several disagreements

about wavenumber assignments of the B, vibrations.

vis is assizned by Wilmshurst and Bernstein'® at 966 cm™, while Fuson e al.”,

Varsanyi”, Draeger” and Schrotter et al.>* placed it around 977+3 cm™. Sverdlov et
alZ placed it at 993 cm™ based on Raman measurement. The computed

wavenumbers'*'%-? for this vibration range from 976 to 991 cm™.

Ia two other cases, one study disagrees with the remaining experimental studies.
All experimental studies placed v;7 at 729+2 cm’' with the exception of Sverdlov er al.
who placed it at 716 cm™. All experimental studies assigned v at 21741 cm™ with the

exception of Draeger””> who placed it at 205 cm™

The pseudo notations vs, Viis, Vies and vaop are often interchanged in different
studies'!"*#2* However these differences are minor as all of these displacements are

essentially mixtures of out-of-plane H and out-of-plane C displacements.

4.4.4 - Previous assignments of the 10 B, phenyl group vibrations of toluene

The wavenumbers and assignments of the 10 B, vibrations are given in Table
4.14 which is arranged in a similar manner to Table 4.11. There are several

disagreements on the wavenumbers of the B, vibrations. These disagreements cause a
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Table 4.14 - Previous assignments of the 10 B, phenyl vibrations of toluene

Experimental Theoretical
Herzberg Wilmshurst® Fuson® Sverdlov® Varsanyi® Draeger’ Schrotter® Schmid®  Snvder’  Boggs'
notation {Ref 15} {Ref 17] [Ref 22] [Ref23]  [Ref25] [Ref32] [Ref18) [Ref19] [Ref 26]
true pseudo  om’ em’ cm’! am’? m’! cm? cm™ cm? cm*

v vizyz, 3090 vy 3039R v, 3074 3039 v, 3056 3065R 3079 3055 3074
v  wvis 3032 wvig, 3029 v 3034 3029 w3039 3034R 3044 3054 3052
vz wvies 1600 wvig, 1586 vy 1581 1586 v, 1585 1586R 1593 1589 1602
vas wvin 1455 wvin 1494 v 1439R 1468 wv... 1463 1441R 1444 1445 1468
Vs vi 1155 w1360 v 1330 1331 v, 1330 1332R 1308 1326 1338
Vie ve 1155 wvie 1312 v 1278R 1318 v 1278 1308R 1280 1290 1192
vz vim 1105 vy 1154 vip 1162 1154 vin, 1155 1156R 1147 1168 1123
v vip 1081 wvip 1080 wvig 1086 1080 v, 1083 1082R 1092 1081 1082

vis wvim 623 wvimz 623R v 623 623 vy 623 623R 632 616 628

V3o Vidb 345 Vin 344R Vio 347 344 Vio 341 347R 388 34} 341

a - Assignments in pseudo-Wilson notation were converted to pseudo-Herzberg notation using Table
43.

b - Authors used the true Herzberg notation for 39 vibrations.

c - No notation was used.

d - Authors used the true Herzberg notation for 38 vibrations. See Section 4.4.
e - Authors used the true Herzberg notation for 30 ring vibrations.

f - Authors numbered all 39 vibrations in order of increasing wavenumber.

different wavenumber ordering which leads to different true Herzberg notations for the
same wavenumber in different studies. Thus, ~1155 cm™ is v (and vas) for Wilmshurst

and Bernstein'® but v,7 for most other works!"-2%23-2532,

One of the two aromatic CH stretching B, vibrations, is generally agreed to be at
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3032 +3 cm™ with the exception of Draeger™® who placed it at 3039 cm™. There is no
agreement on the assignment of v>; which has been placed from 3090 to 3039 cm™".

va; was assigned by Wilmshurst and Bernstein'® at 1600 em™, while the other

experimental studies'"**?***? placed it at 158545 cm™. The two groups of authors

interchanged the assignment of v.: and v, (A,) vibration.

Different choices were made for the B phenyl group vibrations between 1500
and 1100 cm™. Consequently, the wavenumbers and true Herzberg notation of vy, to
Vy7 disagree in the different studies. The only agreement is that one fundamental is near

1155 cm™ and a second is near 1455 cm™.
All authors agree on the assignment of vig to vio.

The differences in the pseudo notation are not serious. Under the pseudo-
Herzberg notation, vy, and v,s, are both CH stretching displacements, while vi, vo, viq.

Vi3b, V14, Vi and vig, are HCC deformation and CC stretching displacements which mix

in the normal vibration.

4.4.5 - Previous assignment of the 9 CHj; group vibrations of toluene

The wavenumbers and assignments of the 9 CH; group vibrations are given in
Table 4.15 which is arranged in a similar manner to Table 4.11. The vibrations are

arranged in order of symmetry species, i.e. 2 A;, 1 A, 3B, and 3 B,, and are numbered

31 to 39 using the true Herzberg notation.
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Table 4.15 - Previous assignments of the 9 CHi group vibrations of toluene

Experimental Theoretical

True Sym.  Wilmshurst’ Fuson® Sverdlov’ Varsanyi® Draeger’ Schrotter’ Schmid® Snyder®  Boggs'

Herzberg {Ref 15} [Ref 17] [Ref 22} [Ref23]  [Ref25] [Ref32] |[Refi8) |Refl19] [Ref 26}
cm* om™ cm’ cm’ cm™ cm? cm® em? cm’?

V3 Ay 2923 v, 2921 v 2910 2921 v, 2921 2920R 2500 2919
vy A; 1377 &, 1379 & 1380 1379 &, 1384 1379R 1379 1384
Vi3 A2 t 15 44

Vi B: 2930 v 2979 wv,” 2976 2979 vy 2933 849 2976
vis By 1436 & 1460 5, 1462 1460 8.+ 1453 1441R 1435 1454
Vis B, 1041 r 1040 r” 1040 1043 10403 1043
Va7 B: 2952 v 2952 v/ 2976 2952 vy 2933 2982R 29%4 2990
Vig B2 1460 & 1460 &, 1462 1463 1463 1468
vy Bz 1081 r 1040 r 970R 1040 3, 980 976 983

a - Authors used their own notation.

b - Authors used the true Herzberg notation for 39 vibrations.

¢ - No notation was used.

d - Authors used the true Herzberg notation for 38 vibrations. See Section 4.4.
¢ - Authors used the true Herzberg notation for 30 ring vibrations.

f - Authors numbered all 39 vibrations in order of increasing wavenumber.

There is general agreement on the wavenumbers of the A, vibrations. Only
Draeger” has assigned the A, CH; torsion. There are several disagreements in the

wavenumbers of the B; and B, vibrations.

There is disagreement over the wavenumbers, particularly of the two

antisymmetric CH; stretching vibrations, and over the wavenumber of vss (B;), one of
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the two antisymmetric CH: deformations, and its proximity to vig, the B. deformation.
The wavenumber of the CH; rocking modes is also not settled. The most reliable
assignment appears to be that of Fuson et al'’ who found that some of Wilmshurst and
Bernstein’s doublet bands were actually due to noise, and who had the spectra of

toluene-a-d; to guide their determination of the bands due to the CH; vibration.

4.5 - Assignment of the vibrations of toluene

The methods used to evaluate the assignment of the toluene vibrations are similar
to those used for the chlorobenzene assignment. Thus, the infrared spectrum of the gas
and the Raman spectrum of the liquid recorded under parallel and perpendicular
polarizations with linearly polarized incident light were obtained and a simple normal

coordinate calculation was performed for toluene.

There are however two minor differences. First, the CH; group was
approximated in the calculation by an atom of mass 15. Therefore no wavenumbers,
eigenvectors or PED calculations are available for the 9 CHj; vibrations. Second, the
difference between A-type and C-type contours is not as clear as for chlorobenzene

because of smaller differences between the moments of inertia of toluene.

Although Wilmshurst and Bernstein'’ gave figures of the infrared spectra of the
gas and liquid phases and tabulated, as did Fuson et al."’, all of the observed features in
their infrared and Raman spectra, the experimental data and the results of the

calculations obtained for this thesis will be presented on expanded scales, so as to form a



144
basis for the evaluation.

The liquid phase refractive index spectra of toluene reported in Chapter 2 were
converted into the liquid phase molar polarizability spectra by use of Equations 1.3.33
anc ' 3.28. The entire imaginary molar polarizability, am, spectrum of toluene is shown
in Figure 4.9. Figures 4.10 through 4.14 show the infrared absorbance spectrum of the
gas, the an spectrum, and the parallel and perpendicular Raman spectra of the liquid for
smaller wavenumber ranges, and thus provide a better view of the features in these

spectra.

Table 4.16 contains the information for every feature observed in the three
different spectra of toluene for the regions where the fundamentals are expected, i.e.
3150 - 2850 cm™ and 1700 - 200 cm™. The table is arranged in a similar manner to

Table 4.8 of chlorobenzene.

The computed wavenumbers, eigenvectors and potential energy distribution
(PED) for the 30 phenyl group vibrations are given in Table 4.17. The table is arranged

in a similar manner to Table 4.9 of chlorobenzene.
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Figure 4.9 - Imaginary molar polarizability, a, spectrum of liquid toluene. Units are cm® mol™.
In each box, the ordinate scale is for the lower curve. It needs to be divided by 20 for the upper curve.
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Figure 4.10 - Infrared spectra of gas and liquid toluene and Raman parallel (upper) and perpendicular
(lower) spectra of the liquid between 3150 and 2800 cm™.
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Figure 4.11 - Infrared spectra of gas and liquid toluene and Raman parallel (upper) and perpendicular
(lower) spectra of the liquid between 1650 and 1350 cm™. In each box, the ordinate scale is for the
lower curve. It needs to be divided by the multiplication factor for the upper curve.
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Figure 4.12 - Infrared spectra of gas and liquid toluene and Raman parallel (upper) and perpendicular
(lower) spectra of the liquid between 1350 and 950 cm™. In each box, the ordinate scale is for the lower
curve. It needs to be divided by the multiplication factor for the upper curva.
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Figure 4.13 - Infrared spectra of gas and liquid toluene and Raman parallel (upper) and perpendicular
(lower) spectra of the liquid between 950 and 650 cm™. In each box, the ordinate scale is for the lower
curve. It needs to be divided by the multiplication factor for the upper curve.
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Figure 4.14 - Infrarcd spectra of gas and liquid toluene and Raman parallel (upper) and perpendicular
(lower) spectra of the liquid between 650 and 200 cm™. In each box, the ordinate scale is for the lower
curve. It needs to be divided by the multiplication factor for the upper curve.
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Table 4.16 - Spectral features in infrared spectrum of gaseous toluene and infrared and spectra of the
liquid

Infrared liquid® Infrared gas® Raman liquid®
cm’! Desc.® ass cm’ Contour cm’ »°  comments
~3203 vw br sh ~0.0029 3205 vw 0.16
3167.5 W 0.00629 3175 ” 3168 vw P
~3115 w bi sh ~0.026 -~3120 ”
3104.1 m 0.0478
3086.4 s 0.152 3096 B
3062.1 sbr 0.177 3073 A ~3065 sh
~3054 sbrsh? 0.157 3055 ms 0.08
~3038 vw dp
3027.0 3 0.398 ~3040 B?
~3003 ssh 0.118 3003 vw p
2998 7?
2993 ”
2979.1 sbr 0.107 2986 c” 2981 vw 0.10
~2950 sbr 0.131 ~2959 B *??
2919.9 S 0.211 ~2934 A 2920 m P
28723 sbr 0.103 2881 br 2870 br vw p
1696.8 w 0.0106
1676.7 w 0.0121
1657.8 w br 0.0124
1623.1 m br sh/p 0.056 1620 A?7C?
1604.6 3 0.402 1609 A 1604 m 0.82
1586.7 m p/sh 0.0641 1585 w dp
1572.1 m 0.0674 1576 c”
1550.3 mbrsh/p 0.0452 ~1560 r
~1537 m br sh ~0.06
1523.6 sbr 0.113 1526 B”?
1495.7 vs 1.45 1500 A
1460.3 sbr 0.358 1467 B?”?
1463 c”

1454 57 ~1442 br vw dp




Table 4.16 - Continued
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Infrared liquid® Infrared gas® Raman liquid®

cm’ Desc.” al cm’! Contour cm’! p°  comments
~1422 m sh ~0.08 1421 ”
1378.9 S 0.166 1383 A 1378 m 0.33
1332.0 w 0.02656 1330 37 1332 vw 0.73
13127 w 0.0284 1310 B 1313 vw dp
~1302 w sh 0.0184
1277.6 wbr 0.0150
1248.7 w 0.0236 1242 A? ~1245 vw p

1247 c»”
1210.2 m 0.0569 1213 A 1210s 0.05
~1193 wbr sh 0.0345 1193 A?7C?
1178.6 s 0.125 1179 A 1179 vw 0.70
1155.9 m 0.0531 1156 vw 0.73
~1130 w br sh/p 0.0272
1106.5 m 0.088 144 S
1081 .4 s 0.392 1082 R 1083 vw p
10414 s 0.196 ~1043 ki
1030.1 s 0.516 1032 A 1031s 0.02
~1023 ssh 0.102 1023 vw p
10023 m 0.0581 1003 vs 0.02
~993 w p

980.7 m 0.0553

966.4 m br 0.0519 970-5 ”? ~971 vw p
947 w br sh 0.0211

929.6 w 0.0383 ~924- ATIC?”?

933

~9i0 wbrsh? 0.0107 913 B??

895.4 s 0.120 894 C 896 vw 0.77
872.9 w 0.0297 874 C

842.7 m 0.0482 842 vw dp
810.4 w br sh 0.0282 810 vw p
785.6 s 0.111 786 A 786 vs 0.28




Table 4.16 - Continued

Infeared liquid® Infrared gas® Raman liquid®
cm’ Desc.® ars cra’! Contour cm’! p°  comments
7299 VS 9.97 730 C 731 vw 0.78
694.8 VS 4.56 694 C
~678 s br p/sh 0.219 ~681 ”
633.0 w sh 0.0195
622.0 m 0.0411 ~630 7 622 m-w 0.76
565.2 vw br 0.0061
5378 w 0.0166
521.0 m 0.091 520 A 521 m-s 0.22
~508 vw sh 0.00342
4644 A% 3.77 462 C 465 vw 0.75
| 405 vvw dp
346 w 0.73

217 mw 0.75

<100 CH; torsion

a - Features are from the a;, spectrum.

b - Abbreviations used: v- very, w- weak, m- medium, s- strong, sh- shoulder, br- broad,

sh/p- shoulder or a peak.
¢ - Peak heights in the o spectrum in cm® mol™.
d - Peak positions in the absorbance spectrum of the gas. B-type position is measured at the minimum

between the R and P branches. ? and ?? indicate degrees of uncertainty in the determination of the
band shape.

.- . I
e - Depolarization ratio, p, =T .

Iy

dp indicate polarized and depolarized. respectively.

When the feature is too weak or noisy to obtain a rcliable ratio. p or
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Table 4.17 - Computed wavenumbers. eigenvectors and potential energy distributions for toluene.

v, _cm’ Eigenvectors® PED’
v) 3177 Ss 08 S, -0.59 CH
va 3171 S, 073 S5, 055 Ss 042 CH
Vi 3158 Siza 0.80 S5, -0.62 CH
\7) 1597 Siga 080 Sis, 042 Si-, 039 S5, 0.27  CC(75). HCC (25)
Vs 1556 Sisa-1.08 S5, 041 S35, -0.25 HCC (50). CC (35). CX (15)
Ve 1314 S14a0.73 Sy, 055 S¢ -0.26 HCC (55), CX (45)
A2 1157 Siza 0.89 Si4 023 HCC (60). CC (25),. CX (15)
vg 1030 Si4 050 Sg -0.29 S5, 0.21 CC (60), HCC (25), CCC (15)
Vo 1001 Se 048 S, -0.19 CCC (55). CC (45)
Vig 824 S« 024 S,,, 024 S, -0.12 CCC (40), CC (40), CX (20)
vyt 490 Sisa 029 S35, -0.13 CCC (75). CX (25)
V2 S71 Siga 1.25 Sy, 0.44 copH
\Z% 852 Si1a 1.03 oop H
Via 403 Sae 0.70 S,5 0.26 oop C (85), oop H (15)
vis 987 S, 114 S 064 Sz -0.59 oop H (85), oop C (15)
Vie 916 Siop -0.85 Sy, 066 S; 049 oopH
viy 749 Ss 071 S, 060 S;,,-054 S, -0.45 oopH (67), 00pC (33)
vis 698 Sz 104 S, -051 S, -0.41 oop C (67), oop H (33)
Vi 489 S:on 0.63 Sig, 039 S, -0.34 oop X (50), oop C (50)
Vag 260 Sap 030 S; 0.14 8, 0.12 oop C (65), oop X (35)
Vvay 3157 Sisp 0.86 S;3 -0.57 CH
v2a 3151 Si26 0.87 S -0.57 CH
Vay 1584 S;5, -0.80 S 043 S;5 -0.37 CC [75), HCC (25)
Vay 1452 S 1.10 S; -0.53 HCC (65), CC (35)
Vag 1330 S; -109 S, -0.65 HCC (70), CC (30)
Vag 1294 S; 058 S0 050 S; 040 S -0.33 CC (75), HCC (25)
Vay 1158 S0 -0.80 S, -0.61 HCC (65). CC (35)
Vag 1073 Siav 044 S 0.39 S5 -038 S5 0.22 CC (55), HCC (45)
Vag 617 S 040 CCC
Vi 399 S 025 Si4 022 S, 018 S; 013 XCC

a - The numbers are the 0S,/0Q, elements of the indicated symmetry coordinate in the particular
vibration. Only the dominant terms are shown.

b - CH, CC or CX are stretches. HCC and XCC are bends, CCC is ring deformation. Out-of-plane
vibrations are denoted by oop. Percent contributions are given in brackets..
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4.5.1 - Assignments of the 11 A; phenyl group vibrations of toluene
Five aromatic CH stretching fundamentals are expected in toluene: three A, and

two B, vibrations. As was the case for chlorobenzene, they are expected between 3100

and 3050 cm™.

One obvious A, vibration yields the A-type band at 3073 cm™ in the infrared
spectrum of the gas and the corresponding band at 3062 cm™ in the infrared spectrum of
the liquid and the polarized Raman shoulder at about 3065 cm™. A second A, vibration
is observed as the polarized Raman band at 3055 cm™. There is a hint of a shoulder in
the infrared spectrum of the liquid and a band centered at 3054 cm™ was needed to

obtain a good curvefit with CDHO bands.

The third A, CH vibration is not accounted for. Wilmshurst and Bernstein'®,
Varsanyi” and Schrotter®” assigned 3003 cm™. While a polarized Raman band is
observed near 3003 cm™, the calculations suggest that this wavenumber is rather low as
all of the aromatic CH stretching vibrations are exj-ected -vithin a 30 cm™ range.
Overall the band at 3003 cr™' is probably due to combination or overtone transitions.
Fuson et al'’ assigned this fundamental at 3087 cm™. However the corresponding gas-
phase band is a B-type, so a B, vibratic is assigosd to it. ‘Draeger” assigner! it to a

polarized Raman band at 3039 cm™ but we find the band to be depolarized (Fig. 4.10).

V. is expected near 1600 cm™ and is assigned to the strong band in the infrared
spectrum of the liquid at 1605 cm™ which corresponds to the A-type band at 1609 cm™

in the gas. A weak, depolarized Raman band is observed at 1604 cm' and this could be
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a case where the depolarization ratio of an A; band is equal to 0.75.
vs is expected near 1550 cm™ and is assigned as the very strong band in the
infrared spectrum of the liquid at 1496 cm™ which corresponds to the A-type band at

1500 cm™ in the gas.

The remaining A, vibrations are predicted near 1310 cm™ (vg), 1160 cm’! (v7),
1030 cm™ (vg), 1000 cm™ (vs), 825 cm™ (vi0) and 490 cm™ (vy1). The assignment of vs,
vy, V1o and vy, is clearly shown by the polarized Raman bands at 1031, 1003, 786 and
521 cm™. The assignments are confirmed by A-type bands in the spectrum of the gas at
1030 (s), 786 (vw) and 520 (w) cm™' and strong or medium bands in the ¢, spectrum of

S Y2 =S

the liquid at 1030, 1002, 786 and 52§ cm™.

The assignment ... v, atad v+ 33 less clear. They are expected near 1310 and 1160
cm’' from the approximase n<vaai coordinate calculation. A-type bands are observed in
sie wpaxtrum of the gas at 1380, possibly 1242, 1213 and 1179 cm™ (Figs. 4.11 and
4 ;. Polarized Raman bands are at 1378 (m), ~1245 (vvw), 1210 (s) and (possibly
potarized) 1179 (vw) cm™. The corresponding infrared bands of the liquid are at 1379
(s), 1249 (w), 1210 (m) and 1179 (s) cm™. Based on the infrared spectrum of the gas
and the Raman spectrum, the most natural assignment is v at 1379 cm™ and v at 1210
cm”. However. the spectrum of C¢HsCD; shiows!” that the '279 cm™ band is due to the
symmetric CH; deformation, so vs and v; are apparently both between 1250 and 1175

1

cm™. Accordingly, the assignment of previous authors is accepted, with v¢ at 1210 cm™

and v;at 1179 cm™.
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4.5.2 - Assignments of the 3 A: phenyl grouy, vibrations of toluene
The three A, vibrations are expected Negr 970, 850 and 400 cm™’.  These
vibrations are inactive in the infrared of the gas put may appear in the spectrum of the
liquid. Usually the intensity in the liquid is very weak but as toluene is not a pure C,
molecule, the A; modes may interact with the §, modes aud their intensity might be

stronger. The vibrations give depolarized Ramgn bands but these are usually very weak

for A, vibration of C,, molecules.

The assignments of vi3 and vj; were In ggteenient among previous experimental
studies and the present evidence is consistept with the assignments. Thus, the very
weak, depolarized Raman band at 842 cm’!, Cq;acident with a megium band in the
infrared spectrum, is assigned to v;3 and the Very Weak Raman band, probably

depolarized, which is observed at about 405 ciy”’. is assigned to V4.

Fuson'’, Svesdlov®, Varsanyi® and Draeger” assigned vy, at 967+3 cm™.
Wilmshurst and Bernstein'® and Schrotter'? asgigned it as 99212 cm”. While a weak
Raman band is observed at 993 cm™ it is clearly polarized and can not be assigned to v,
Therefore we assign v, to the mediun:, oroad pand at 966 cm™' in the infrared spectrum

of the liquid, which corresponds to a band of a cOmplex contour at 975-970 cm'! for the

gas.
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4.5.3 - Assignments of the 6 B, phenyl group vibrations of toluene
The computed wavenumbers for the six B, vibrations of toluene are: 987 cm’' for
vis, 916 cm™ for vi6, 749 cm’™ for vy, 698 cm™ for vis, 489 cm’! for v, and 260 cm™* for
vz0. The fundamental bands should be depolarized in the Raman spectrum and should

have a C-type contour in the infrared gas spectrum.

Three strong bands at 895, 730 and 464 cm’™* are observed in all experimental
spectra with the appropriate coritour and polarization and are assigned to vy, vi7 and
V19, respectively. The band at 695 cm™ in the liquid is very strong and exhibits a C-type
contour in the gas spectrum. Although no Raman band is observed nearby;, it is

assigned to vs.

As the gas spectrum was not recorded below 400 cm™, the assignment of vy is
based on the Raman bands and on the computed wavenumbers. Of the two depolarized
Raman bands at 346 and 217 cm™, vy is assigned io the band at lower wavenumber, in

agreement with its computed wavenumber being 140 cm™ lower than that of vso (B2).

vis was previously'*17:232532 55qioned at 980+15 cm™. A band at 981 cm’ is
observed in the infrared spectrum of the liquid. A very weak band of undetermined
shape is observed in the gas at about 980 cm™. The Raman band at 993 cm™ is clearly
polarized. For lack of better evidence, we follow the previous authors and assign v;s to

981 cm™.
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4.5.4 - Assignments of the 10 B: phenyl group vibrations of toluene
The computed wavenumbers of the two B> CH stretches are 3157 and 3151 ecm’™,
Allowance for anharmonicity places the observed wavenumbers about 100 cm™ lower.
In this region, the strongest band in the spectrum of the gas has a B contour at about

3040 cm™ and corresponds to the strongest band in the spectrum of the liquid, at 3027

cmt. Itis assigned to vy2.

A B-type contour is observed at 3096 cm™ in the infrared spectrun: of the gas,
corresponding to 3086 cm’™ in the infrared spectrum of the liquid. A band at similar
wavenumber for chlorobenzene was assigned to v, although the wavenumber is higher

than expected. It is assigned as v,.

Vo3 is expected near 1585 cm™. It is assigned to the depolarized Raman band

observed at 1587 cm™, nearly coincident with a medium shoulder in the infrared

spectrum of the liquid.

Va4 is expected near 1450 cm™. The B, and B, antisymmetric CH3 deformations
are also expected in this vicinity. A strong and very broad band at 1460 cm™ is
observed in the infrared spectrum of the liquid (Fig. 4.11). There is a corresponding
possible B-type contour at 1467 cm™ and a possible C-type band at 1463 cm in the
spectrum of the gas. Another possible B-type contour is at 1454 cm™ which
corresponds to the very weak and broad depolarized Raman band at about 1442 cm™.
Balfour and Fried® gave in their figure 1, the transmittance spectra of liquid toluene,

toluene-o-d, toluene-m-d, toluene-p-d and toluene-a-d. It is clear from their figure, that
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a oroad band remains when the isotopic substitution is in the ring, suggesting it is due to
the antisymmetric CH; deformations. When the isotope substitution is in the methyl
group the broad band disappears and a sharp band appears at a slightly lower
wavenumber, suggesting it is due to the phenyl B, fundamental. Therefore we conclude
that the antisymmetric CH; deformations are at 1460 cm™ and v, is within 20 cm™ of

them, perhaps at 1442 cm™.

The remaining B; vibrations vas, Va6, V27, Vas, V29 and vs are expected near 1330,
1300, 1160, 1070, 620 and 400 cm™. Their assignment is fairly clear from depolarized
Raman bands that are coincident with infrared bands of the liquid and, in several cases,
B-type bands in the gés. v3 is assigned at 346 cm™ based solely on the Raman
spectrum, while vas, V2, V27, V2s and vy are assigned at 1332, 1313, 1156, 1081 and 622
cm’' based on the infrared and Raman spectra of the liquid. B-type bands in the
spectrum of the gas at 1330 (vw), 1310 (vw) and 1082 (s) cm™ support the assignments
of Vzs, V26, V27 and vos.  The clear B-type band at 1104 cm™ (Fig. 4.12) is assigned to a

combination band, following Fuson et al'’.

4.5.5 - Assignments of the 9 CH; vibrations of toluene

There are three methyl CH stretching vibrations in toluene. They are expected
at about 100 cm™ lower than the aromatic CH stretching vibrations. The symmetric

stretch is expected about 50 cm™ below the two antisymmetric stretching vibrations.

A strong band is ot erved at 2920 cm™ in the infrared spectrum of the liquid
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coincident with a polarized Raman band (Figure 4.10). A complex band is located at
about 2934 cm™! in the spectrum of the gas and is perhaps related. As the Raman and
infrared band of the liquid are the strongest bands in the region they are assigned to the

A, fundamental, the symmetric CHj; stretching vibration, va,.

The antisyinmetric CH stretching vibrations, vi4 (B1) and va; (B>), are expected
approximately 50 cm™ higher than the symmetric stretch. Bands are observed in the
spectrum of the liquid at 2950 cm™ and 2979 cm™, both broad, and there is a shoulder at
~2965 cm™.  In the spectrum of the gas, a Q branch may occur at 2986 cm™ (Fig. 4.10)
and an even more uncertain B-type band may be observed near 2959 cm™. The only
Raman band in the vicinity is very weak and polarized at 2981 cm™, so it can not arise
from a B, or a B, vibration. For lack of better evidence we tentatively assign both va4

(B)1) and vs7 (B)) at 2950 cm’.

v32 (A1), the symmetric CH; deformation, is assigned to the A-type band at 1384
cm’ in the spectrum of the x.© - Hlarized Raman band at 1378 cm™* and the band at
1379 cm’! in the infrared spectrum of the liquid. It is clear from the spectra of Balfour
and Fried*® that the band remains when the phenyl ring is isotopically substituted, and

almost disappears when the isotopic substitution occurs at the methyl group.

As discussed in the previous section, the antisymmetric CH; deformations are
assigned to the very broad band at 1460 cm™ in the liquid. In addition to the spectra
provided by Balfour® which indicate that the band is due to a rxethyl vibration, a

complex contour is observed in the spectrum of the gas with a possible B-type band at
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1467 cm™ and a possible C-type band at 1463 cm™. We are unable to separate the two

vibrations and use the same wavenumber for both.

The methyl rocking vibrations, vs¢ (B,) and vss (B,) are both assigned to the
same wavenumber in the infrared spectrum of the liquid at 1041 cm™. It is clear from
the spectra of Balfour and Fried that the band remains when the ring is isotopically
substituted, and disappears when the isotopic substitution o-curs at the methyl group.
Furthermore, two CDHO bands at 1040 cm™ and 1043 cm™ are needed to obtain a good

fit of the am band of the liquid.

vs3, the A2 methyl torsion vibration was not observed in this study. Draeger”
reported an observed and a calculated wavenumber for this vibration, both at 15 cm™.
La Lau and Snyder'? calculated the wavenumber at 44 cm™. In their calculations, the
authors used a small value (1x10™ mdyre-A/rad) so that their calculated wavenumber is
low enough to prevent it from coupling with other vibrations. Hameka and Jensen®*,
based on La Lau and Snyder data, calculated it at 28.9 cm™. It is clear that ih=

wavenumber for this vibration is well below 100 ¢cm™’.

4.5.6 - Summary of the assignments of toluene

The fundamental wavenumbers are collected in Table 4.18 which corresponds to
Table 4.10. The table includes the pseudo-Herzberg assignments obtained from Table
4.17 by including all symmetry coordinates with eigenvectors at least half of the largest.

It is clear that the pseudoc-Herzberg assignment is cormzlicated for most of the vibrations,
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Table 4.18 - Assignments of the fundamental vibrations of liquid toluene

true Herzberg cm’® pseudo-Herzberg® Description®

v 3062.1 Ve, Vi CH
Va 3055.0 V1. Visa, Vs CH
v 3038 ?77? Vi2a. Visa CH
vy 1604.6 Vi8a, Vies Vi7a HCC. CC
Vs 1495.7 Viia HCC
Ve 1210.2 Viia. Viga e
\Z) 1178.6 Viga HCC
vg 1030.1 Vi4as V6 HC, Lo
Vg 1002.3 Vs CCsr
Vio 785.6 Ve, Vi7a, V2 oL, OC
vy 521.0 Vi7a £, CC
Via 966.4 77 Vise oup H
Vi3 84237 Vita oop H
LU ~ 4057 V0a oop C
Vis 980.7 7? V3, Vigb, Vs oop H, oop C
Vi 895.4 Vigb, Viibs V7 oop H, cop C
Vis 729.9 Vg, V4. Viib. V7 oop C,o0pH
Vig 694 .8 Vg, Va oop C,oopH
Vig 464.4 Vaob, Visks Va oop C, copH
Va 217 Vaob, V4 oop C, ocopH
Vg 3086.4 Visb, Vi2b CH
Vs 3027.0 Vi2bs Visb CH
Va3 1586.7 Vigbs Vieb HCC, CC, CCC
Vag ~ 1442 7? Viab HCC, CC
Vas 13320 Vi, Vio HCC

| Vag 13127 Vi, V10, Vo, Vigb HCC, CC
Vay 11559 V10, Visb HCC
Vg 1081.4 Viabs V105 Vigb, Vi3b HCC, CC
Vg 622.0 Vi7b CCC
Vio 346 Vi8bs Vidbs V1o, V3 HCC, CC

vai (A 29199 symmetric CH, stretch

vz (Ay) 1378.9 symmetric CH; deformation
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Table 4.18 - Continued

true Herzberg cm'? pscudo-Herzberg" Description”
v33 (As) < 100 CH; torsion
vis (By) ~2950 ?7? antissmmetric CH, stretch
vis (By) 1460.3 ? antisymmetric CHi deformation
vis (By) 104147 CH; rock
vi: (Ba) ~2950 7?7 antisymmetric CH; stretch
vig (B2) 1460.3 7 anusymmetric CH deformation
vso (B>) 1041.4 7 CH, rock

a - Peak wavenumbers of the imaginary molar polarizability spectrum of liquid tolucne.
b - Contributions greater than 50% of the largest contribution.
c - CH, CC are stretches, HCC is CH bend. CCC is ring deformation and oop is out-of-plane.

Note that vi3,, a C-C stretching displacement, does not appear in Table 4.18. Itisa

minor contributor to several vibrations.

A question arises from the table, where are the C-CHj3 stretch and the C-CH; in-

plane and out-of-plane bends?

From the unsymmetrized eigenvectors, the C-CH; stretch contributes with HCC,
CC and CCC to the following A, vibrations: v, (1597), vs (1556), vs (1314), v (1157),
vio (824) and v, (490). It does not make the major contribution to any of them. From
the potential energy distribution, the C-CHj stretch is among the three main contributors
to vs (1556), ve (1314), v7 (1157), vio (824) and v;, (490) but is the major >vntributor
to none of these. Therefore we conclude that no single vibration can be called to the C-

CH; stretch.

The unsymmetrized eigenvectors and the PED agree that the CC- CH; in-plane
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bending displacement is the dominant contributor to vso, calculated at 399 cm™ and

observed at 346 cm™ and is, therefore, the CC- CH; in-plane bend.

The unsymmetrized eigenvectors and the PED show that the out-of-plane CC-
CH; bending displacement mixes with the CCC out-of-plane displacement to form v
and vz0. V9 is about an equal mixture of the two while the CCC deformation dominates

by a factor of 2 in vy.
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Chapter S - Infrared Integrated Intensities for Liquid Chlorobenzene and Toluene

In Chapter 4, the fundamental vibrations of chlorobenzene and toluene were
assigned. While it is possible to determine infrared intensities without a complete
assignment, it is far more meaningful to deterrwne transition moments and dipole

moment derivatives with some knowledge of the nature of the transition.

Bertie ef al.*® have shown that if the Lorentz local field is valid, molecular
properties and behavior are more directly reflected in the imaginary molar polarizability
spectrum, am, than in the imaginary refractive index spectrum, &, the molar absorption
coefficient spectrum, £, or the imaginary dielectric constant spectrum, &".
Accordingly, the refractive indices of toluene and chlorobenzene, given in Chapters 2
and 3 respectively, were used to calculate the imaginary molar polarizability spectra of
toluene and chlorobenzene using Eqs. 1.3.28a, 1.3.28b and 1.3.33b. The imaginary
molar polarizability spectra are shown in Figs. 5.1 and 5.9 and the integrated intensities

of chlorobenzene and toluene are presented in Sections 5.1 and 5.2, respectively.

In order to calculate the integrated intensities, the ay spectrum must be separated
into contributions from the different transitions. The integration limits can be chosen
arbitrarily so that the integrated intensity is taken as the area between these limits and is
assumed to be solely due to a single specific transition. This approach can give good
results in optimal circumstances, namely when the band is single, well defined, and fairly
isolated from other bands. But even for such a band, the choice of integration limits can

introduce large uncertainty to the intensity. To obtain 98% of the area uvnder a
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Lorentzian band one must integrate over 16 times the full-width at half-height on each
side of the band. Further, when, as is usual, bands are close or actually overlap, any

arbitrary separation could introduce considerable error into the integrated intensity value.

The alternative method is to fit the an spectrum with bands of appropriate and
well-defined shape, and calculate the integrated intensities from the areas under the fitted
bands. As discussed in Section 1.4, the general theory of infrared spectra of liquids*®,
indicates that the bands in the am spectrum have the shapes of classical damped
harmonic oscillator (CDHO) bands. Thus, the an spectra of chlorobenzene and toluene

were fitted with CDHO bands.

The integrated intensities, C,, (Egs. 1.4.2 to 1.4.4) are the areas under the Van
spectra of the bands that fitted the original o spectra. The j® CDHO band in the

imaginary molar polarizability is described by

. S I v
am(T")—(;;Jz_-;z)z_,_[;z ?,-jz (5.1.1)

Program CURVEFIT yields the parameters, S;, 7; and v;. The area C; under the
corresponding Van band is givenby C;=S; n/2. Provided a good fit can be obtained,

the uncertainty introduced by the choice of integration limits is, then, eliminated as the

limits are effectively zero and infinity.

There are, however, two major disadvantages to curve fitting. First, the fit can
be artificially improved by the addition of extra bands. Some of these extra bands may

not be actually present in the original spectrum and they will affect the integrated
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intensity assigned to a particular band. Therefore care must be taken to ensure that

addition of extra bands is limited and can be justified. Iz the curve fitting performed in
this work, the minimum number of bands was used 10 obtain a good fit. Extra bands
were added only when the observed band was clearly asymmetric. With the exception

of two or three cases, all bands used for the fit could be justified based on band

asymmetry or a distinct shoulder observed in the original spectrum.

Second, the fit within a region is heavily influenced by bands that are outside the
region. The best solution for this problem would be to fit the entire spectrum. This
solution, however, is often in conflict with available computer programs for curve fitting.
These programs usually require large memory space and execution times increase
manyfold with increase of the number of bands to be fitted. Therefore, the spectrum is
usually divided into several regions and a fit is performed for each region. If the curve

fitting procedure is done properly, the contributions from adjacent regions are included

and taken into account during the fit.

Galactic Industries’ program CURVEFIT was modified in our laboratory by C.D.
Keefe and S.L. Zhang to use CDHO bands. It was also written in FORTRAN and
compiled with Microway’s NDP FORTRAN under OS/2 2.1 in order to provide access
to 16 Megabyte of memory and to obtain a tenfold decrease in execution time”. The

program was limited to 80 peaks in the fitted spectrum and the input spectrum was

limited to 8192 points.
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For benzene”, chlorobenzene and toluene, each with well over 150 bands of
various intensity in the spectrum, 80 peaks are not enough and the spectrum must be
divided into two or three regions. Furthermore, at the start of this work, some of the 80
peaks, had to be reserved for bands outside the region that contributed more than 10°
cm® mole” to the fit inside the region. For benzene™, the number of regions had to be
increased to 10 to 15 as the number of required outside peaks increased as more regions
were fitted. The fit in each region was refined iteratively until the bands in the entire

spectrum were constant.

Thus, a serious drawback to this FORTRAN program at the start of this work
was the need to include among the 80 peaks that would be refined an increasingly large
number of peaks outside the region being fitted. An improvement was made for the

work of this thesis.

In the improved program, once a region has been fitted, its bands are considered
constant for the adjacent region. Therefore the contribution can be calculated first and
then subtracted from the region of the spectrum to be fitted. This resulting region is
then fitted with bands within the region. This allows all of the 80 peaks that can be
refined by the program to be within the region. Each region is fitted in this way, then,
the whole procedure is repeated several times, each time calculating the initial
contribution from the last fit of the adjacent regions. Refinement of the fit is continued
until all bands in all regions remain constant. The new program allows 80 bands within

the region to be fitted and 200 constant bands outside of the region to be included. This
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allows larger regions to be fitted, and, to accommodate this, the number of points in the

input spectrum was increased to 16384.

With this revised program only three regions were needed to fit an entire
spectrum and, with the inclusion of all contributions from all of the outside bands, only

three to four cycles of refinement were needed to fit the an, spectra of chlorobenzene and

toluene.

S.1 - Integrated intensities and dipole moment derivatives of liquid chlorobenzene

The imaginary molar polarizability, am, spectrum of liquid chlorobenzene was
fitted with 193 CDHO bands between 4475 and 350 cm™. An entire spectrum, called
the fitted spectrum in this thesis, was obtained by adding the 193 bands, each of which

extended from 4475 to 350 cm™. This fitted spectrum and the experimental o,

spectrum are shown in Figure 5.1.

The fit is very good and the two spectra nearly coincide. As can be seen from
the magnified curves in Fig 5.1, the fit is not as good in the wings of sharp bands as
elsewhere. The CDHO band does not fit the observed bandshape very well, and, the
addition of extra CDHO bands did not improve the fit in these wings, and, consequently

these extra bands were not used in the final fit.
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Figure 5.1 - Superimposed experimental imaginary molar polarizability, an, and curve fitted oy, spectra
of liquid chlorobenzene. Units are cm® mole”. In each box, the ordinate scale is for the lower curves.
The labels must be divided by the multiplication factor for the upper curves.
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The overall average percent difference between the fitted and experimental an
peak heights is 2.5%. The difference is on average greater for weaker peaks and
decreases for stronger peaks. For peak heights less than < 0.01 cm® mole™*, between
0.01 and 0.1 cm® mole™, between 0.1 and 1 cm® mole™, and > 1 cm® mole™, the average
percent differences are ~3%, 2.8%, 1.7% and 0.6%, respectively. Thus, the peak
heights are fitted to 0.6% on average for the peaks that are usually observed in an

infrared spectrum that is recorded to show the peak maxima.

An important check on the quality of the fit is to compare the total area under the
experimental spectrum to that under the fitted spectrum over a wide wavenumber range.
Between 4475 and R00 cm’, the area under the fitted spectrum is greater by 0.45% and
between 800 arid %0 gm™, it is greater by 2.6%. Overall, the area under the fitted

spectrum is 1.7% greater than that under the€ Shperimental o spectrum.

The parameters of the fitted CDHO bands are given in Table 5S.1. In this table,
the peak positions in the an spectrum of the liquid and the band symmetry of the
spectrum of the gas are given in the first two columns. The fitted peak positions are
given in column 3, and the CDHO parameter 7, which is essentially the full width at half

height (FWHH) of the band, is given in column 4. It is followed by the iniegrated

intensity, C;, in km mole™ in column 5 and by the dipole transition moment, | lg’l, in

Debye in column 6. The C, values were calculated using Eq. 1.4.2 while the | 15’ | values

were calculated using Eq. 1.4.3.
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Table 5.1 - Integrated intensities and dipole moment transitions of liquid chlorobenzene.

Exp am *° Gas* Fitted I; C, | 15;) | Assignment’
cm’ cm’ cm”’  km/mol  Debye
4468.1 vw 4469.5 26.5 0.000225 0.00126
44489 vw 4449.1 151 0.000091 0.00080
4436.8 112  0.000054 0.00062
4432.5 vw 4432.1 87  0.000045 0.00057
44268 343 0000367 0.00162
44041 vw 4405.7 141 0.000141 0.00100 Vai+vas (4408)
4387.4 vw br 43849 364 0.00106 0.00276 Vi+vas(4395)or vi+vas (4385]
43592 vw 43584 204 0.000272 0.00140 Vai+v (4356)
4340.8 vw 4341.0 237 0.000318 0.00152 Vi+vz (4341)
4323.9 vwbr 4323.2 260 0.000610 0.00211 Vi+vas(4331) or vartvae (4332)
~4295 vw br 4295.3 169 0.600078 0.00076
4252.8 vew b { 42545 182 0000534 0.00199 Vva+vs (4255)
42508 44.7 0.000698 0.00227
4226.8 vw br 4223.6 59.4 0.00306 0.00478
4178.6 vw 4180.8 21.6 0.00109  0.00287
~4161 vw sh 41613 21.5 0.00126  0.00309
4145.8 vw br 41458 26.7 0.00321 0.00494 Vit+v;(4142)or vartvs (4144)
OF Vay+vag (4151)
4131.4 vw br 41262 26.4 0.00257 0.00443
{ 4082.6 20.4 0.00651 0.00709
0774w B 4077.5 11.5 0.00433  0.00578 V2r+vs (4083) or va+vs (4085)
4066.5 w A 4067.1 15.0 0.00701 0.00737 wvitvy(4071)
4058.7 w B 4057.8 11.2 000647 ©0.00709 vz2+ve (4062)
~4045 vw sh 40455 18.4 0.00205 0.00400
4022.8 vw br 40219 19.6 0.00121 0.00308 v22t+vi2 (4024) or vst+v; (4023)
4000.5 vw 4000.3 8.4  0.000921 0.00269 4vo (4008)
3968.9 vw br 3977.5 70.8 0.00320 0.00503 vit+vis (3973)
~3950 vw sh
3938.4 vw
3917.7 vw 39178 11.3 0.000189 0.00123 vatvis (3913)
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Exp am *° Gas® Fitted I ¢, | 15) | Assignment’
cm’! cm’ em’  km/mol  Debve
3899.5 vw br 3899.5  10.8  0.000148 000109 vi+via (IR9D)
38943 75.0  0.00303  0.00495 Vatvia (3BO0YOr vty (3RRY)
~3878 vw sh
~3867 vw sh
~3804 vw sh 3796.6  73.1  0.00279  0.00481 Vi.+vi- (3810
3785.1 vw 37852 153 0.00276  0.00479 v:t+viu (3786)
3772.2 vw br 37729 12.5 0.000331 0.00166 Vi+Vvia(3772)
37683 8.9 0000797 0.00258 Vutvis(3768)
~3759 vw sh 3759.1  10.4 0.000421 0.00188
3749.3 vw br 37478  17.0  0.000901 0.00275
3699.4 vw 3699.5 16.6 0.00572 0.00698 V2 t+vi (3697)
~3685 vw sh 3685.5 191.7 0.00178 0.00390 Vi+vz (3684)
3653.4 vw br 3654.3 12.0 0.000356 0.00175
3636.9 vw 36368 168  0.00102  0.00297
~3628 vw sh
3613.6 vw 3613.3 9.0 0.000613 0.00231 4vi5(3612)
~3602 vw sh 3601.8 10.9 0.000091 0.00089
3583.9 vw 3583.7 53 0.000031 0.00052
3546.9 vw br 3549.0 16.0 0.000089 0.00089 Vaitviy (3551)
3531.1 vw 3531.5 272 0.000254 0.00151 Vi+vi9(3538)0r vi+vyy (3527)
or ? var+v,5 (3528)
3488.8 vw 3490.7 339 0.00109 0.00314
3464.1 vw 3463.3 186 0.000463 0.00205
~3445 vw sh 3446.1 9.9  0.000025 0.00048
3420.4 vw
3368.4 vw br 3369.7 172  0.000325 0.00174 Vi+vi,(3367)
3297.5vwbr
~3261 vw sh vi+vag (3265) or vatvy, (3254)
3165.4 vw br 3165.9 11.7 0.00183 0.00427 2v23(3168)or 2v, (3168)
or v3+v, (3168)
~3140 vw sh 3144.3 89.5 0.0153 0.0124
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Exp am *° Gas® Fitted I C, | RT |  Assignmemt®
cm’ cm’ cm'  km/mol  Debye

3083.1 m B 30840 125 0.0319 0.0181 va

3069.5 s A 3069.5 124 0.0482  0.0222 v;.v2??

1058.5 m br A7 { 30579 9.0 00163 00130 } va (3059). vas (30607)
30563 409 0.0703 0.0269

3025.8 w 30258 106 0.00962  0.0100  Va+va (3029) or vaztva,s (3029)

30163 w 30157 9.1  0.00633  0.00813

~3004 w sh 3003.7 195 0.0112 0.0108  3vs (3006)

2949.8 vw 29499 129 0.000802 0.00293 2vs(2956)

2919.0 vw B 29188 7.9 0.00121  0.00361 Vs+vaa (2923}

~2906 vw sh Vatvzs (2909) or vasztvas (2909)

2885.6 vw db? A 28828 20.1 0.00162  0.00421 2vz; (2891)

2877.0 vw db? 28749 9.0 0.000433 0.00218

2849.2 vw 28477 186 0.00166  0.00429 Vat+vas (2856) Or va3+vae (2856)

~2831 vw sh

2795.2 vw br 27956 127 0.000275 0.00176 Vs+vas(2803) ??

2772.9 vw 27727 9.9 0.00127  0.00380 Vastvas (2771)

2755.9 vw 27559 14.0 0.000348 0.00199 V4+Ve(2756) or va3t+ve (2756)

2738.9 vw br 27388 21.1 0.000607 0.00264 Vatvzr (2740) or vast+vy, (2740)

2714.2 vw 27147 9.0  0.600099 0.00107 V24+Vv2s(2718)

2703.1 vw br 27019 16.7 0.000340 0.00630 3vis (2709)

2663.5 vw { 26647 10.1 0.00146 0.00415 Vatv; (2668) or va3t+v; (2668)
26594 12.6 0.00108 0.00305

2648.1 vw 26477 10.5 0.000838 0.00316 Vs+vs(2649) or 2vs (2650)

~2632 vw sh 26258 57.8 0.00185 0.00471 Vs+var (2634)

2616.2 vw 26164 7.9 0.00111 0.00366 V24t+ve(2517)

2599.8 vw br { 26023 7.7 ©.000576 0.00264 V24+va (2602)
25975 11.1  0.00119  0.00380 Va5tV (2598)
2590.1 21.0 0.000542 0.00257

2582.2 vw 25819 7.1  0.000648 0.00281 V23+Vs (2586) or va+vs (2586)

~2563 vw sh 25649 9.7 0.000461 0.00238

2557.4 vw 25573 14.1 _ 0.00122  0.00388
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Exp o/ *° Gas® Fitted T, ¢ | 1}7 | Assignment*
cm’ cm’' cm'  km/ mol Dcin‘c
2544.3 vw asym 25441 1.4 0.0011¢ 0.00379
25357 167 0.000604 0.00274
2510.9 vw 25110 4.1 0.000064  0.00090 Vitvag (2514)
2496.0 vw 24955 162 0.000709  0.00299 Victve (2497) or vetvyg (2501)
2477.5 vw br 2477.6 145 0.000656  0.00289 Vstvy (2480) Of vactva- (2482)
2471.3 vw 24697  10.7  0.000494  0.00251 vaatvg (2408)
~2453 vw sh 24539 105  0.000215 0.00166
2446.6 vw 2446.6 8.5  0.000246 0.00178 vaatve (2447) or vigtvy, (2444)
2427.3 vwbr 24280 122 0.00110  0.00378 Vvitvy (2429)
2406.4 vw 24063 143 0.00162  0.00461
2390.3 vw asym 23903 99  0.00133  0.00419 vastvag (2393)
23829 142  0.000877 0.00340 Vstvis(2381)
2365.6 vw 123657 9.7  0.000385 0.00226
~2346 vw sh 23477 1277 0.000475  0.00252 vastvy (2348) or vastv,, (2349)
2331.0 vw 23318 15.6 0.00428 0.00760
2319.8 vw 2319.1 12,1  0.00273  0.00609
23113 12,1 0.000724 0.00314
~2282 vw sh 2283.1 6.0 0.000182 0.00158
2271.8 vw 2271.8 15.1 0.00:59 0.00470
~2255 vw sh 2255.6 13.3  0.000488 0.00261 Vs+v7(2255) or vastvys (2256)
2240.5 vw B? 2240.3 11.5 0.00244  0.00586 Va+vau (2240) or vartvs (2240)
~2223 vw sh 22219 106 0.000251 0.00189 3vi7(2224) o1 vartvay (2225)
2194.0 vw 21943 81  0.000423 0.00246 Vetvy(2194)
2178.7 vw 21790 68  0.000712 0.00321
2176.1 7.8 0.000240 0.00186
~2167 vw sh 2367.5 12.3  0.000151 0.00148 2v; {2167}
2159.7 vw 21593 93 0.000236 0.00186 Vvar+vy(2158)
2150.5 vw 2150.1 9.6 0.000334 0.00221
2132.5 vw 21313 99 0.000128 0.00138 2vz (2136)?
~2123 vw sh vartvy2 (2120)
~2100 vw sh 2098.7 3.9 0.0000!3 0.00044 Vie*+vi3(2103)
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Exp al ** Fited 1 G | ;{; | Assignment®
cm’ cm’ cm’  km/mol Debve
2089.1 vw 20886 9.4 0.000306 0.00215 Vstvas(2092)or vagtvs (2091)
or v-+vg (2086)
~2067 vw sh 20674 7.1 0.000044 0.00082 vzg+vs(2070) or v-+vis (2067)
Or vastvy; (2066)
2055.2 vw 20580 7.9 0.000152 0.00153 Var+vie(2059) OF vagtvag (2060)
2045.5 vw db? 20478 7.8 0.000206 0.00178
2023.7 vw 20237 3.1  0.000159 0.00157 vs+vs (2025) or vastvio (2028)
2002.5 vw br 20033 6.1 0.000218 0.00185 2vs(2004)or vg+vys (2006)
or ? vetvys (2002)
~1989 vw sh 19892 53 0.000314 0.00223
1983.0 vw 19848 3.6 0.000151 000155 Votvis(1985)0r vastvys (1989)
or ? vatvys (1984)
1962.2 w br 19639 16.7 0.00921 0.0122 2vi5 (1966)
19429 m 19425 174 0.0237 0.0200 Vvis+vi2(1947)
1881.4 w br 18854 11.5 0.00496 0.00910 V23+v3o (1881) or vas+vas (1887)
18786 134 0.00508 0.00923 OF Vis+vie/i386)
1861.9 m 18653 124 0.0113 0.0138  Vastvy; (1861) or var+vo (1859)
18590 106 0.00953 0.0127
~1825 vw sh 18160 128 0.00141  0.00495 v++vi- (1825) or vis+vy; (1813)
~1806 w sh 18064 155 0.00265 0.00680 2Vis (1806)or ? vgtv,s (1809)
17878 m be 17894 171 00152 00164 }w vio (1786)
1780.3 184 0.00841 0.0122
1736.7 9.6 0.00288  0.00723
1730.5 m br 17311 98 0.00632 0.0107 Vigtvis (1733)
17251  13.7 0.00699 0.0113
~1703 vw sh 1703.3 147 0.00168 0.00557 Vst+vio(1704) or vi2+vy7 (1705)
1685.9 vw 16860 42  0.000270 0.00225
1682.1 2.0 0.000029 0.00074
1645.5 w 16446 156 0.00891 0.0131 Vistvi7 (1644) or viz+vig (1649)
1636.9 w br vgtvag (1637)
1622.1 w br 1622.3 6.1 _ 0.00301 _ 0.00764 Vas+vso (1623) or vartvie (1625)
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Exp an *° Gas® Fitted I; G | R;) |  Assignment!
cm’ cm’ cm’  km/mol Debve »
~1591 s sh AP 15920 40 000750 00122 - (17°8)or vy
1583.9 vs B 15835 74 0179 00597 vaand ¢
1566.1 s br sh 15661 117 00386 00279 vt (1570)
~1496 s sh 14944 138 00249 00229 v-+viy (1499) OF vetvys (1491)
1477.8 vs A 14776 49 0354 00869 vs
1445.5 vs 5 { 13460 116 00593 00360 } v
14454 30 00677 00384
1387.1 w 13867 9.6 000588 00116 Vietvig(1387)
1370.7 w A 13706 109 000696 0.0126 Vvietvis (1371) or 2viy (1370)
13252 w B? 13253 57 000270 0.00801 Vzs
1319.1 9.9 0.00159 0.00616 Vs+vso(1320)or vigtvy, (1318)
1298.1 m B 12982 80 000634 00124 vstvie (1299) of vigtvys (1303)
or v 3+vs (1298)
12725 m - { 12730 50 000194  0.00693 } v
12693 129 0.00698 0.0132
12352 w A { 12377 100 000329 0.00915 } vretvns (123012
12327 93  0.00272 0.00834
12109 w 12106 135 000491 00113 vir+viy (1209)
1716 m A 11724 187 00167 00212 Vs
11711 1.5 0.000030 0.00104 Vietvis (1171)
1156.4 m 11559 113  0.00632 00131 vz
1122.7 s A? 11232 7.5 00336 00307 Vietvy (1118)
~1116 ssh 11166 99 00244 00262 Vevis(1116)
~1093 s sh 1094.1 13.5 0.0282 0.0285 Vistva (1099)
1083.6 v A { 10839 7.9 0256  0.0863 } .
10808 6.6 00417  0.0349
1068.1 s B { 10680 3.7 00279  0.0287 } v
10642 45 00079 0.0153
1023.1 24 00382  0.0343
1022.8 vs A 10223 33 00749 00480 [ Vs
10200 32 000360 0.0105
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Table 5.1 - Continued

Exp a2 ** Gas® Fited  1; c | ,g’ | Assignment®
cm’ cm’ cm'  km/mol Debye
10126 s 10123 44 000186 00123 vi\is(1014)
1001.9 s A? 10019 2.6 00206 00254 Vs
990.5 m 990.6 11.4 000428 00117 Vio+vio (1000)
983.2 m br 980.7 134 000498 00126 Vis
63.7 mbr 963.0 187 000852 00167 Wiz
9350 m A 9350 106 00125  0.0205 v,+vao (937) or 2vis (936)
~919 m sh 9194 56 0000896 0.00554 va+vso(912)
903.0 5 asym C { 903.5 69 00293  0.0320 } vie
900.1 85 00153  0.0231
~880 wsh ? 8785 7.5 0000495 0.00421 Vis+vzo (881)
866.3 w 8654 9.9 000270 000991 Vigtvis (868)
830.0 m 8302 128 000968 00192 Vi3
8122 m 7 813.0 6.7 0.00132  0.00715 vir+via (815) or vastva, (810)
7439 56 0259 0.105
741.2 vs C 7412 49  0.329 0.118 iz
7386 56 0221 0.0971
2025 ve A { 7029 40 0.122 00739 } vio
701.0 47 00647 00539
685.2 vs C 6851 48 0217 0.100 Vs
662.1 s 7 6619 63 000847 00201 Vistvzo (664)
614.1m B 6140 37 0.00280 00120 Vi
477w { 5492 28  0.000103 0.00243 } virvao (545)
5449 28  0.000095 0.00234
5334w 5338 2.5 0000222 0.00362 V13-V (533)
468.1 vs C 4680 39 00983 00813 Vis
~434 m br sh 433.9 3.3  0.000549y 0.00631 Vig-Vis (435)
4150s A 4151 55 00185 00375 Vn
~400 m sh 4088 7.3 0.00621  0.0219 Vis

a - Wavenumbers of peaks in the imaginary molar polarizability spectrum of liquid chlorobenzene.
b - Abbreviations used: v-very, w-weak, m-medium, s-strong, br-broad, sh-shoulder and db-doublet.
¢ - Band contours in the infrared spectrum of the gas.

d - Calculated wavenumbers are given in brackets.
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In the last column of Table 5.1, an assignment is given. The assignments of the
fundamentals were discussed in Chapter 4. The remaining peaks were assigned as
overtone or combination transitions based on the band shape of the gas spectrum when
observed, and on the agreement of the observed wavenumber with sums or differences of

fundamental wavenumbers.

The accuracy of the C, values is estimated from the sum of the accuracy of the fit
and the accuracy of the real and imaginary refractive indices, » and £, that are used in the
calculation of am. The accuracy for the refractive indices was reported in Chapter 3 and
is 0.2% for n and on the order of 2 to 3% for k. The accuracy of the fit is estimated

from the accuracies of peak heights and areas under the o spectrum, and is about 0.6 to
3% depending on the intensity of the band. Therefore, we estimate that the C, values are

accurate to better than 3-5% for strong peaks and to better than 5-10% for weak peaks.

S.1.1 - Integrated intensities and dipole moment derivatives of the fundamental

vibrations of liquid chlorobenzene.

The integrated intensities, C,, and the absolute values of the dipole moment
derivatives with respect to normal coordinates, |4, of the fundamental vibrations of
liquid chlorobenzene are given in Table 5.2. The |y| were calculated from the C, using
Eq. 1.4.4. As discussed earlier, the accuracy of C, for strong fundamerials is estimated

to be 3-5% and 5-10% for weak bands. Thus, in general, the percent accuracy of |24} for
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Table 5.2 - Dipole moment derivatives of liquid chlorobenzene

A gas
vy, Fitedcm'* C,,° | ) € This work®  Pulay [Ref. 47]°
vi 3069.5° 0.0482°7  0.300° 381° 2.51
va 3069.5 ¢ - f - f - f 15.89
v 3057.9 0.0163 0.175 1.29 0.00
Vs 1592.08 0.0075%  0.118°% 0.598 2.12
vs 1477.6 0.354 0.813 27.95 14.83
Ve 1172.4 0.0167 0.177 1.32 0.05
vyt 1083.9 0.298 0.971 23.50 40.23
vgh 1022.3 0.117 0.723 9.21 10.98
Vo 1001.9 0.0206 0.196 1.63 2.06
vio® 702.9 0.187 0.825 14.74 22.76
vii 415.1 0.0185 0.186 1.46 3.46
via 963.0 0.00852 0.126 0.67" —
Vi3 830.2 0.00968  0.134 0.76" -
Vi 408.8 0.00621 0.108 0.49" —
Vis 980.7 0.00498  0.096 0.39 0.08
vie" 903.5 0.0446 0.403 3.52 3.94
via® 741.2 0.809 2.123 63.88 46.75
Vis 685.1 0.217 0.637 17.13 42.45
Vis 468.0 0.0983 0.429 7.76 8.99
Vao (196.0) 0.09
va 3084.0 0.0319 0.244 2.52 8.80
v (3060.0 7?7)° 8.77
v 1583.58 0.179% 0.5788 14.13 8 19.07
vaet 1445.4 0.127 0.689 10.04 10.79
vas 1325.3 0.00270  0.071 0.21 0.58
vag" 1269.3 0.00892  0.174 0.70 0.34
v 1155.9 0.00632  0.109 0.50 6.00
vagh 1068.0 0.0359 0.350 2.83 2.03
Vae 614.0 0.0028 0.072 0.22 0.17
R (297.5) 0.18

a - Integrated intensities were not obtained for v, and v3 which are below the experimental



wavenumber range of this work.

b - Units are km mole™.

¢ - Units are Debye A" amu™ ~.

d - Integrated intensities for the gas. 4, .., were calculated as 4, .. = &x° 1y with the assumption
that 4,1,5° = H gas -

€ - A, ., values obtained from ab initio calculations reported in Ref. 47.

f - The same wavenumber was assigned to v, and v.. All quantities are assigned to v, in the table.

g - 1584 cm™ was assigned to both v, and v, although the evidence for v, is less conclusive. The
intensity of the fitted band at 1583.5 cm™ was assigned in the table to va;. The reported values for
v4 are those of the much weaker band at 1592 cm™ which may possibly be v,.

h - Several CDHO bands were used to fit the observed band. The wavenumber reported is that of the

prominent contributing band. All related quantities for this vibration are the sums from all
contributing bands as shown in Table 5.1.

i- Ajvibrations in chlorobenzene are infrared inactive in the spectrum of the gas. i.e A, ,,=0 and were
not calculated in Ref. 47. Our values are derived from C;,, as described in footnote d.
j - The wavenumber was assigned based on Raman spectra.

strong fundamentals is about 1.5-2.5% and about 2.5-5% for weak fundamentals.

The only integrated intensities for chlorobenzene in the literature are those
reported by Pulay et al.*’. In their study the authors used scaled ab initio calculations to
obtain wavenumbers and infrared integrated intensities of the fundamental vibrations of
chlorobenzene. In order to compare our results with Pulay’s, our integrated intensities
of the liquid are converted to the integrated intensities the corresponding band would

have in the gas phase if the dipole moment derivative were the same in the liquid and gas

phases.

Equations 1.4.4 and 1.4.5 relate the square of the dipole moment derivative to

the invegrated intensities C; and 4;. For a gas n is 1 and Equation 1.4.5 simplifies to
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Narnt
Apgn =32 G 1 (5.1.2)
This equation and Equation 1.4.4 give
Aipes _ gpr (Lo ) (5.1.3)

(:j !lq M hq

Thus, if the dipole moment derivative is the same in the gas and liquid phases,

A xas can be calculated from our measured C, values by
A, zos = 812 C; = 78.96 C, (5.1.4)

The resulting A, ;. are included in Table 5.2 under the heading " A4, this work". The
integrated intensities, A, . ,», Obtained from ab initio calculation by Pulay et ul.*’ are

given in column 6 of Table 5.2 under the heading "A4;.. Pulay”.

In the following subsections, figures of the curve fitted and experimental o,
spectra and the CDHO bands required in the fit, are given for regions of small

wavenumber range. The intensities of fundamentals in these regions will be discussed

and compared with Pulay’s ab initio intensities.

S.1.1a - Intensities of the CH stretching vibrations

The experimental and curve fitted an spectra of liquid chlorobenzene for the
region of the CH stretching vibrations ai< shown in Figure 5.2. There are seven bands
required to fit this region, centred at 3084, 3069.5, 3057.9, 3056.3, 3025.%&, 3015.7 and

3003.7 cm™. The fit in this region is very good. The area under the Ve spectrum of
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Figure 5.2 - Top - Superimposed experimental imaginary molar polarizability, ay, and curve fitted o,
spectra of liquid chlorobenzene between 3125 and 2975 cm™. Bottom - The prominent CDHO bands in
this region that were used to fit the experimental &, spectrum. Contribution from the 3140 cm™ band

can b? seen as a tail inside the shown region from 3125 to ~3060 cm™. Units for both boxes are cm’
mole™. '
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the fitted bands is 0.1% greater than the area under the Vo, experimental spectrum.

The peak heights are fitted on average to 0.3% and to within 0.7%.

In Chapter 4, three of the five CH stretching fundamentals were assigned to
bands in the infrared spectrum, v;, v; and v2,, and v, and v»; were assigned to features in
the Raman spectrum. It is not clear whether v, and v,; contribute to the infrared
spectrum, although they well may do so. It is also not clear whether all of the intensity
in the CH stretching region should be assigned to the active fundamentals, or just the
intensity in the band required to fit the prominent features that were assigned to the
fundamentals. It is probable that all of the intensity in the region should be so assigned,
on the grounds that some of the fundamental intensity is lent to the many overtone and
combination transitions that contribute to the extensive absorption in this region, through
Fermi resonance between the fundamental state and the various overtone and
combination states. The intensity of the weak overtone and combination bands near the
CH stretching fundamentals s noticeably greater than the intensity of the weak features

further removed, such as those between 200 and 2000 cm™.

Accordingly, the intensity is assigned in two ways. First, the intensities of the
fitted bands at 3084, 3069.5 and 3058 cm'' are assigned to v, vy, and vs, respectively,
and no infrared intensity is assigned to v, and v2;. The total intensity assigned to the
fundamentals in this way is, from Table 5.1, ZCcy = 0.0964 km mole™. The intensity

left to be assigned to overtone and combination bands in this region is 0.6974 km mol,

greater than that assigned to the fundamentals.
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As a consequence, an alternative assignment of the intensity is considered,

namely that the total intensity of the bands between 3125 and 2975 cm™, (', = 0.194 km

mole™ is assigned to the CH stretching fundamentals as a group. With this assignment it
is recognized that the harmonic and anharmonic interactions are sufficiently complex that
assignment of the intensity to individual normal vibrations is not possible, and possibly

not even meaningful.

The equivalent intensity 4, z.; of the fundamentals in these two assignments is
7.61 km mol! and 15.32 km mol™, respectively. The sum of the intensity of the
fundamentals calculated by Pulay*’ is 35.97 km mol”. Unfortunately, Pulay did not
calculate the intrinsic intensity of overtone and combination bands. Clearly, Pulay's
calculated intensities are 4.7 or 2.4 times those found for the liquid, depending on the
assignment used. For benzene” the ratio between the actual intensities of the gas and
those of the liquid, both expressed as 4, .., is 1.72. Thus, part of the difference between
Pulay's calculations and our results may be a significant difference between the intensities

of the CH stretching bands of chlorobenzene in the gas and liquid phases.

5.%.1b - Intensities of the v4, vs, Vo3 and v24 vibrations

The experimental om and curve fitted o, spectra of liquid chlorobenzene between
P P

1650 and 1400 cm™ are shown in Figure 5.3. The fit in this region is good. The area
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Figure 5.3 - Top - Superimposed experimental imaginary molar polarizability, a;,, and curve fitted a,
spectra of liquid chiorobenzene between 1650 and 1400 cm™. Bottom - The prominent CDHO bands in
this region that were used to fit the experimental ¢/ spectrum. Units for both boxes are cm® mole™.
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under the curve fitted an spectrum is greater by 0.75% than the area under the
experimental am spectrum. The peak heights of the fundamentals are reproduced to
better than 0.32%. Those of the weak band at 1622 cm™ and the shoulders at 1566 and

1496 cm™ are reproduced to 5-6%. All of these three bands are due to combination

transitions.

In Chapter 4, v,3 and v, were assigned at the same wavenumber, 1584 cm™.
The assignment of v»; was supported by the various experimental data. On the other
hand, the assignment of v4 was less conclusive and relied on a possible Q branch at 1589
cm’ in the spectrum of the gas phase. Therefore, we assign the intensity of the strong
CDHO band at 1583.5 cm™ to va3. A weak CDHO band centered at 1592 cm™ was

needed to fit the 1591 cm™ shoulder. We tentatively assign its intensity to v

The intensity of the CDHO band at 1477.6 cm™ is assigned to vs while those of
the two CDHO bands at 1446.0 and 1445.4 cm™ which were required to fit the 1445.5

cm™ peak are assigned to va.

The ab initio calculated 4,4 » of Pulay et al*’ is greater by 7% for v.4, 60% for
vs and 35% for v;. They are 3.6 times larger for va. However, if the intensities of v,

and v,3 are combined, since the assignment of v, is not as clear as that of the others,

Pulay’s value is only 45% greater than 4, g,;,.
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5.1.1c - Intensities of the v, Vas, V26 and vz7 vibrations

The experimental am and curve fitted o, spectra of liquid chlorobernizene between
1400 and 1140 cm™ are shown in Figure 5.4. The absorption is weak and, as a
consequence, the fit in this region is not good as in the previous regions. Large
contributions from the strong bands at 1123 and 1084 cm™ influenced the fitting in this
region and the addition of more CDHO bands didn’t improve the fit significantly. Thus,
the fit presented involves the minimum number of bands needed to obtain a decent, but
far from perfect, fit. The area under the curve fitted o is smaller by 0.44% than the
area under the experimental o, spectrum. The peak heights of the 9 peaks in the region
are reproduced on average to 2.5%. The reproduction of only one fundamental, v,; at

1156 cm™, exceeds this average with 4.25%.

The: intensity of the CDHO band at 1325.3 cm™ was assigned to v,s while that of
the close band at 1319.1 cm’* that is needed to fit the distinct shoulder in the o
spectrum is assigned as a combination transition. Similarly, the intensity of the CDHO
band at 1172.4 cm™ is assigned to vs while that of the hardly visible (Fig. 5.2), much

weaker band at 1171.1 cm™ is assigned to a combination transition.

The intensities of the two CDHO bands at 1273.0 and 1269.3 cm™ are assigned

to vz while that of the band at 1155.9 cm™ is assigned to va7.

For vss, Pulay’s* reported Aj.ab in €quals 0.58 km mole™, greater by a factor of
2.8 than our value of 0.21 km mole™’. Pulay’s reported values for the other three

fundamentals in this region are much smaller than the values obtained in this work. For
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Figure 5.4 - Top - Experimental imaginary molar polarizability, o, and curve fitted an spectra of liquid
chlorobenzene between 1400 and 1140 cm™. Bottom - The prominent CDHO bands in this region that
were used to fit the experimental oy, spectrum. Strong contributions from 4 bands at lower

waverlmmbers are clearly seen as tails from 1140 to about 1300 cm™. Units for both boxes are cm’
mole™.
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vz, Pulay’s value is about half of ours, 0.34 versus 0.70 km mole’. For v, Pulay’s

value is about 4% of our value, and for v,; Pulay’s reported value is zero while our value

is 0.50 km mole™.

The fact that for vs, v and vz, our 4, values for the gas are much greater than
those reported by Pulay is perhaps an indication that for these three weak vibrations, the
small dipole moment derivatives are influenced by the liquid forces and are greater in the

liquid than in the gas.

S.1.1d - Iatensities of the v,, vg, Vo and vig vibrations

The experimental oy, and curve fitted an, spectra of liquid chlorobenzene between
1140 and 990 cm™ are shown in Figure 5.5. The fit in this region is very good. 12
bands were needed to fit the nine features visible in the spectrum. Two of the three
unsuspected bands were needed to fit the 1022.8 cm™ peak and the third was needed to
fit the 1084 cm™. The area under the curve fitted o, is greater by 0.49% than the area
under the experimental a,, spectrum. Peak heights in this region are reproduced on

average to better than 1%.

Two CDHO bands at 1083.9 and at 1080.8 cm™ were needed to obtain a good fit
of the very strong band observed at 1083.6 cm™ in the & spectrum of the liquid. Their
combined intensities are assigned to v;. Similarly rhe intensities of the two CDHO

bands at 1068.0 and at 1064.1 cm™ are assigned tc vas and those of the bands at 1023.1,
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Figure 5.5 - Top - Superimposed experimental imaginary molar polarizability, o, and curve fitted a;;,
spectra of liquid chlorobenzene between 1140 and 990 cm™. Bottom ~ The prominent CDHO bands in
this region that were used to fit the experimental o spectrum. Units for both boxes are cm® mole™.
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1022.3 and 1020.0 cm™' are assigned to vs. The vo band at 1001.9 cm™ was fitted nearly

perfectly by a single fitted band

Pulay’s*’ reported 4, 5., values for v, vg and vy are greater than the assigned
A, zus values by 71%, 19% and 26%, respectively (Table 5.2). Pulay’s reported 4, 45 . for

v2s, is smaller than the assigned value by about 18%.

5.1.1e - Intensities of the v,;, vy3, Vis and v, vibrations

The experimental o, and curve fitted an spectra of liquid chlorobenzene between
990 and 800 cm™ are shown in Figure 5.6. The fit between 950 and 850 cm™ is very
good but in the remaining, weak, regions it is not good. At the low wavenumber end
this is partly because the spectrum is influenced by strong bands outside the region, the
tails of which can be clearly seen in Fig 5.6. The area under the curve fitted an is
smaller by 1.32% than the area under the experimental a,; spectrum. Peak heights in

this region are reproduced on average to 2.5%.

Two CDHO bands at 903.5 and at 900.1 cm™ were needed to obtain a good fit of
the strong asymmetric band observed at 903.0 cm™ in the o spectrum of the liquid.

Their combined intensities were assigned to vis.

viz2 and v,3 are A; vibrations and as such are infrared inactive in the spectrum of
the gas and their intensities were not calculated by Pulay*’. The values reported by us

in Table 5.2 for the 4., of the A, vibrations were calculated from the C;, following
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Figure 5.6 - Top - Superimpose\y %ﬁﬂeﬁ&qgﬁumm polarizability, am, and curve fitted an
spectra of liquid chiorobenzene between 990 and 800 cm™”. Bottom - The prominent CDHO bands in
this region that were used to fit the experimental o, spectrum. Strong contributions from bands outside
the shown region can be seen as tails on either sides of the region. Units for both boxes are cm’ mole™.
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the same procedure as for the other modes.

For the two B, vibrations in this region, v,s and v,¢, Pulay’s reported 4, a1 is
smaller than our assigned value for v,s by 79% (0.05 vs. 0.39 km mole™) and for vie is
greater by 12% (3.94 vs. 3.52 km mole’). Pulay’s calculated relative intensities support
the assignment of these two modes, particularly that of v;s to an extremely weak infrared

feature.

5.1.1f - Intensities of the vyg, V17 and v, vibrations

The experimental am and curve fitted a. spectra of liquid chlorobenzene between
800 and 650 cm™ are shown in Figure 5.7. The area under the curve fitted o, is greater
by 1.66% than the area under the experimental oy spectrum. The peak height of v,; at
741 cm is reproduced to 1.55% while those of vy and v;g at 703 and 685 cm™,

respectively, are reproduced to better than 0.15%.

Three CDHO bands at 743.9, 741.2 and 738.6 cm™ were needed to obtain a
good fit of the very strong band observed at 741.2 cm’™ in the as spectrum of the liquid.
Their combined intensities were assigned to vi7. Pulay’s*’ reported 45 :n 0f 46.75 km

mole™ is lower by 27% the assigned intensity of 63.88 km mole™.

Two CDHO bands at 702.9 and 701.0 cm™ were needed to obtain fit the vio band
at 702.5 cm™ and their combined intensities were assigned to vio. Pulay’s*’ reported

A; b m Of 22.76 km male is 55% greater than the assigned value of 14.74 km mole™.
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Figure 5.7 - Top - Superimposed experimental imaginary molar polarizability, a,, and curve fitted a;,
spectra of liquid chlorobenzene between 800 and 650 cm™. Bottom - The prominent CDHO bands in
this region that were used to fit the experimental o spectrum. Units for both boxes are cm® mole™.
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vis at 685 cm™ was fitted by a single of C;/=0.217 km mole™ and corresponding

A, o= 17.13 km mole”. Pulay’s value 42.45 km mole™, greater by a factor of 2.5

S.1.1g - Intensities of the 1, Vi4, V13, V20, V29 and v3g vibrations

The experimental o, and curve fitted o spectra of liquid chlorobenzene between
650 and 350 cm’™ are shown in Figure 5.8. The fit in this region is not as good as in
other regions. The area under the curve fitted am is greater by 7.8% than the area under
the experimental on spectrum. Peak heights are reproduced to 2-4%. The poor fit is
due partly to the curve fitted wings of the band at 468 cm™ being higher than the wings
of that band in the experimental spectrum, and partly to poorer experimental data

between 521 and 484.5 cm™ for which & was set to zero (Table 3.5).

The bands at 614 cm™, due to v4s, and 468 cm™, due to vy, were each fitted by a
single CDHO band. The two fitted bands at 415.1 and 408.8 cm™ were assigned to v

and v,4, respectively, the latter very tentatively.

No comparison is made for three vibrations. The wavenumbers of two
fundamentals, v and v3¢, are below the experimental range so their intensities were not

measured. The intensity of vi4, an A, vibration, is zero for the gas, so was not

calculated by Pulay et al.*’.

Pulay’s"’ reported intensities, 4 .ab in, OT V11, V1o and v are greater by a factor of

2.4, greater by 16% and smaller by 23%, respectively, than our assigned intensities, 4 gas,
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Figus: 5.8 - Top - Superimposed experimental imaginary molar polarizability, a,;, and curve fitted o,
spectra of liquid chlorobenzene between 650 and 350 cm™. Bottom - The prominent CDHO bands in
this region that were used to fit the experimental @ spectrum. Units for both boxes are cm® mole™.
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for these vibrations. However, the magnitude of Pulay’s intensities clearly support the

assignments.

S.1.2 - Summary of intensity assignment of chlorobenzene

The assignment of the fundamental vibrations to the experimentally observed
infrared bands of liquid chlorobenzene is given in Table 4.10, and the assignment of the

intensity of the fitted bands is summarized in Table 5.2.

The comparison of the 4, ., values, which were calculated from the C, values of
the liquid under the assumption that the dipole moment derivatives are the same in the
gas and liquid phases, with the 4,45 ., values, which were calculated by Pulay*’ by ab
initio quantum mechanics is of interest. The agreement is extremely good in the sense
that Pulay's calculations repr-duce the pattern of intensities extremely well. He
calculates weak bands to be v.xai: and intense bands to be intense. The numerical
agreement is within a factor of two for most cases, which is remarkably good. In
principle there is no reason for agreement between intensities calculated for the gas and
those observed for the liquid. The agreement observed must mean that the vibrations in
question have very similar intensities in the two phases, and that the ab initio calculations

do a remarkably good job of calculating them.

There are notable exceptions. As discussed in Section 5.1.1a, the CH stretching
intensities in Table 5.2 were obtained by assigning the intensity of the fitted band to a

specific fundamental, and the total is nearly 5 times smaller than Pulay calculated. If the
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total intensity in the region is assigned to the CH stretching fundamentals collectively,
the measured intensities are smailer than Pulay's by a factor of 2.4. This can be
compared with a factor of 1.7 between the intensities measured for gaseous and liquid

benzene, to suggest that the CH stretching vibrations of chlorobenzene may also be

much weaker in the liquid than in the gas phase. However, firm conclusions must await

the measurement of the gas phase intensities.

Another exception to the factor of two generality is for v;3 at 685 cm’', which is
~2.5 times weaker than calculated. But the experimental intensity of vi; and vig
combined is ~81 km mol™, just 9% smaller than Pulay's calculated value, 89.2 km mole™.
Thus, with reference to Table 4.10, the difference probably arises because the
calculations for the gas gave different contributions to these two vibrations from the two
sets of out-of-plane displacements, the CCCC torsion and the oop hydrogen motion,
than actually occur in the liquid. A similar explanation may well be correct for the
weaker example of v,s and v»¢ for which the total intensity calculated is within 2% of

that observed, but the distribution between the two vibrations is different.

Thus, the experimental study and assignment of the liquid and the ab initio

calculations of Pulay are thought to support each other strongly.

The assignment of nearly all of the other fitted bands that are classified as "weak"
or stronger was made from the sums of the fundamental wavenumbers with little
difficulty. They will provide experimental evidence against which to compare

calculations of the intensities of the overtone and combination bands, which are only
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active through the anharmonic parts of the potential energy and the non-linearity of the

dipole moment with respect to internuclear distance.

Many of the very weak bands above 2000 cm™ have not been assigned in this

way, mainly because there are frequently many possible assignments for them.

5.2 - Integrated intensities and dipole moment derivatives of liquid toluene

The imaginary molar polarizability, am, spectrum of liquid toluene was fitted with
166 CDHO bands between 4800 and 442 cm™. An entire spectrum, called the fitted
spectrum, was computed through the summation of all the 166 band spectra, each of
which expanded over the full range, 4800-442 cm™. This fitted spectrum and the a2

spectrum are shown in Figure 5.9.

The two spectra almost coincide and, in general, the fit is very good, especially
for peak heights and areas under the spectra. As can be seen from the magnified curves

in Fig 5.9, the fit is not as good at the wings of sharp bands.

For peak of heights < 0.01 cm® mole, between 0.01 and 0.1 cm® mole™,
between 0.1 and 1 cm’ mole™, and greater than 1 cm® mole™, the average percent
difference between the fitted and measured spectra are £3%, +2.3%, +1.1% and +0.5%,

respectively.

For the region between 4800 and 800 cm™, the area under the fitted spectrum is

smaller than the area under the oy, spectrum by 0.45% and for the region between 800
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Figure 5.9 - The experimental imaginary molar polarizability, am, spectrum and curve fitted oy,
spectrum of liquid toluene. Units are cm® mole. In each box, the ordinate scale is for the lower
curves. It needs to be divided by the multiplication factor for the upper curves. The two spectra
coincide over most of the range.



Table 5.3 - Integrated intensities of toluene.

203

Exp af *° Gas* Fitted I G | 1}7 |  Assignment®
cm! em’  cm' km/mol Debye
~3716 vw brsh 47139 954 0.00867 0.00761
~4682vw br sh 4681.4 184 0.000568 0.00195 vai+vs(4691)
4667.0 vw 4667.2 208 000378  0.00505 Vi+v4(4667) or vy +va; (4673)
4637.1 vw 4639.0 21.7 0.00234 0.00399  vi+vys (4643) or vat+va; (4642)
~4623 vw sh 46229 209 0.00138 0.00307 vitvas (4625)
4612.1 vw 46113 21.6 000481 0.00573 Vv2t+va (4614)
4573.6 vw br 4573.5 182 0.00153 0.00325 vaitvs (4582)7
4570.2 61.2 0.00348  0.00490
~4536 vw brsh
~4495 vw brsh 4501.9 59.0 0.00120 0.00290
~4435vw br sh 44347 53.1 0.00198 0.00375 Vv2tvsz (4433) or vi+vs; (4441)
4388.7 vw 43933 57.1 0.0101 0.00851
~4357 vw 4356.0 51.8 000474 0.00585
4311.0 vw br 4308.1 63.4 00141 0.0102
4261.3 vw 42619 216 0.00293 0.00465
42443 vw br 42410 33.1 0.00583 0.00658
~4211 vw sh 42086 27.3 0.00155 0.00341
4186.3 vw 41854 205 000108 0.00285 vz2tva; (4183)
4161.3 vw br 4160.2 322 000202 0.00391
41323 vw 41329 254 000144 0.00331
4106.7 vw br sh 41107 225 0.00129 0.00314
40783 220 0.00635 0.0070
~3065 w vvbr 40654 213 000681 0.00726
4055.2 159 0.00397 0.00555
4036.3 w 4035.7 218 00144 0.0106
~4007 vw sh 4003.7 19.1 0.00149  0.00342
3980.3 vw 3980.0 158 0.000979 0.00278
3951.2 vwbr 3951.7 41.7 0.00460 0.00606
3923.8 vw 39236 19.6 0.00142  0.00338 Vait+vs (3922) or vaotvie (3922)
3909.9 vw 3909.5 156 0.000938 0.00275 -




Table 5.3 - Continued

204

Exp am *° Fitted T ¢, | }ET |  Assignment!
cm’! cm’ cm”’  km/ mol Dche

38959 vw br db ? 38977 17.9  0.000898  0.00269  Vatvis (3901) of vatvyy (389R)
3888.1 199 0.00102  0.00287 Vutvi: (3886)

3869.7 vw 3870.0 193 0.00167  0.00369 Vizrvy; (3B70) of vy tvy, (3872)

3847.2 vw br db 3850.5 20.6 0.00149  0.00349
3838.0 29.1 0.00302  0.00498

3812.2 vw br 3811.6 29.1 0.00203  0.00410

3786.3 vw 3785.7 17.1 0.00133  0.00333 vat+v;- (3785)

3763.9 vw 3762.3  23.1  0.000717 0.00245 v3+v3(3763)

~3738 vw br sh 37380 22,9 0.000461 0.00197

3724.1 vw 37244 16.7 0.00867 0.00856 v:2tvig (3722)

3707.0 vw 3706.7 16.2 0.000797 0.00260 Vva1+V2o (3708) or vy +vi, (3705)

3675.0 vw 3678.2 28.8 0.00162  0.00372 va2+v (3677)

3649.0 vw 3649.1 219 0.00344  0.00545 Vvu+vy7(3650) or vaatvag (3649)

3624.0 vw 3623.1 15.0 0.000935 0.00285

3598.9 vw br 3600.6 17.9 0.00346  0.00550 va+vy; (3607)

3584.6 vw 3585.1 15.1 0.000744 0.00256 Vvi+vy; (3583)

3549.8 vw br 3550.5 21.1 0.00963  0.00924

3519.3 vw 35185 13.6 0.00305 0.00523 va2+vie (3519)

3494.7 vw br 34949 144 0.000099 0.00094

~3472 vw br sh 34714 142 0.000057 0.00072 Vissrtvy (3471)

3439.7 vw 34394 21.6 0.00105 0.00310 v3 + vy (3441)

~3404 vw sh 3397.5 20.1 0.000280 0.00161 Vv2+Vig (3401) or v +vy, (3408)

3385.3 vw br 33813 179 0.000376 0.00187 V3+Vi, (3384) of vy +vo (3384)

~3325 vw br sh 33300 10.2 0.000127 0.00110 v3+vi4(3325)

3306.5 vw 33175 9.0  0.000079 0.00087 Vatvz(3303)

~3203 vw br sh 2v, (3209)

3167.5 vw 31680 3.1 0.000184 0.00135 2v23 (3173)0r viatvy, (~3167)

~3115 wor sh 31144 93 0.00335  0.00582

3104.1 m 31053 82 0.00878  0.00944 Vatvs (3100)

3086.4 s 30863 109 0.0617 0.0251 vz

3062.1 s br 3963.8 184 0.0982 0.0318 v
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Exp an *° Gas® Fited 7; G l ;g’ |  Assignment®
cm’ cm’ cm' km/mol Debve ‘
~3055 s br sh 30540 199 00510 0.0229 v:and?? vy
3027.0s B 30273 19.0 0335 0.0590  Va:
~3003 s sh 30024 150 00234 00157  3v9(3007)
2979.1sbr 29806 29.1 0.0709 0.0274  Vitvi: (2984)
~2950 s sh 2950.1 394 0.167 00422 ?visand 7? vy
29199 A { 29207 218 0149  0.0401 }VN
[ 29161 115 00139 00123 |
2872.3 s vbr 28754 27.7 0.0825 0.0301  Vvs+vs2 (2875)
28602 21.4 0.0503 0.0235

~2824 w br sh
~2811w br sh 28089 8.5 0.000599 0.00259
~2780 vw br sh vatv, (2783)
2734.1w A? 27330 108 0.00897 0.0102  Vii-vao (2733) 7?
~2692 vw br sh 2689.1 6.8 0.000051 0.00077 Vi+vze(2692)
2671.7 vw 26716 6.5 0.000155 0.00135
~2657 vw br sh 26560 106 0.000232 0.00166 2vas (2664)
~2644 vw br sh 26444 157 0.000578 0.00262 Va+viess (2646)
2631.9 vw 26320 102 0.000687 0.00287
~2624 vw br sh 2624.1 141 0.000463 0.00236 V23+Vis39 (2628) or 2vag (2625)
~2609 vw br sh 26093 159 0.00125 0.00388
2604.7 vw 2603.9 8.0 0.000585 0.00266 Vitve(2607)
2585.9 vw A? 25860 102 0.00331 0.00636
~2576 vw 2576.4 175 0.000400 0.00221 Vstvz (2577)
2548.2 vw 25506 19.2 0.000819 0.00318 Vzt+vi2(2553)
2540.4 vw 25396 125 0.000795 0.00314 VitV (2542) Or vastve (2542)
~2521 vw br sh 25218 154 0.000415 0.00228
250%.2 vw 2509.4 105 0.000558 0.00837 Vastvs(2511)
2496.7 vw 24972 120 0.000434 0.00233
~2490 vw br sh 24875 221 0.000918 0.00341
2465.4 vw br db 24622 369 0.00277  0.00595
2431.2 vwbr 24326 194 0.00113  0.00383 Vax+vis (2429)




Table 5.3 - Continued
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”

E.\.p al ab

Gas® Fited 1; & i R_; |  Assignment

cm’ cm’  om’ km/mol Debye
24124 ww 24125 204 0.00382 0.00706
2389.0 vw 2388.8 17.1 0.00216 0.00534
2360.6 vw 2360.7 6.3 0.00106 0.00376 Vastvg (2362) or vatva- (23663
~2354 vw br sh 23556 242 Q.00319 0.00653
23353 w 23355 10.3 0.00298 0.00634
2312.6 vw A? 23126 10.4 0.00233 0.00563
2286.1 vw db 22876 184 0.00175 0.00491
2280.7 vw db 2279.6 12.5 0.000716 0.00315
2260.5 vw B 2260.3 13.3 0.00176 0.00495  v:+vag (2260)
~2240 vw 22404 63.6 0.00214 0.00549  vs+vg (2240)
2237.3 vw 2236.6 6.8 0.000121 000131 v2r+v(2237)
~2225 vw br sh
2207.5 vw 2207.7 7.1 0.000507 0.00269
2185.3 vwbr B 2186.0 13.4 0.00105 0.00389 Vvar+vg (2186)
2163.7 vw A 21634 10.1 0.00178 0.00509 V32tV (2165)
~2138 vw sh
~2123 vw sh
2116.6 vw 21149 243 0000648 0.00322
~2111 vw sh
2068.5 vw 2069.5 12.3 0.000356 0.00233
2032.0 vw vg+vs (2032)
~2014 vw sh 20146 7.7 0.000222 000186 Vs+vi (2017)
2008.5 vw br C? 20082 8.9 0.000469 0.00271 Vstvi5(2011)
1991.1 vw A 19916 94 0.00157 0.00498 Vet+Vvio (1996)
1983.6 vw br C? 1983.8 5.2 0.000334 0.00230 Vetv,s(1983)
~1958 w sh A 19594 146 0.00812 0.0114 va+vy, (1964) or 2v)s (1960)
1942.1m B 1942.1 16.7 0.0267 0.0208 vis+vyz (1947) or vyr+vy, (1942)
1897.9 vw br 1899.9 4.0 0.000147 0.00156 Vstvie(1898) or vy +vy; (1900)
1872.0 wbr A 1873.7 159 0.0108 0.0135 vistvie (1876)
1857.6 m B 1857.3 143 0.0201 0.0185 V12tV (1862) or vastvy, (1853)
~1820 w sh B? 1822.1 17.0 0.00367 0.00797 Vistvi; (1823)
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Exp a2 Gas® Fited I c | R_; |  Assignmemt®
cm? cm’ cm’ km/mol Debye
1802.6 m A 18025 170 00215 00194
1778.5 wbr 1776.1 180 000358 0.00797 Vvz+va5 (1778) or 3A- options
17356 w 17353 162 00110 00141 Vvigtvi3 (1738)
1696.8 w 16974 93  0.000968 0.00424
1676.7 w 16758 183 0.00197  0.00609
1657.8 wbr
1623.1 mbr Q? 16236 12.7 00117 00151 vis+tvi- (1625)?
1604.6 < A { 16049 47 00319  0.0250 }W
16028 74 00249 00221
1586.7 m br 15900 269 00207 00203 vz
1572.1 m Q? 15714 162 00141 00168  2vio (1571) or viz+vy7 (1573)
1550.3 m br Q? vg+vyy (1551) or vetvig (1556)
~1537 mbrsh 15300 45.1 00358 00271 Vvis+vis (1538)
1523.6 sbr B?? 15235 52 0.00571 0.0109  vi+vso(1525)
1495.7 vs A { 14957 40 0.113 0.0488 }VS
14943 105 0.0467  0.0314
1460.3 s br 1459.8 319 0.250 0.0734 V3572, vig 7?7 and v24 ??
~1422 msh 1419.7 188 0.00653 00120  vi7+vig (1425) Or ve+vag (1427)
Or vag+vao (1427)
1378.9 s A { 13823 444 00356  0.0285 }VR
13790 7.1 0.0170  0.0197
13320 w B? 13320 100 0.00174 0.00641 Vs
13127 w B 13127 100 0.00331  0.00891 V¢
~1302 wsh 1300.7 122 0.00127 0.00555 Vie+vis (1300)
1277.6 wbr 12776  22.6 0.00236 0.00763 Vs-v20(1279)
1248.7 w 12482 220 0.00593  0.0122
12102 A 12101 63 0.00480 00112 Ve
~1193 wbr sh Q? 1193.4 187 0.00602 0.0126 Vir+vis (1194) or vis+va (1198)
11786 s 11786 5.7 00103 00166 V7
11559 m 11568 315 0.0219  0.0244 vz
~1130 wbr sh

Viotvio (1132) or vyrt+vyy (l 135)
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Exp a *° Gas*® Fited I o/ | }g) |  Assignment!
cm’' cm’  cm’ km/mol Debye
1106.5 m B 1106.5 94 006102 0.0170 vigtvis (1100)
10814 s B 1081.1 86 0.0521 0.0390 Vo
10414 s 2 { 10426 11.4 00145 0.0209 vie 72 and vie 77
1040.2 37.2 0.0604 0.0328
1030.1 s A 1030.0 3.9 0.0261 0.0283 Vg
10023 m 1001.5 108 0.00394 0.0111 Vo
980.7m 9809 232 00115 0.0192 vis 7?
966.4 m br 964.2 15.7 0.00591 0.0139 vi2??
~947 w br sh 9474 17.7 0.00559 0.0136 Virtvae (947)
929 6w 929.0 12.1  0.00366 0.0111 2v19(929) or vi1+v,4 (926)
~910 w br sh 9104 13.9 0.00211 0.00854 v g+vy (912)
8954s C 8954 86 00126 0.0211 Vig
829w 8723 14.2 0.00264 0.00976 Viotvis (869) or dvag (868)
842.7m 8428 174 0.00783 0.0171 Vi3
810.4 w br sh Vigtvio (810) or 2v,4 (811)
785.6s A 785.5 3.7 0.00337 0.0116 Vie
7299 vs C 729.9 6.7 0777 0.183 V17
694.9 41 0.189 0.0926
694.8 vs C 693.1 3.2 00151 0.0262 Vis
690.9 42 0.0115 0.0229
~678 sbrsh 677.5 6.8 0.00857 0.0200 vigtva (681)
633.0 w sh
622.0m 621.9 6.6 0.00161 0.00903 v
565.2 vw br Vio+vae (563)
5378w 537.5 45 0.000342 0.00448
521.0m A 5210 44 0.00297 0.0134 v
~508 vw sh 509.6 12.7 0.000341 0.00459
464.4 vs C 464.4 4.1 0.110 0.0864 Vig

a - Wavenumbers of peaks in the imaginary molar polarizability spectrum of liquid toluene.

b - Abbreviations used: v-very, w-weak, m-medium, s-strong, br-broad, sh-shoulder and db-doublet.
¢ - Band contours in the infrared spectrum of the gas.
d - Calculated wavenumbers are given in brackets.
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and 440 cm’), it is greater by 2.8% than that of the o, spectrum. Overall, the area under

the fitted spectrum is greater by 1.5% than that under the a; spectrum.

The parameters of the 166 CDHO bands required to fit the an spectrum of
toluene are given in Table 5.3. The table is arranged similarly to Table 5.1 of
chlorobenzene. The accuracy of the integrated intensities, C,, is estimated from the sum
of the accuracy of the fit and the accuracy of the real and imaginary refractive indices, »
and %, that are used in the calculation of the ax spectrum of toluene. The accuracy of
the refractive indices was reported in Chapter 2 and is 0.2% for n and on the order of 2
to 3% for k. The accuracy of the fit is about 0.5 to 3% depending on the intensity of the
band. Therefore, the accuracy of C; is estimated to be better than 3-5% for strong peaks

and 5-10% for weak peaks.

5.2.1 - Integrated intensities and dipole moment derivatives of the fundamentsl

vibrations of liquid toluene

The intensities of the bands fitted to the experimental oy, spectrum are assigned in
the following sub-sections to the fundamental vibrations of toluene. Table 5.4
summarize: . - integrated intensities, Cj, of the fundamental vibrations and the dipole
moment derivatives with respect to the normal coordinates, |1}, calculated from them
through Eq. 1.4.4. The estimated errors in the intensities are discussed above, and the
errors in the dipole moment derivatives are estimated to be about 2% for strong

fundamentals and about 4% or more for weak ones. In some cases it will be clear that .
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the uncertainty in the assignment is considerable, making the estimated error in the

values potentially very large.

The only integrated intensities of toluene reported in the literature are those
published by Boggs?® and by Galabov®®>. Boggs er al. used :caled ab initio calculations
to obtain wavenumbers and infrared integrated intensities, 4, .» ... of the fundamental
vibrations of toluene. The latter are given in column 6 of Table 5.4. Galabov er al.
used ab initio calculation to obtain the sign of the dipole moment derivatives with
respect to symmetry coordinates but refined their calculated intensities through a least
squares refinement procedure using experimental integrated intensity data for 4 bands of
benzene, 12 bands of toluene and 16 bands of toluene-ds. Galabov used an empirical
force field developed for methyl benzenes by La Lau and Snyder'’, so, in contrast to
Boggs, their wavenumbers and eigenvectors were not determined from ab initio
calculations. The problems of separating the contributions of overlapping bands to the
total intensity are more severe for the generally broader gas-phase bands than for the
liquid-phase bands. Galabov ef al. acknowledged the problem, but gave no information
that allows the error of their experimental intensities to be estimated. Galabov’s
computed, 4.5 », and experimental, 4, ..,, intensities are given in columns 7 and 8 of
Table 5.4. For comparison, our integrated intensities of the gas, 4, ,.., were calculated
from the C, of the liquid using Eq. 1.5.4 under the assumption that the | 4| values are the

same in the gas and in the liquid phases, and are given in column 5 of Table 5.4.
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Table 5.4 - Dipole moment derivatives and integrated intensities of toluene

____________ Thiswork Boggs™ Galabov™®

v, Fitedcm™* G, ° L) A pas ™° Apabin ™ Apabin "t Aperp”
v 3063.8 0.0982 0.428 775 14.52 0.49 8

va 3054.0 0.0510 0.309 103 14.62 4.03 26.45°
vi  (30387)" 00 0.0 0.0 5.57 3.40 8

Va 1604.9 0.0568 0.160 149 6.31 0.61 7.26°
vs 1495.7 0.160 0.755 12.61 1595  11.50 11.87
ve 1210.1 0.00480  0.095 0.38 0.03

vs 1178.6 0.0103 0.139 081 0.22

ve 1030.0 0.0261 0.221 2.06 1.41 2.30

ve 1001.5 0.00394  0.086 0.31 0.13
vio 785.5 0.00337  0.079 0.27 0.35 0.72 k
vin 521.0 0.00297  0.074 0.23 0.77 0.08 ‘
Vi 964.2 0.00591  0.105 047" 0.00
vis 842.7 0.00783  0.121 062" 0.00
Via (405 7) 0.00
vis 980.9 0.0115 0.147 0.91 0.22
vis 895.4 0.0126 0.153 0.99 0.39
vi7 729.9 0.777 1.205 61.35 47.18 3448 40.96
Vis 694.9" 0.216 0.909 17.02 2799  18.18 k
vis 464.4 0.110 0.453 8.69 8.47 6.00 6.24°
vio Qi 2.48
var 3086.3 0.0617 0.340 4.87 4301 19.16 38.18°¢
vaa 30273 0.335 0.791 26.45 3.61  31.85 8
vas 1590.0 0.0207 0.197 1.63 0.83 0.95 )
Vaa 1459.8 0250"  0683° 19.74"° 14.56 1.16 6.54°
Vas 1332.0 0.00174  0.057 0.14 0.00 0.02 P
vas 1312.7 0.00331  0.079 0.26 0.03
vay 1156.8 0.0219 0.202 1.73 0.20
vag 1081.1 0.0521 0.312 4.11 3.70 3.52 4.30
vas 621.9 0.00161  0.055 0.13 0.09 0.01 k

V3o (346) 0.42




Table 5.4 - Continued

____________ Thiswork ____~__~ Boggs™ Galabov™
v Fivedem'® Cup®  wl° Augas ™ Aor ™ A Aprp”
V3, 2920.7 0.149 0.528 11.76 27.05 10.42 11.08
V3o 1382.3" 0.0526 0.436 4.15 0.39 3.26 3.08°
viz  (<100)
Vs 2950.1 9 -1 —1 _— 28.25 5.50 18.52°
Vis 14598 " --" --" - 5.15 245 °
V3g 10426° 0.0145° 0.165° 1.14° 9.24
V3 2950.1 ¢ 0.167¢ 0.559 9 13.1919 18.46 12.94 '
Vig 1459.8 " --n - - 0.15 3.78 °
V3o 1040.2° 0.064 ° 0.336" 4.77° 0.02

4~

integrated intensities were not obtained for v, vao. V30 and vs3 which are below the experimental

waver:amber range for this work.

b- Units are km mole™.

¢~ Units are Debye A amu™”.

d - Integrated intensities for the gas, 4,5, were calculated as 4,5, = 87" C,,,, with the assumption

that g1,° = Ligas’.

€ - Ajg, values obtained from ab initio calculations reported in Ref. 26.

f- A;g values reported in Ref. 29. Intensities were obtained from ab initio calculations refined with
experimental intensities of 4 bands of benzene, 12 bands in toluene and 16 bands in toluene-ds.

g - Total aromatic CH stretching intensity is 64.63 km mole’. Galabov gave the two values 26.45 and
38.18 given in the table but did not say how the separation was achieved.
h - This vibration has not been assigned with confidence.

i - More than one CDHO band was used in the fit. The wavenumber listed is that of the prominent

j-

contributing band. Al related quantities for this vibration are the sums from all contributing bands.

Experimental 4;,.. was given for v, and v,; collectively.

k - Experimental 4;,,, was given for v;o, v;7, vis and vy collectively.

¢ - Experimental 4, ... was given for v;; and v, collectively.

m - A; vibrations in chlorobenzene are infrared inactive in the spectrum of the gas, i.e 4,5, = 0. Our

values are derived from C;,, as described in footnote d.

n - The same wavenumber was assigned 10 v24, vas and vsg. All quantities are assigned in this table to

o - Experimental 4, ;.. was given for v,4, v3s and vi3 collectively.

V24.
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p - Experimental 4,,.. was given for vas and vs: collectively.

q - The same wavenumber was assigned to v3; and vis. All quantities are assigned to vi; in this table.

r - The value given for v includes the intensity of and vi-.

s - 1041 cm™ was assigned to both vis and vi,. The intensities of the fitted bands at 1042.6 and
1040.2 cm™ were assigned arbitrarily to v and vs respectively.

~5.2.1a - Integrated intensities of the CH stretching vibrations

The experimental o, and curve fitted an spectra of liquid toluene in the region of
the CH stretching vibrations are shown in Figure 5.10. The fit in this region is very
good. The area under the curve fitted o is smaller by 0.1% than the area under the
experimental oy spectrum. Peak heights are reproduced on average to 0.6% and no

fundamental exceeds 1.1%.

The existence of many relatively intense overtone and combination bands in the
CH stretch region again makes it impossible to make a unique assignment of the intensity
to the different normal vibrations. The possible assignments are presented and discussed
below, starting with the assignment of the intensity of specific fitted bands to specific

fundamentals.

The intensity assignments of four of the five aromatic CH stretching vibrations,
Va1, Vi, V2 and v»; are straightforward. The intensities of the single CDHO bands at
3086, 3064, 3055 and 3027 cm™, are assigned to these vibrations, respectively. In
section 4.5.1, v; was assigned to 2 Raman band at 3038 cm™ with no infrared
counterpart identified. No additional CDHO band was nee“ad to improve the fit in this

region, and no integrated intensity is assigned to this vibration.
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Figure 5.10 - Top - Superimposed experimental imaginary molar polarizability, o, and curve fitted oy,
spectra of liquid toluene between 3150 and 2800 cm™. Bottom - The prominent CDHO bands in this
region that were used to fit the experimental o}, spectrum. Units for both boxes are cm® mole™ .
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The combined intensities, A4, .., of the aromatic CH stretching vibrations,
calculated from the assigned C, , is 43.1 km mole™’. Galabov’s®® combined

experimental value, 4, .., is 64.6 km mole™?, about 50% greater than our value.

Boggs’?® value, 4,5, of 81.3 km mole™ is about a factor of 2 larger than our value.

The intensity of the fitted band at 2920.7 cm™ is assigned to the syrmmetric CHa
stretching vibration. This yields an 4, g, value of 11.76 km mole™ which is within 6% of
Galabov’s experimental value for the gas, 11.05 km mole. Boggs’ calculated value®,

A, abm is 27.05 km mole™, 2.3 times greater than either of these experimental values.

The assignment of the antisymmetric CHj3 stretching vibrations vi4 and v37 is very
uncertain. They were both tentatively assigned in section 4.5.5 to the broad peak at
2950 cm™. This peak was fitted by a single band of intensity C, = 0.167 km mole™,
which is equivalent 10 4, = 13.2 km mole”. Galabov's combined experimental value
for these two vibrations is 18.5 km mole™ and Boggs' combined ab initio value is 46.7
km mole”. These values are greater than our value by 40% and by a factor of 3.5,
respectively. Under this assignment the intensities 4, g,; of the aromé,tic and aliphatic
CH stretching vibrations are 43.1 and 25.0 km mole™, respectively, while those of
Galabov are 64.6 and 29.5 km mole™ and those of Boggs 81.3 and 73.7 km mole!. The

agreement is not impressive.

A second assignment is to note that the CDHO band at 2980.6 cm is assigned in
Table 5.3 to the combination transition v4+v3; because the polarized band in the Raman

spectrum excludes it from being assigned as a B; or a B, vibration (section 4.5.5). If,
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however, its intensity is added to that of the 2950 cm™ band, the combined A, .., is then
18.78 km mole™, within 1% of Galabov's experimental value. Boggs' value is then

greater by a factor of 2.5 than our value, which is similar to the discrepancy observed in

the aromatic CH stretching vibrations.

A third alternative assignment, and possibly the most probable, is to assign to the
CH stretching fundamentals all of the intensity in the region where the overtone and
combination bands are unusually strong, namely between 3200 and 2775 cm™. This
intensity is C, = 1.08 km mole™ which transforms to 4, ;.. = 84.1 km mole'. The sum of
all of the intensity in this region reported by Galabov or Boggs is 94.2 or 155 km mole™,
respectively, but there is no indication in the case of Galabov whether he has removed

any of the experimental intensity as due to overtone or combination bands.

In a somewhat arbitrary attempt to refine this assignment by separating the

aromatic and aliphatic CH stretching intensities, the total area under the spectrum was

divided at 3000 cm™ to obtain ZC, = 0.581 km mole" between 3200 and 3000 cm™ and

0.498 km mole™ between 3000 and 2775 cm™. These values convert to 2A;, =459 km

mole™ for the aromatic CH and 39.3 km mole for the aliphatic CH, which compares
with 43.1 for the aromatic and 25.0 for the aliphatic under the first assignment. Clearly,
the first and third assignments are not very different for the aromatic CH stretching

vibrations but the third assignment increases the intensity of the aliphatic CH stretches by

56%.

These assignments of the CH stretching vibrations are discussed again later in a
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comparison of the intensities of different molecules.

5.2.1b - Integrated intensities of the v, Vs, Va3, Va4, V32, V3s and v3g vibrations

The experimental o, and curve fitted an, spectra of liquid toluene between 1650
and 1350 cm™ are shown in Figure 5.11. The fit in this region is very good. The area
under the curve fitted o, is smaller by 0.36% than the area under the experimental o,
spectrum. Peak heights are reproduced on average to 0.8% and no fundamental

exceeds 1.0%.

The intensities of the two CDHO bands at 1604.9 and 1602.8 cm™ are assigned
to vs, while that of the CDHO band at 1590.0 cm™ is assigned to v,3. The combined
intensity, 4;g.;, Of v4 and vy3 is 6.12 km mole™. Galabov’s* combined experimental
value, 4., is 7.26 km mole™, about 19% greater than our value, while Boggs’% value,

Ajabm, of 7.14 km mole™ is about 17% greater than our value.

The intensities of the two CDHO bands at 1495.7 and 1494.3 cm™ are assigned
to vs and combine to give A;g.s = 12.61 km mole™. It is smaller by 18% than Galabov’s
reported experimental value of 14.87 km mole™, and 26% smaller than Boggs’*

computed 4,45 ;» of 15.95 km mole™.

In sections 4.5.4 and 4.5.5, vis and vsg were both tentatively assigned at 1460
cm™, with vy, in their proximity, perhaps at 1442 cm™. Only one CDHO band was
required to obtain a good fit of the strong broad band at 1460 cm™ in the &% spectrum,

and its intensity is assigned to these three vibrations. Our calculated, 4., is 19.74 km
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Figure 5.11 - Top - Superimposed experimental imaginary molar polarizability, am, and curve fitted a;,
spectra of liquid toluene between 1650 and 1350 cm™. Bottom - The prominent CDHO bands in this
region that were used to fit the experimental a;,; spectrum. Units for both boxes are cm® mole™.
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km nole’”’, in good agreement with Boggs™®® computed value of 20.08 km mole™, but far

larger ihan Galabov’s” experimental value, 6.54 km mole™.

The intensities of the two CDHO bands at 1382.3 and 1379.0 cm™ are assigned
to the symmetric CH; deformation vs,. Galabov® reported the combined experimental
intensity, 4, ey, of V32 and v2s (1332 cm™) as 3.08 km mole. Boggs’*® computed
intensities for these vibrations are 0.39 and 0.00 km mole™”. The intensity assigned to
vys is (next section) C, = 0.00174 km mole™, i.e. 4, gos = 0.14 km mole™. Thus, for vs,
and v;s combined we find 4, ... = 4.29 km mole™, which is 40% greater than Galabov’s
experimental value and 11 times greater than Boggs’ reported values. It is noteworthy
that based on our work and the theoretical values of Boggs and Galabov, the intensity of
vi2 is much greater than that of v»s, and therefore Galabov’s 4, .., of 3.08 km mole™ is

largely due to v;» rather than to vas.

5.2.1c - Integrated intensities of the v, Vi, Vs, Vo, V25, V26, V275 V2s, V35 and V3o

vibrations

The experimental a;; and curve fitted an, spectra of liquid toluene between 1350
and 990 cm are shown in Figure 5.12. The fit in this region of weak absorption is not
as good as in other regions. The area under tue curve fitted ap, is smaller by 1.6% than
the area under the experimental o spectrum. Peak heights are reproduced on average

to 3.1%.
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Figure 5.12 - Top - Superimposed experimental imaginary molar polarizability, am, and curve fitted an
spectra of liquid toluene between 1350 and 990 cm™”. Bottom - The prominent CDHO bands in this
region that were used to fit the experimental a;, spectrum. Strong contributions from bands outside the
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The intensity assignments of Vas, Vas, Vs, V7, V27, Vas, Vg and v are
straightforward. They are assigned the intensities of the single CDHO bands at 1332,
1313, 1210, 1179, 1156, 1081, 1030 and 1002 cm™, respectively. In section 4.5.5, vs
and vso were both assigned to the same wavenusaber at 1040 cm™. Two CDHO bands
were used in the fit, one at 1042.6 and a sharper band at 1040.2 cm™. Their intensities
are arbitrarily assigned to vss and v, respectively. Their combined intensity will be

compared with literature values.

The experimental intensity of v.s was discussed with that of vs, in section 5.2.1b.
Galabov gave No experimental 4, .., are given for vs, V2, Vs, V26, and v»7. Boggs’*®
reported ab initio values are smaller than our 4, by factors of 12.7, 3.7, 2.4, 8.7 and

8.7, respectively for these weak vibrations.

Ajgas Of V23, is 4.11 km mole™ and is in good agreement with Galabov’s® Ajexp Of
4.30 km mole™. Boggs’®® calculated value is 3.70 km mole™, about 11% smaller than

our value.

Galabov® gives the combined intensity of vss, V3o and vs as 2.67 km mole?. Our
A, gas values are 5.91 km mole™ for vss and vio combined and 206 for vg, for a total of
7.97 km mole™. Boggs’*® ab initio values tor these vibrations are 9.26 and 1.41 km

mole™ for a total of 10.67 km mole™!, about 35% greater than our total value.
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S.2.1d - Integrated intensities of the vig, V12, V13, Vis and v, vibrations

The experimental an and curve fitted o spectra of liquid toluene between 990
and 750 cm™ are shown in Figure 5.13. The fit in this region is not as good as in other
regions probably because the absorption is extremely weak. The area under the curve
fitted arn is greater by 3.8% than the area under the experimental am spectrum. The
large difference which can be seen in Fig 5.13 at the low wavenumber edge of the region,
is mainly due to the strong bands at 730 and 695 cm™. Peak heights are reproduced on

average to 1.5% with only one peak, that of v, at 786 cm™, exceeding this value with

4.3%.

The intensities of the single CDHO bands at 981, 964, 895, 843 and 786 cm', are
assigned to vis, V12, Vis, V13 and vje, respectively. vz and v,; are A, vibrations and as

such are inactive in the infrared spectrum of the gas, so their intensities were not given

by Galabov®® and were given as 0.00 by Boggs®.

The 4, z.: values for the two B, vibrations, v,s and v,¢, are about equal at 0.91
and 0.99 km mole’. Boggs reported ab initio values that are much smaller and 'css

equal, namely 0.02 and 0.39 km mole™ for v;s and vis.

Ajgas for vyp is 0.27 km mole™ and, considering the weakness «.¢ ti.¢ far from

perfect fit of this band (FIg. 5.13) is in good agreement with Boggs’ 4, . » value, 0.35
km mole™.
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Figure 5.13 - Top - Superimposed experimental imaginary molar polarizability, an, and curve fitted o,
spectra of liquid toluene between 990 and 750 cm™. Bottom - The prominent CDHO bands in this
region that were used to fit the experimental &, spectrum. Strong contributions from the strong bands
at 730 and 695 cm™ is clearly visible. Units for both boxes are cm® mole™.
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S.2.1e - Integrated intensities of the v,; and v,s vibrations
The experimental o, and curve fitted . spectra of liquid toluene between 750
and 650 cm’™ are shown in Figure 5.14. The fit in this region is good except for the
wings of the strong band at 730 cm™. Here, and elsewhere, the experimental bands fall
off slightly faster than the CDHO bands, undoubtedly due to a small Gaussian
contributions. This accounts for the area under the fitted curve being greater by 2.1%

than the area under the experimental ay; spectrum. The peak height of v,7 is reproduced

to 1.2% and that of v;3 to 0.1%.

Three CDHO bands, all within 5 cm’!, were needed to fit the strong band at 695
cm™ and their combined intensity is assigned to v;s. Only one CDHO band was needed

for the stronger band at 730 cm™. The fit in the wings was not improved by the addition

of extra CDHO bands.

Aj.gas for vi7 is 61.35 km mole™ and for v,g is 17.02 km mole™ (Table 5.4).
Boggs’* ab initio intensities for these two vibrations are 47.18 and 27.99 km mole”,
respectively. Although the values for each vibration are different the combined
intensities differ by less than 5% (78.37 to 75.17 km mole!). Galabov’s® experimental
value is 40.96 km mole™ for v,7 and v;5 combined and also includes the intensities of vio
(at 785 <m™) and v (at 622 cm™) as well, although according to his theoretical
calculations the calculated results of his fitting procedure indicated that their

contributions are small.
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Figure 5.14 - Top - Superimposed experimental imaginary molar polarizability, ¢, and curve fitted "
spectra of liquid toluene between 750 and 650 cm™. Bottom - The prominent CDHO bands in this
region that were used to fit the experimental ay spectrum.  Units for both boxes are cm® mole™.
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5.2.1f - Integrated intensities of the vii, Vi3, Vi9s V20, Vag, V30 and vi3 vibrations

The experimental am, and curve fitted oy, spectra of liquid toluene between 650
and 440 cm™' are shown in Figure 5.15. The area under the curve fitted @, is greater by

3.8% than the area under the experimental on spectrum. Peak heights of fundamentals

are reproduced on average to 1.05%.

The wavenumbers of vi4, V20, V3o and vs; are below the experimental range

studied in this work, and, thus, no intensities were obtained for them.

The intensity of the CDHO band at 621.9 cm™ is assigned to vze. Its 4, g is

0.13 km mole™, which is small but in good agreement with Boggs'*® ab initio value of

0.09 km mole™.

The intensity of the CDHO bang at 521.0 cm™ is assigned to vy,. Its 4, value
of 0.23 km mole™ is about 3 times smaller than Bcgas’?® value 0.77 km mole”. The
intensity of the CDHO band at 464.4 cm™ is assigned to vig. Its 4, g, of 8.69 km mol™
is in good agreement with Boggs’ reported 4, . » of 8.47 km mole™. Galabov® gives

the combined experimental intensity of v;; and v;s as 6.24 km mole™.

5.2.2 - Summary of intensity assignments of toluene

The assignments in the previous sections are summarized in Table 5.4, with the
intensities from the literature. As noted previously, in order to compare our results for

the liquid with the computed, fitted or measured values for the gas, the C, values (Eq.



Imaginary molar polarizability
H

650 600 550 500 450

Wavenumber / cm™!

Figure 5.15 - Top - Superimposed experimental imaginary molar polarizability, an, and curve fitted oy,
spectra of liquid toluene between 650 and 442 cm™. Bottom - The prominent CDHO bands in this
region that were used to fit the experimental o spectrum. Units for both boxes are cm® mole™.
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1.4.2) assigned for the liquid were converted to 4, values (Eq. 1.4.1) for the gas by
multiplying them by 87 i.e, by 78.96 (Eq. 5.1.4). This conversion gives the 4, intensity

the gas molecules would have if the intrinsic intensity of the vibration were the same in

the gas and liquid phases.

In this section, the 4, values are used to compare the present and literature
measurements. Boggs’ values®® are from ab initio calculations of isolated molecules,
and it is of interest to observe how well such calculations agree with the values measured
for the liquid. Galabov® gives two sets of values, those measured for gaseous
molecules and those caiculated through the eigenvectors obtained from normal
coordinate calculations from the dipole moment parameters calcuiated by fitting the
measured intensities. His experimental values are the most fundamentally valuable.
Unfortunately, the many studies of the intensities of gaseous benzene have shown that
experimental gas phase intensities are difficult to measure and are frequently not very
reproducible between laboratories. In the case of benzene, the agreement between A4, g,
values of the four infrared active fundamentals from different laboratories of is within

+15% for each band.%

The vibrations of the phenyl group are considered first. Four of these, vs, via,
v and v3o were not measured in this work, and v;2, vi3 and vy4 have A, symmetry and
are not infrared active in the gas. Of the remaining 24 vibrations, 12 have intensity 4, ;.

greater than 2.0 km mole™ and 12 have intensity less than 2.0 km mole™.
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Of the 12 more intense bands, the ab initio calculated intensities agree with the
observed intensities for the liquid to better than a factor of 2 for all except v,, v,; and
vz2. In the case of the B; CH stretching modes, v;; and v,;, the sum of their intensities
agrees with the sum calculated by Boggs to well within a factor of 2, and in fact the
individual intensities agree within a factor of 2 if the assignments are reversed. It seems
most probable that this difference is due to differences in the calculated wavenumbers or
eigenvectors, rather than to a difference in the simplest molecular intensity quantities, the
dipole moment derivatives. v is also a CH stretching mode, of symmetry A,.

However, neither the addition of the intensities of v, v, and vs, nor any interchange of
assignments, improves the agreement with the ab initio values to within a factor of 2 for

these A, CH stretching modes.

There are 12 vibrations with 4, intensities less than 2 km mele, and 10 of
them differ by a factor of 2 or more from the ab initio results. This is not a surprising
result, given the weakness of the bands and the imperfection of the experiments,

assignments, and calculations.

Overall, the agreement between the experimental and ab initio results is very
good, sufficiently good to indicate fairly clearly that the liquid forces do not cause the
gas phase intensities to change in a major way for these liquids which do not interact

strongly in solution.

The question of the extent to which the individual vibrational intensities actually

do change between the gas and liquid phase is a more detailed question that requires a
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Table 5.5 - Experimental integrated intensities of toluene

4%
Y This work Galabov et al™

Vi, Va3, V3 11.8 26.5
Vai, Va2 313 382
A0} 11.8 11.1
V34, V37 13.2 18.5
V4, Va3 6.1 713
Vs 12.6 149
Va4, Vas, Vig 19.7 6.5
Vas, V32 43 3.1
Vag 4.1 4.3

Vio, V17, V18, V29 79 41
Vii, Vis 8.9 6.2

a- 4 za, values for this work are taken from column 5 of Table 5.4, and Galabov’s experimental values
are taken from column 8 of Table 5.4.

b- Units are km mole™.

comparison of actual measured intensities. For thus we compare our 4, vaiues in
column 5 of Table 5.4 with Galabov’s 11 measured values in column.8. Because many
of Galabov’s values are for the sum of several vibrations, Table 5.5 conveniently
compares them with appropriate sums of our 4, ., values. It is clear that there are cases
of excellent agreement, that in the majority of cases the values lie within a factor of 2,

and that there are many cases of significant disagreement.

As noted above, there are uncertainties in our intensity assignments, but the
intensities of the major bands are believed to be accurate to a few percent. Although

there is no intention to question the care with which Galabov et al. did their
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measurements, it must be noted that they provided no spectra or other evidence to allow
readers to judge the probable accuracy of their experimental values. The fact that there
are many factors that can introduce error into the measurement of intensities of gases

suggests that it is wisest to await other measurements of the gas phase intensities before

any attempt is made to interpret these differences.

5.3 - Comparison of integrated intensities of liquid chlorobenzene and liquid

toluene

As discussed in Chapter 4, it is not possible to describe the fundamental
vibrations of chlorobenzene and toluene as arising from a single symmetry coordinate of
benzene. The majority of the vibrations are rather due to mixture of coordinates.
Nevertheless, as the wavenumbers of many fundamentals of the two compounds do not
differ by more than 15 cm’, it is interesting to compare the integrated intensities of liquid
chlorobenzene and toluene because the two compounds have the same molecular

skeleton with the exception of the chlorine atom and the methyl group.

Table 5.6 lists the integrated intensitiz:, 1,4, Of the fundamentals of
chlorobenzene, the 30 phenyl group fundamentals of toluene and some of the
fundamentals of benzene. The values for the first two liquids are from Tables 5.2 and
5.4, and those of benzene are taken from Ref. 73. The assignment for chlorobenzene
and toluene is given first, followed by the wavenumber and intensities C;, for these

liquids. This is followed by the ratio of the C;, of the two liquids, and the
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toluene and benzene

Chlorobenzene Toluene Benzene [Ref. 73}
a - < - c (‘ u Al L . X
Vs cm!® Cr.liq cm'® Cng ﬁ cemt! vy 4 Cing
Vi, V2, Vi,
Vo vay®  ~3070° 0.119°  ~3060°  0.546° 0.22°  <3040° vi:®  0.539°
V4 ~1592f 1605
0.1878 0.0775 & 2.4 1586 Vie 0.00782
Va3 1584 1587
v 4 .
s 1478  0.354 1496 0.160 2.2 1475 vis 025
Vas 1445  0.127 1460"  0.250" 0.51
vs and vaq 0.481 0.410 1.17
Vas 1325  0.00270 1332 0.00174 1.55 ~13459 vs
k
Ve 1172 0.0167 1179 0.0103 1.62 177 i 0.0233
Vg 1156  0.00632 1156 0.0219 0.29
Ve and va; 0.0230 0.0322 0.71
Vag 1068  0.0359 1081 0.0521 0.69
1037 Vi 0.130
Vs 1023 0.117 1030 0.0261 1.5
vog and vs 0.153 0.0782 2.0
Vo 1002  0.0206 1002 0.00394 5.2 1010 Ve 0.00500
vis 983  0.00498 981 0.0115 0.43
971 Vig 0.0163
Vi2 964  0.00852 966 0.00591 1.44
visand v 0.0135 0.0174 0.78
Vie 903  0.0446 | 895 0.0126 3.5 850 iy 0.0155
Vi3 830  0.00968 843 0.00783 1.24
vigand vi3 0.0543 0.0204 2.7
vi7 741  0.809 730 0.777 1.04 703’ Vg
Vig 685 0217 695 0.216 1.00 675 Va 1.275
Vo 614  0.00280 622 0.00161 1.74 606! vig’
Vie 468  0.0983 464 0.110 0.89 103 vy 0.00087
Vis ~400  0.00621 ~405 = wmem- m
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Table 5.6 - Continued

Chlorobenzcne Toluene Benzene [Ref. 73]
P -l b ~ c 1 b c C C6H5CI -1 b c
Y cm™ Gy cm’ ® Gy Coaes ™ v Gug
x-sensitive
Vas 1270  0.00892 1312 0.00331 2.7 1310 vo?®  0.00342
v 1084  0.298 1210 0.00480  62.1 2
Vio 702  0.187 786 0.00337 55.5 993 v2?"  0.00642
vii 415  0.0185 521 0.00297 6.2 606 vig®
Vio 297 —_— 345 — 1148 vip?"”
V2 196 — 217 —_— , 994 v, 2"

a - Assignients for chlorobenzene and toluene.

b - Observed wavenumber in the imaginary molar polarizability spectrum of the liquid.

¢ - Units are km mole™.

d - Assignments were taken from Ref. 73. Correlation between vibrations of benzene and those of
chlorobenzene and toluene is based on wavenumber proximity and symmetry species.

¢ - The integrated intensities of the aromatic CH stretching vibrations are taken collectively. In
benzene. C,;, is assigned to the active vibration v;>. 3 inactive vibrations, v,, vs and v,s are also
assigned wavenumbers in the proximity of v;..

f - The wavenumber of the CDHO band assigned to v..

g - Combined intensity for v, and va;.

h - The same wavenumber was assigned to va4, v3s and vig. Cj, of the CDHO band at 1460 cm'1 is
given.

i - Average value of the two values giver in Ref. 73.

j - Wavenumber not observed in the spectrum ai:d taken from Painter and Koening®®.

k - vs in chlorobenzene is v, in toluene and vice versa.

¢ - The degenerate vig vibration in benzene was correlated with v, and vy, in chlorobenzene and

toluene.
m - Wavenumber below the experimental range of this study. thus, no integrated intensity is available.
n - Uncertain correlation between the benzene vibration and those of chlorobenzene and toluene.

wavenumber, assignment and C, ., for benzene are given in the last three columns. It
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should be noted that vi, to vy are degenerate vibrations in gaseous benzene that are
each split in C;, molecules into two vibrations. A tentative correlation between the
vibrations of benzene and those of chlorobenzene and toluene has been made in Table

5.6 based on wavenumbers and symmetry species of the fundamentals of the three

compounds.

Of the 30 vibrations, the wavenumbers of 24 vibrations are not sensitive to the
different group substitution, in that their wavenumbers in chlorobenzene and toluene
differ by less than 15 cm™. The integrated intensities of these vibrations are listed in
order of decreasing wavenumber. Six vibrations can be considered X-sensitive’’, in that
the different substitutions cause the wavenumbers to be more than 15 cm™ apart. The

integrated intensities for these six vibrations are given at the end of the table.

The ratio, E,Q‘-aﬁf: , gives an indication whether the intensity of a fundamental
7

vibration in liquid chlorobenzene is significantly different from that in liquid toluene.

For qualitative evaluation, a difference is not considered significant if the ratio of the

integrated intensities is 0.5 < E‘%f,”,ﬁ < 2.0, i.e. the intensities differ by less than a
7

factor of 2.

For the vibrations under 990 cm™ that are not sensitive to substitution, it is

found that for 6 out of 8 vibrations 0.5 < -g‘-gm < 2.0. Thus, for these 6 vibrations,
 C6HSCH3

the change in intensity between the two molecules is not significant.
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The two exceptions are v,s and vis, where the ratios are 0.43 and 3.5. The
difference in v;s can be explained when the splitting of the degenerate v)s in benzene is
considered. v in benzene is assigned to 971 cm™ and is split in C, molecules into v;s
(~982 cm™) and vi2 (~965 cm™). The ratio for the combined intensities for these
vibrations in chlorobenzene and toluene is 0.78. Thus, it appears that a different
distribution of intensities occurs in chlorobenzene and toluene but the total intensity does

not ct..7w¢ significantly.

The ratio for the combined intensities of v;¢ and v;3 which result from the split of
vi1in benzene is 2.7. The total intensity increases from 0.0155 km mole in benzene to
0.0204 km mole™ in toluene to 0.0543 km mole™ in chlorobenzene. The individual
ratios for vie and v;3 are 3.5 and 1.24. Thus, the intensity of vi¢ changes significantly

upon substitution.

The non sensitive vibrations above 990 cm™, largely derive from the splitting of
degenerate modes in benzene, except vzs and vo. The intensity of v,s does not change
significantly between chlorobenzene and toluene, while that of vy in chlorobenzene is 5.2
times more intense than in toluene and 4.1 times more intense than the corresponding

intensity in benzene (vs).

There are three pairs of vibrations, in which the intensity distribution among the
two vibrations that result from the splitting of a degenerate vibration in benzene is
significantly different in chlorobenzene and toluene. Yet, the ratio of the combined

intensities does not indicate a significant difference. These vibration pairs are: vs and
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/24, Which arise from v,; in benzene, v and vy, which arise from v;; in benzene and v

and vs, which arise from v,4 in benzene.

A fourth pair, vs and v»:, shows significant change, as C,,,, of chlorobenzene is
2.4 greater than that of toluene which is itself about 10 times greater than the intensity of

vy the corresponding degeneraie vibration in benzene.

The combined intensities C,;, of the aromatic CH stretching vibrations in
toluene, vy, va, Vs, Va1 and vy, is 0.546 km mole! which is very similar to the intensity
assigned to the infrared active vibration in benzene”, v, at 0.539 km mole™. Itis
greater by a factor of 4.6 than the corresponding intensity of chlorobenzene. It appears

that the chlorine substitution shifts intensity from the CH stretching vibrations to other

vibrations.

Of the six X-sensitive vibrations which have wavenumbers that differ by more

than 15 cm™ in chlorobenzene and toluene, v, and vao, are below the experimental range

. . .ls . . G conscy
of the study, so no integrated intensities are available. The ratios Cooonseny WETE
3 C b

calculated for the other four vibrations, v, V7, V1o and vy, and all showed integrated
intensities in liquid chlorobenzene that are significantly greater than those in toluene, by
factors of 2.7, 62.1, 55.5 and 6.2, respectively. It is quite possible that the gain in
intensity in these vibrations, and in particular v; and vy, is associated with the presence
of the slectronegative chlorine and with the loss of intensity of the CH stretching

vibrations.
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A satisfactory further analysis of these intensity differei.. s &etween benzene,
chlorobenzene and toluene requires a combination of ab initio calculations and a simple
normal coordinate analysis for these molecules. These calculations will allc proper
account to be taken of the different combinations of atomic displacements that ogcur in
the normal vibrations of the different molecules, i.e., of the different eigenvectors in the
different molecules, which, in turn, will allow the intensities to be analysed in terms of
more basic properties such as the change in molecular dipole moment during a particular
symmetry coordinate or a particular bond or angle displacement. Such calculations are
not ideal for the interpretation of such data but, when guided by ab initio calculations,

are the best that is available.

In order to understand the change caused by the reduction of symmetry from the
Dgn of venzene to the C,, of chlorobenzene and toluene without the added complication
of the different chemical nature of the substituent, the intensities of CsHsD have been
measured in this laboratory. Thus, a further analysis of the data presented in this thesis
will be made in the future with the wavenumber and intensity values of liquid Cs¢Hs, CsDs,

CsHsD, C¢HsCl, and CsHsCH; .
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Chapter 6 - A simple and effective approximate method for the calculation of

infrared optical constant spectra of liquids from transmission measurements*

6.1 - Introduction

Earlier papers from this laboratory reported the absolute infrared absorption
intensities of four liquids, benzene', toluene’, chlorobenzene® and dichloromethane®,
obtained from transmission measurements. Intensities from this work were accepted by
the International Union of Pure and Applied Chemistry (IUPAC) as secondary
absorption intensity standards’. The purpose of this paper is to describe a much simpler
but approximate computational procedure for obtaining such quantitative intensities from
transmission spectra of liquids. This approximate procedure yields results of very nearly
the same accuracy as the more complex but exact procedure used to date, although we
recommend caution if the refractive index of the sample in non-absorbing infrared

regions differs from that of the windows by more than ~0.15.

The primary result of transmission spectroscopy is the transmittance of the cell
plus sample, ;—: , where I, is the intensity incident on the cell and /, is the intensity which
leaves the cell, both measured outside of the cell. For quantitative studies this is always

], -
converted to the “absorbance”, by taking -logio {1—'} The term “absorbance” is given

* A version of this chapter has been accepted for publication. Bertie and Apelblat, Appl. Spectrosc.,
1996.



239

in quotation marks here, because it is not the quantity that is equated with £,Cd, the
product of the molar absorption coefficient, £, the concentration, C, and the path length
through the liquid, 4, in the Beer-Lambert law. The absorbance, 4,0, as defined by
IUPAC?® and as equated with £,Cd, is a measure of energy lost from the radiation beam
due solely to absorption by the sample, a liquid in our case. In contrast, the
“absorbance” that is calculated as described above, and reported by the spectrometer in
most transmission experiments, is a measure of the energy lost due t& absorption by the
sample, plus the energy lost due to reflection from the interfaces of the cell, plus the

energy lost due to unexplained baseline errors.

The IUPAC definition® of absorbance, 4, is used in this laboratory. The term
experimental absorbance’ is used for the “absorbance” calculated as described above,
and the term apparent absorbance’ is used for the contributions to the experimental
absorbance from processes other than absorption by the sample. Thus the experimental
absorbance is the sum of the absorbance, A, plus the apparent absorbance due to
reflection plus the apparent absorbance due to baseline errors. It should be noted that

the latter may be positive or negative.

In Refs. 1 to 4, the imaginary refractive index spectrum, 4( V), of the liquid was
calculated by an iterative procedure that fully corrects the experimental absorbance, EA,
spectrum for the non-absorption processes. The real refractive index spectrum, n( V),

and the molar absorption coefficient spectrum E( V) were calculated from the (V)

spectrum.
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The method used previously'™ to correct the experimental absorbance spectrum
for the apparent absorbance due to reflection osses is exact for an ideal experiment’™”.
Thus Fresnel's equations are applied to each interface, specifically, the interface between
the air and the first window, the interface between the first window and the thin liquid
film, the interface between the liquid film and the second window, and the interface
between the second window and the air. The interference fringes generated by multiple
reflections within the liquid layer are calculated. [In contrast, the calculation averages
over the multiple reflections within the windows and, thus, averages over the
interference fringes generated in the windows, as is appropriate for ~Smm alkali halide
windows and 1 cm™ resolution. Further, the calculation corrects for the convergence
and polarization of the incident beam. It is a calculation that is exact in the ideal case,

but is sufficiently complex to discourage new users.

In the present paper, a very simple calculation of the apparent absorbance due to
reflection is presented. This greatly simplifies the correction of the experimental
absorbance spectrum for the apparent absorbance due to reflection and, thus, greatly
simplifies the calculation of optical constant spectra from transmission spectra. Although
simpler, the method gives imaginary refractive index, &, values which agree within 1%
with those from the exact calculation for all but the strongest infrared absorptions,

provided that the real refractive indices of the sample and windows are not too different.
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6.2 - Method
The EA spectrum of a cell full of liquid is obtained by dividing the intensity spectrum
through the full cell by that through the empty sample compartment and taking the

negative logarithm of the result.

19 (6.1)

EA =-logiT = -loge
L (V)

In the method used previously'™, the refractive index spectra are calculated from
the £A4 spectrum by program RNJ46A. The program was developed by Jones and his
coworkers in the National Research Council of Canada and was later improved in this

-10

laboratory. It is described elsewhere ™, the algorithm is outlined in the appendix, and

the salient features for the present purpose are given briefly next.

Experimental absorbance spectra are used in two parts of the procedure. In the

first part, £A4 spectra of samples with several different very long path lengths are used to
determine the linear absorption coefficients, X( V), at so-called anchor points in the

regions of baseline absorption. K(V) = €' 4}, where ¢ is the path length through the
liquid® and Ao is the absorbance of the sample. The K values are calculated from the
EA spectra by program ANCHORPT.FOR which is outlined in the appendix. The
baseline error is assumed to be zero in this calculation, which is 2 good approximation if
the experimental absorbance is about 0.3 or greater and which is evaluated later by the
agreement seen in the K values calculated from cells with different path lengths. With

this assumption, E4 = Ao + AAg, where AAy is the apparent absorbance due to
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reflection. At each anchor point 44y is calculated exactly, by applying Fresnel's
equations to each interface and using the known real refractive index of the windows, for

an approximately correct value of the real refractive index of the sample.

The X values thus produced are then used in the second part of the procedure to
remove the apparent absorbance due to baseline errors in spectra of samples with normal
path lengths. This is done by calculating where the baseline showld be at each anchor
point, through E4 = K¢+ AAg, and shifting the spectrum to move the baseline to that

correct place. Linear interpolation of the required shift is used between the anchor

points.

In the second part of the procedure, the £4 spectrum is used in program
RNJ46A to calculate the refractive index spectra by an iterative procedure, after the

baseline is corrected. During this part, the apparent absorbance due to reflection is

recalculated in each iteration cycle.

In the first calculation cycle, a first approximation to the imaginary refractive
index, k, spectrum is calculated. For this purpose, the reflection loss is calculated, for
all wavenumbers in the £4 spectrum, from the known refractive index spectrum of the
windows and a constant value of the real refractive index of the sample. From the
approximate k spectrum thus generated, a real refractive index spectrum, », is calculated
by a Kramers-Kronig (KK) transform. In subsequent iteration cycles, the wavenumber-
dependent real refractive index spectrum of the sample is used in the calculation of the

reflection losses and of the baseline-correction of the EA spectrum.
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In the second part of the procedure, the n and & spectra of the sample are used
with the » spectrum of the windows, to calculate the £4 spectrum. The calculated and
the baseline-corrected experimental £4 spectra are compared, the & spectrum is adjusted
to improve the fit and the » spectrum is recalculated. This cycle is repeated as the &k and
n spectra are refined by iteration’” to convergence. The current n spectrum is used in
the calculation of A4 and the baseline correction. The convergence of the radiation
beam can be included in the calculation, as can be the polarization of the beam. The
latter two factors are not significant for the beam convergence and polarization in the

Bruker IFS 113V spectrometer in this laboratory.

In the approximate method presented here, the reflection losses are calculated by

considering that the cell is simply a single window. The transmittance of the window is

. ~ 2n(v) . .. .
given by 7(v) = 2(n~)v ,where n is the real refractive index of the window. Thus, the
n(v)+1

apparent absorbance due to reflection losses at wavenumber v , A4r(V) is simply

AAx(P) = logi—2A 6.2)
(V) +1

The approximate method uses this simple formula in both parts of the procedure outlined
above, which eliminates the need for an iterative calculation in the second part. The
method is implemented in the program WIND8.FOR. The program incorporates the
functions of both ANCHORPT and RNJ46A. Program WINDS is outlined in the

appendix, where its relation to ANCHORPT and RNJ46A is emphasized.
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It is convenient to consider here the approximation made in this simple
procedure. The discontinuity in the real refractive index at the window-liquid boundary
is neglected. Fig, 6.1 shows an absorption band in the & spectrum and the anomalous
dispersion'' in the real refractive index, 7, that accompanies it. The real refractive index
of the liquid is not constant near an absorption band, so the neglected reflection losses
are not constant. Whether these losses are greater to high or to low wavenumber of the
absorption band depends on whether the (nearly constant) refractive index of the
window is larger or smaller than the average » value of the sample through the
absorption band. The size of the deviations of » from the average value is directly
proportional to the height of the absorption band in the & spectrum. Thus, the simple
procedure is expected to be most accurate for weak absorptions, and the largest

deviations from the correct procedure are expected for strong absorptions.

The approximation involved in the simpler procedure can be seen directly in
Figure 6.2, in which the bottom box shows the standard real refractive index spectrum of
chlorobenzene®* between 1700 and 1100 cm™, and the top and middle boxes show the

apparent absorbance due to reflection that is calculated by the approximate and exact

methods for two different cases.

The top box shows the case of 100 um thick chlorobenzene between KBr
windows. The refractive indices of the window and sample are very close in this case,
with 7~ 1.51 for chlorobenzene between strong absorptions and 7 ~ 1.52 for KBr. The
smooth bottom curve is that calculated from Eq. 6.2. The top curve is the result of the

exact calculation, which used the standard » spectrum of chlorobenzene®®. The
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Figure 6.1 - The real (spper box) and imaginary (lower bex) refractive index spectra of the strongest
absorption band in liquid chlorobenzene’.
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Figure 6.2 - Top and middle boxes: The apparent absorbance due to reflection calculated by the exact
method (upper, featured curve) and the approximate method (lower unfeatured curve) for 100 pm of
chlorobenzene(£) between KBr windows (top box) and NaCl windows (middle box). Bottom box: The
real refractive index spectrum of liquid chlorobenzene®* at 25°C.



247

interference fringes arise from the multiple reflections that are ignored i1n the approximate
method. The middle box shows the case of 100 um thick chlorobenzene between NaCl
window, for which n» ~ 1.50, again with the smooth bottom curve being that from the
approximate calculatior. The effect of the refractive index of the windows is evident in
the lower apparent absorbance and in the different shape of the apparent absorbance
spectrum from the exact calculation. The effect of the wavenumber dependence of the
refractive index of the sample is also evident, in that no interference fringes are visible in
regions where the refractive indices of sample and winlow are very close, but fringes are
visible in other regions where the refractive index of the sample is different because of

the anomalous dispersicn.

6.3 - Results

The EA spectra were processed with programs ANCHORPT and RNJ46A to
calculate k spectra I~ the exact method. The same £4 spectra were processed with
program WINDS to calculate & spectra by the approxin.ate method. The K values at
anchor points ia the baseline were caiculated and used to adjust the baseline in both
cases, it is essential to do this for the best quantitative results. In the exact method the

molar absorption coefficient, £,,. spectrum is calculated from the final, converged, &

spectruin through
An vk
Em=737503C (6-3)
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where C = the molar concentration. In the approximate method the £, spectrum is
calculated directly from the absorbance spectrum (after correction for the apparent

absorbance due to baseline errors and reflection losses) through

_Aw
Em—C

™

(6.4).

The approximate method was tested with spectra of clilorobenzene, several
mixtures of chlorobenzene and toluene, and, to a limited extent, with spectra of
acetonitrile. To demonstrate its value, results are first presented for four regions of the
spectrum of liquid chlorobenzene. These are the region between 805 and 715 cm’
which contains a single band of very strong absorption, and three regions which contain
multiple bands of strong (1635 - 1400 cm’), medium (3200 - 2930 cm™') and weak

(1405 - 1140 cm™) absorption. In Figs. 6.3 and 6.4 these regions are labeled A, B, C

and D, respectively. Comparison is made of the peak heights, the areas under the En(V)
spectrum, and the K values at the anchor points, that are calculated by the two methods.
The peak heights and areas are compared for En, - pectra instead of for k spectra, because
the molar absorption coefficient is more familiar to chemists, and because the two
quantities are related by Eq. 6.3 so the percent differences are essentially the same in
both cases. Note that regions B and D are in the range of Fig. 6.2, but these figures can

not be compared directly because the two path lengths, and hence the interference fringe

patterns, are different.
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Figure 6.3 - The E,( ¥) spectrum of chlorobenzene(¢) in four regions. The spectra calculated by the
correct and approximate methods are shown in each box, and essentially coincide. The transmission
spectra, from which these £, spx.ctra were calculated, were recorded with KBr windows and
chlorobenzene thicknesses of: Box A 8.70 um; Box B 11.02 um; Box C 34.39 um; Box D 533.0 um.
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Figure 6.3 shows the approximaie and correct molar absorption coefficient
spectra in the four regions. The spectra are essentially coincident. This shows that the
band shapes are not much distorted by the approximate calculation. Bandshape
distortion is seen more clearly in the spectra of the % difference, defined as

i Fog - -
2pp roxxm::: ey exact £ *100. These spectra are shown in Figure 6.4 for the four

regions. For reference, the exact £, spectrum is included in each box of Fig. 6.4, on an
arbitrary scale. The % difference spectra show that the line shape is slightly ¢:storted,
but the distortion is ~1% or less for all but the strong band at 740 cm™, for which the

distortion reaches several percent in the wings of the band.

Values of the linear absorption coefficients at the anchor points, K, computed by
the two methods are given in Table 6.1. They are averages from several spectra and
their 95% confidence limits are given in parentheses. The values from the approximate
method agree with those from the correct method to within 0.05%, well within the 95%
confidence limits of the values. The two sets of 95% confidence limits aiso agree. The
one exception is for the highest anchor point X value, at 717.4 cm™, which is less precise

from the approximate method although its precision is still 1.2%.

The peak heights calculated by the two methods, and their percent differences,
are given in Table 6.2. The peak heights agree to better than 1%, except for 1.5% for

the very strong 740 cm™ band.

As noted above, small changes in band shape result from the approximate
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Table 6.1 - Linear absorption coefficients. K( +). of liquid chlorobenzene at anchor points in the
baseline.

Region Wavenumber ( cm')  Approximate A( +)* Exact K(¥)* °o difference”
A 801.3 12.66 (8) 12.66(8) +0.05
717.4 65.9(8) 65.9(6) -).002
B 1630.5 11.65(3) 11.64 (3) +0.03
1534.0 9.08 (3) 9.08 (3) +0.04
1404.8 7.06(3) 7.06(3) +0.05
C 3200.3 3.98(2) 3.98(2) +0.01
2931.2 3.15(2) 3.15(2) +).02
D 1404 8 7.06(3) 7.06(3) +0.05
1345.1 3.53(2) 3.53(2) +0.01
12515 6.24(3) 6.24(3) +0.02
1197.5 9.55(2) 9.55(2) +0.02
1141.6 17.7(1) 176 (1) +0.0:4

a - The number in parentheses is the 95% confidence limit in the last digit.

. . approximate K- exact K
b - The % difference is pRIox p xa?:t X *100, calculated before the values were truncated for

preseniation.

method, most noticeably for the strong peak in region A, for which the anomalous
dispersion in the real refractive index is large (Fig. 6.1). For this band, deviations of
~5% #nd ~2.5% occur on the high- and low- wavenumber sides of the band (Fig. 6.4).
For lineshape studies ¢ strong bands, the exact method is ciearly preferred. The bands
in region B are weaker but are still quite intense for organic compounds. For these
bands the distortion is of the order of 1%, which is probably too small to be significant at
the present time. The bands in groups C and D are m.. i1 weaker, and the distortion

within the band is well below 1%, although the error is ~1% in the baseline near 3200
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Table 6.2 - Peak heights in the molar absosption coefficient spectrum. £, v), of liquid chlorobenzene.

Region Wavenwnber (cm™)  Approximate E.( v)* Exact E,(V)* % difference®
A 739.7 297.7 302.3 -1.52
B 1622.0 2.428 2.423 +0.21

1583.8 72.89 72.82 +0.10
1566.1 12.93 12.90 +0.23
1477.1 199.5 199.8 -0.15
1445.4 87.89 87.85 +0.05
C 3165.2 1.193 1.182 +0.93
3083.2 11.46 1143 +0.26
3069.5 16.82 16.78 +0.24
3058.4 13.84 13.81 +0.22
3025.7 5.358 5.339 +0.36
3016.3 4.699 4.683 +0.34
29497 0.561 0.558 +0.54
D 1366 = 2.341 2.339 +0.09
10 2318 2.31S8 +0.13
8320 ¢ 1.870 1.868 +0.11
PIELL 2.733 2.73%1 +0.07
12725 2.605 2.603 +0.08
1235.1 1.918 1.916 +0.10
1210.8 1.575 1.574 +0.06
1171.5 3413 3.411 +0.06
1156.4 2.980 2.978 +0.07

a - The unit of £, is L mol™! cm™.

approximate £, - exact £,

b exact £,

*100.

cm™ for the bands in region C.

The areas undcr bands in the exact and approximate E,( V) spectra are given in

Table 6.3. Two areas are given for each band, the area above zero ordinate and the area
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Table 6.3 - Areas under the molar absorption coefficient spectrum, E( v). of chlorobenzene.

AREA
Integration Above zero ordinate® Above baseline®
Y.egion range (cm')  Approximate Exact % difference® Approximate Exact % difference”
A 801.3-717.9 3430 3433 .09 3093 3096 <0.10
B 1605.4-1410.7 3226 3220 +0.20 2939 2933 +0.22
1605.4-1545.7 949 947 +0.18 844 842 +0.20
1530.2-1410.7 2261 2257 +H).22 2158 2153 +0.23
C 3200.3-2931.2 909 906 +0.37 810 808 +0.34
D 1405.9-1345.1 779 778 +0.09 449 448 +0.11
1345.1-1252.5 107.3 107.2 +0.10 60.7 60.6 +0.12
1252.5-1198.5 65.1 65.0 +0.09 211 211 +0.11
1198.5-1141.7 127.7 247.6 +0.07 47.9 479  +0.08

a - The unit of area is L mol™ cm2. Multiply the area by 100 to change the unit to k:s mol ™.

approximate area - exact area .
b- 222 exact area *100, calculated before ihe values were truncated for presentation.

above @ linear baseline drawn between the ordinates at the integration limits. The latter
is usgful when the baseline intensities are not of interest. Table 6.3 shows that the exact
and approximate methods yield the same areas to better than 0.4% in all ranges, and to
better than 0.25% for all except the CH stretching region, 3200.3 to 2931.2 cm™. Itis
noteworthy that regios: » shows the largest differences for the peak heights and

lineshapes but shows nearly the smallest difference for the areas.

Most transmission measurements in this laboratory have been made with KBr and
NaCl windows. Thus the refractive index mismatch between sampie and windows is

usually small, because most liquids have refractive indices near 1.5. Exceptions exist,



255

however, and the probable effect of refractive index mismatch on the usefulness of the
approximate method has been explored by applying both methods to spectra of 23.26 um
of acetonitrile, n ~1.32, between KBr windows. The top box of Figure 6.5 shows the
apparent absorbance due to reflection calculated by the approximate and exact methods.
The approximate method fails to calculate interference fringes that are ~0.006
absorbance units peak-to-peak, about 10 times larger than for chlorobenzene between
KBr. The impact of this on the molar absorption coefficients calculated by the two
methods is shown in the middle and lower boxes of Fig. 6.5. The approximate method
gives E,, values that are smaller than the exact values in this case, and fails to correct for
the interference fringes that are visible in the £4 spectrum but are correctly eliminated by
the exact calculation. The percent difference between the E, values from the two
methods is <~2% near the peaks and rises to 30% in the baseline due to the neglect of
the fringes. The percent difference between the areas under the peaks is 2% between

1700 and 1200 cm™ and 4% between 1200 and 900 cm™.

We have not explored the effect of refractive index mismatch to a much greater
extent than this, because in practice it is not common. It is clear that the effect is
significant, but that acceptable accuracy in peak heights and . -eas for peaks of medium
intensity can be obtained when, as for CH;CN between KBr, the refractive index
mismatch is ~0.2. It is recommended that results calculated with the approximate
method be regarded with caution if the refractive indices of the sample and windows

differ by more than 0.15.
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Figure 6.5 - Top box: The apparent absorbance due to reflection calculated by the exact method (upper,
featured curve) and the approximate method (lower unfeatured curve) for 23.26 um of CH;CN(%)
between KBr windows. Middle box: The E,, spectra of CH3;CN(¢) calculated by the exact and
approximate methods. Lower box: The % difference between the E,, spectra, defined as for Fig. 6.4, of

CH;CN between KBr windows. The refractive indices of CH;CN(£) and KBr in this spectral region are
~1.32 and ~1.52.
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6.4 - Conclusions

An approximate method for the calculation of the optical constant spectra of
liquids from transmission spectra is presented in this paper. The method calculates the
reflection losses by treating the cell as a single window, instead of applying Fresnel's
equations to each interface. In spite of this drastic approximation the method yields, for
all but the strongest bands, imaginary refractive fndex and molar absorption coefficient
values that are within ~1% of those calculated by the exact method. The line shape
distortion is minimal for all but the strongest bands, and the integrated intensities agree
with those from the exact method to better than 0.4% throughout. The agreement is
excellent in regions of very weak baseline absorption, with the K values at the anchor

points within 0.05% of those from the exact method.

This approximate method is much easier to understand and program than the
more complex method, and a well written program runs much faster. It is clearly the
method of choice except when one needs to obtain the exact bandshapes and peak
heights without risk of distortion, and except when the spectrum cor;tains bands whose
intensities are comparable to or greater than that of the 740 cm™ band of chlorobenzene.
The effect of the size of the refractive index mismatch has been explored to some extent
with CH3CN between KBr windows, for which the mismatch is An ~ 0.2. It is
recommended that results from the approximate method be regarded with caution if the

refractive indices of the sample and windows differ by more than 0.15.
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6.5 - Appendix I

6.5.1. - Program ANCHORPT

ANCHORPT calculates the linear absorption coetficient, K(v), at anchor points in the
baseline from the experimental absorbance, £A, spectrum of the liquid in a cell with long
path length. Usually severai E4 spectra recorded with different path lengths are
provided, so that an average value of K can be calculated, with its precision, for each
anchor point. The program contains equations from which the real refractive indices of
the common window materials can be calculated at infrared wavenumbers. Other
required input is: the approximate real refractive index spectrum of the liquid; the

number of anchor points and their waverumbers; for each £4 spectrum, the path length

and the window material.

Procedure

1. For the first anchor point wavenumber, the real refractive indices of the liquid and the
windows are rs~7 *2 calculate the transmission of the cell full of liquid, 7,»., and hence
the apparent at......aice due to reflection, A4g - -logis (Toe).-  7use, is calculated as in
Ref. 9, corrected as described by Ohta and Ishida'?>. The equations are given in

Appendix II. For this calculation it is assumed that the liquid does not absorb at the

anchor point wave number.

2. K at this wave number is calculated by subtracting A4r from the £A4 value at this

wave number in the first £4 spectrum, and dividing the result by the path length.
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3. Steps 1 and 2 are repeated for each anchor point.
4. Steps 1 to 3 are repeated for each £.1 spectrum.

5. The average value of K at each ai:chor point is calculated, with its standard deviation

and 95% confidence limit.

6.5.2 - Program RNJ46A

RNJ46A is a modified version of the National Research Council of Canada program®
XLVI. The modifications have been described’, and the general procedure has been
outlined"'®. RNJ46A calculates the real, », anc imaginary, &, refractive index spectra of
a liquid from an experimental absorbance spectrum. The program contains equations
from which the real refractive indices of the com:~o0n window materials can be calculated
at infrared wavenumbers. Other required input is. the anchor point wavenumbers and
linear absorption coefficients, K, the window material, the path length of thz cell, £ and

the real refractive index of the liquid at the high-wavenumber limit of the ~.4 spectrum,

P(Vmax). The half-cone angle of the non-paralle! bea:n and the polarizaticn
discriminatior, i ¢, the relative intensities in the two polarizations of the incident beam,

can be supplied i desired.
Frocedure

1. The transmittance spectrum, 7, of the cell full of liquid is calculated as in Ref. 9,

corrected as described by Ohta and Ishida'?. The equaiions are given in Appendix II. If
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the half-cone angle of the beam and the polarization discrimination are supplied, the

calculation uses these factors. Then -logio /. is calculated.

2. The first requirement is to calculate the approximate transmission spectrum that
results solely from reflection losses. It is, therefore, first assumed that the imaginary

refractive index is zero at all wavenumbers and the real retractive index of the liquid is

constant. The value n( V) is used. With these assumptions, step 1 yields an
approximate apparent absorbance due to reiizction, A4r. AAg is sutricacted from the kA4

spectrum to yield the approximate absorfan. ¢ spectrum, AS.
3. The absorbance at the anchor points is calculated as Aap= K x {.

4. The baseline correction to be applies to the A4S spectrum at the anchor points is
calculated as Aap - 45, and the corrections required between the anchor points are found

by linear interpolation. The A4S spectrum is corrected to give the AS;spectrum.

5. The baseline of the EA spectrum is corrected by calculating the correct £4 at the
anchor points, as EA. = AAr + Aap, calculating the correction to /A at the anchor points
as EA. - EA, calculating the correction to £4 between the anchor points by linear
interpolation, and adding the corrections to the EA spectrum. The resulting baseline-
corrected EA spectrum has been called the ideal experimental absorbance spectrum’. It

is here denoted EA;. The E4 spectrum is used in step 9.

6. An approximate k spectrum is calculated from the corrected AS spectrum from step 4

2.303
an /v

as k= AS: .
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7. An approximate n spectrum is calculated from the £ spectrum and 2( ¥'ma) by the

Kramers-Kronig transformation.

{ The k spectrum from a given £.4 spectrum is not seriously influenced by the 1 spectrum
Thus, in this step one need not take the usual care to ensure that all the bands in the &
spectrum are on scale and that all absorption beyond the ends of the /.4 spectrum is
included in the transform. The » spectrum that is reported for the liquid is calculated

later from a k spectrum that is assembled from many different /.4 spectra. }

8. Step 1 is repeated, but this time using the k and » spectra calculated in steps 6 and 7.

The result of this calculation is the calculated ideal experimental absorbance spectrum,

EAc.

9. The calculated, EAc and experimental, FA4,, ideal experimental absorbance spectra are

2.303
4n £ v

compared, and the & spectrum is adjusted by the addition of Ak = {FA - A}

Here k, EA; and EAc are at wavenumber V.

10. The original baseline correction was not atcurate, because the » spectrum of the

liquid was assumed constant in step 1. Accordingly, the K values at the anchor points

are used to correct the new k spectrum, where K= 4nt vk / 2.303, again using linear
interpolation of the correction between the anchor points. Further, the exgerimental /.4
spectrum is again baseline corrected, as in step 5 except that now the A4g values at the

anchor points are calculated using the n spectrum calculated in step 7.
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11. A new n spectrum is calculated from the new, corrected, & spectrum and n( V), as

in step 7.

12. Steps 8 to 11 are repeated until the magnitude of the correction in step 9 averaged

over all spectral points is less than 2 x107°.

6.5.3 - Program WINDS8

WINDS8 combines the functions of ANCHORPT and RNJ46A except that the n
spectrum of the liquid is not calculated. The program makes a simplified calculation of
the reflection losses in which Eq. 6.2, is used instead of the equations in Appendix II.
The program contains equations from which the real refractive indices of the common

window materials can be calculated at infrared wavenumbers.

Thus, WINDS calculates the values of K at the anchor points in the baseline from £4
spectra of cells with long path lengths, and calculates the imaginary refractive index, £,
and molar absorption coefficient, £, spectra of a liquid from an experimental
absorbance spectrum in a cell of normal path length. Usually a large number of £4

spectra in long path length cells are supplied.

The following input is required: EA spectra in long path length cells, an £4 spectrum in
a cell of normal path length, the window material and path lengths of these cells, the

molar volume of the liquid, the number of anchor points and their wavenumbers.
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Procedure
1. The K values at the anchor points are calculated exactly as in program ANCHORPT

except that Eq. 6.2 is used to calculate 4.4 instead of the equations in appendix 1.

2. The calculation of the & spectrum from the /4 spectrum in a cell of normal length is
started by following steps 2 to 4 of program RNJ46A, except that .44y is calcuiated by
Eq. 6.2. The result is the baseline-corrected absorbance spectrum, A4S, which is the
approximation to Ao given by this method.

2303
4n v

3. The & spectrum is calculated, as in step 6 of program RNJ4GA, as & =

A A\'l .

AS .
4. The E,, spectrum is calculated as £, = (—; , where C is the molar concentration and /

is the paihi length of the cell.

Comments about the use of the programs

Both RNJ46A and WINDS yield useful 4 values in those regions of the /.4 spectrum in
which 0.2 < E4 < 2.0. Other regions of the £4 spectrum are processed by the programs
but do not yield useful values of k. The final % spectrum is assembled by averaging and
merging results from EA spectra in cells of sufficiently different lengths to give useful &
values throughout. The final 7 spectrum is calculated from the final & spectrum by
Kramers-Kronig transformation and the value of n at the high-wavenumber limit of the &

spectrum or, ideally, when it is known'?, the value of n, at each wave number, where n.
p V4



is due solely to electronic absorption™.

6.6 - Appendix II
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7, and n,, are the complex refractive index of the sample liquid and the real refractive

index of the window, respectively. ¢ is the path length of the cell.
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Chapter 7 - A Compact Table for the Publication of Infrared Spectra That Are

Quantitative on Both Intensity and Wavenumber Axes”

7.1 - Introduction

Infrared spectroscopists have traditionally reported their results as a spzstrum in
graphical form and as a table of the wavenumbers of the peaks and other spectral
features with their assignment and points of interest. The ordinate values are usually
measures of the percentage of the incident light that is transmitted or reflected. nr the
logarithmic forms of these quantities, such as the absorbance. These ordinate values
have typically been put on record simply by noting, next to the wavenumber, that a
feature is strong (s) or weak (w), etc. This approach has usually been employed
because accurate knowledge of the wavenumber axis has been possible since the
publication of the [UPAC "green"' and "blue" books? but the ordinate axis has been
trusted only to give a qualitative indication of the relative intensities. The ordinate axis
could not be trusted to give an accurate measure of the amount of radiation absorbed or

reflected.

Several workers have made quantitative intensity measurements. Even in these
cases it has been usual for the results to be presented as figures of the spectra and tables

of the wavenumber and intensity values at the peaks and other spectral features®, and

* A version of this chapter has been published. Bertie, Jones and Apelblat, Appl. Spectrosc., 47, 1989
(1993).
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sometimes tables of the areas under the bands in the spectra’.  Although seme authors
have presented tables of pairs of wavenumber and intensity <ahies over specitic bands in
the spectrum’, and several authors® have presented such data over the entire spectrum at
relatively large intervals, it has not been the practice to do so. The graphs are needed to
allow one to see the form of the spectrum quickly, but quantitative values can only be

recovered with much labour and very limited accuracy unless they are tabulated.

As long as the accuracy of the intensity information was low. these practices
were acceptable, if annoying, to those who wanted to recover and use quantitative
information that was available only as graphs. However, today it is possible to measure
intensities with an estimated accuracy of 1 or 2%. To place such information on tke
record for future use requires that both wavenumber and intensity information be given
numerically throughout the spectrum. This is particularly the case if the real and
imaginary refractive index spectra are measured. These are fundamental physical
properties of the sample, and afl other optical properties, such as the dielectric constants
of the sample, or the result of any spectroscopic experiment on the sample, can be

calculated if these two refractive index spectra are available in numeric form.

Clearly the most compact way of presenting spectra numerically is in digital form,
either on diskettes or on a generally accessible data base. However, the organization of

and confidence in long-term storage by such digital means have not reached the state that

the scientific record can dispense with the paper copy.

The difficulty with paper copy is that a spectrum that is digitized at 0.5 cm’
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intervals from 5000 to 500 cm’ contains 9000 spectral points, i.e. 9000 wavenumber, Vv,
and intensity, Y( V), pairs. Scientific journals can print sixty lines on each page, and six
double columns v and ¥( V) can be put on each line, to give 360 spectral points per page.
The table for each spectrum thus requires 25 journal pages. If real, n( V), and imaginary,
k( V), refractive index spectra are both to be presented, four triple columns v, & V), and

n( V) can be put on each line, to give 240 data triplets per page. The table then requires
38 journal pages. These tables are clearly too large to be published in a spectroscopic
journal. For publication in a journal for the scientific record, the spectral information
must be compacted in such a way that the table is short and readable but allows the

original spectrum to be recovered with at least its experimental accuracy.

We describe in this paper a procedure that enables quantitative spectroscopic
data to be published over the entire spectrum, by compressing spectral data into a
Compact Table. This table contains sufficient information to allow the spectrum to be
recovered without loss of accuracy, yet is sufficiently concise that journals can
realistically be expected to print it. Further, the table is readable, so that individual
numerical values can be recovered from it with minimal effort. We also present a
Fortran program for creating the table from a digital spectrum, and a Fortran program
that reads the tabulated data and recreates the original spectrum. The creation of the

Compact Table, and the recovery of the spectrum from it, is demonstrated for the real

and imaginary refractive index spectra, #(V) vs. v and &(V) vs. Vv and the molar
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absorption coefficient spectrum, F( ¥) vs. . of liquid chlorobenzene’. Compact
Tables have been used recently to present spectra of the refractive indices and molar
absorption coefficient of liquid benzene® and the refractive indices of liquid methanol”
The effectiveness of the Compact Table is particularly well illustrated by Table 2 of
reference 9. The one-page tatle contains all of the information needed to recover the

absorption intensities of liquid methanol at 1 cm’' intervals between 8000 and 2 cm™,

accurate to about 2%.

7.2 - Construction of a Compact Table

There are tw3 aspects to the procedure. First, the number of spectral points that
are repaited i tadisced and, second, a very compressed format is used for the table

which contains the reduced spectrua:.

‘The major consideration in reducing the number of spectral points is to ensure
that the tabulated information allows recovery of the original spectrum without reducing
the accuracy below that of the measurements. Our experimental values of the imaginary
refractive index or molar absorption coefficient are believed accurate within ~+2.5%, so
that the original spectrum must be recovered from the tabulated data within +2.5%. In

fact a stricter criterion is applied which ensures recovery of nearly all of the spectrum to

Z£+1%.

In the construction of the table, the number of spectral points is first reduced by a

factor of two by ignoring every second point'®. The ordinate values are truncated to the
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appropriate number of significant figures and are tabulated. The tabulated values are
then read into the recovery program, interpolated back to the original wavenumber
spacing and compared with the original spectrum. The same procedure is repeated for
reduction factors of 4, 8, 16, 32, etc.. Then the spectrum is divided into regions of
constant wavenumber spacing in such a way that the number of spectral points in each

region is reduced by the largest factor that allows recovery to <1%.

The original real and imaginary refractive index spectra and the original molar
absorption coefficient spectrum of chlorobenzene’ each contains 9024 points between
4800 and 450 cm™. The method described above allows each spectrum to be reduced to
2437 points, in 35 regions with different spacing in adjacent regions. Even after such a

reduction of the number of spectral points by a factor of almost four, seven pages are

needed for a normal (¥ ) table with 60 lines per page and 6 V-Y pairs per line. Such
tables are still too long to be published in most journals. In Table 7.1, we present a
small part of such a table, from 2008.49 to 1352.82 cm” which contains 360 spectral

points.

When the spectral points are known to be uniformly spaced, it is wasteful in
Table 7.1 to give the wavenumber every time an ordinate value is given. Instead of
giving all of the wavenumber values in the spectrum, we divide the table into regions of
constant wavenumber spacing, and give the first wavenumber of each line and the
wavenumber spacing for that line. A similar procedure with just one region per

spectrum has been used for digital data files for nearly two decades, e.g. in files in the
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Table 7.1 - Reduced data of imaginary refractive index of chiorobenzene in XY tormat.
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Table 7 2 - The Compact Table of the imaginary refracuve index of chlorobenzene.”
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1675% 0 -5 lo6l 1371 1173 1031 927 885 807 783 778 196 837 904 999 1137 1291 1489 1713
145117 0 43 196 228 265 337 493 800 1033 783 504 340 245 192 163 17 109 86 70
143381 1 -6 S156 3193 3558 3047 2608 2224 1892 1624 1314 1271 1162 1056 983 941 916 919 940
10103 | 6 976 1047 1R 1310 1766 2252 2755 3022 2941 2655 2335 2112 2058 2214 2559 2927 3016
136824 1 -6 278 2224 17 1339 1042 837 703 615 557

a - The column headed cm™ contains the wavenumber of the first (V) value in the row. The columns

headed .Y/ and YE contain the X-exponent and the Y-expenent, respectively. for the row. The
columns headed 0, 2.---- 16, contain the ordinate values, and the headings give the indices of the

ordinate values in the row. In a row which starts with v(0), the wavenumber corresponding to the
- - 15798.002 ~
ordinate indexed J is v(J) = v(0) - 16384 J - 22 The k(V) values in that row are the

ordinate value shown times 10'. Thus the entry indexed 16 in the first row of the table shows that

15798.002

o= 7= -4 v = -
k=3400x 10 3.40 x 107 at v = 2008.49 16384

-16 - 2° = 1993.06 cm’".

JCAMP'! format.

We achieve further reduction in space by multiplying each ordinate value on a
line by 10, to create integer ordinate values with the appropriate number of significant

figures, and reporting these integer values and the Y-exponent, YE, for the line.

We call the resulting table a Compact Table. It contains the 2437 Y values and
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the minimal but complete information needed to obtain the v values. The Compact
Table for chlorobenzene occupies 2.5 pages. The complete Compact Table tor the
imaginary refractive index of chlorobenzene is given elsewhere’. Table 7.2 presents the

small part of it that contains all of the information given in Table 7.1.
In Table 7.2, the first column is labeled "em’'™ and in each row it contains the

wavenumber, v(0), of the first ordinate value in the row. This ordinate value is in the
column labeled "0". The second column is labeled ".X\" tor X-exponent, and in each
row contains the exponent that is used to calculate the wavenumber spacing between ihe
ordinate values in that row. The third column contains Y/, the Y-exponent used to
calculate the ordinate values in the row. The remaining column headings, O, 1, 2, 3,
i-rough 16, are the indices, J, of the ordinate values in that row. Under these seventeen
columns are the seventeen Y values, each presented as an integer of three or four digits

with leading zeros omitted.

The ordinate values in a row are obtained from the entries by Y(J) = (entry

under J )x 10", In any row, the first entry is ¥(0), and the wavenumber corresponding

to the ordinate value under the column heading "J" is given by

V(J) = %(0) —1—51739%%03 xJx 2F = $(0) - 0.96423 x Jx 2. (7.1)

The factor 15798.002 / 16384 comes from the use of a He/Ne laser in vacuum,
wavenumber 15798.002 cm™, the fact that fast Fourier transforms yield 2" spectral

points, and a decision that the wavenumber spacing for X£=0 should be near | cm™
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Table 7.3 - The Compact Table of the molar absorption coefficient of chlorobenzene. *°

am'  YE YE

-

' i 2 3 3 < ] 7 B 3 19 1. 12 13 13 15 e
23 O -3 147 40 2623 2831 Y% 3liv 31700 3151 3095 3632 3007 Zs8 3028 3105 3243 3362 3779
P21 6 Q3 2201 peB S1SE S35 S633 0 Q7SS SOd 4069 4191 6231 6235 4221 A283 6372 A61S 5998 T3
197375 1 ] Wi 1S5 1826 1720 1y¥S 0 20TH 2238 2258 2207 2186 2I12 2332 2573 2969 3398 28 336
121} 90 | 3 3wue M 3622 3053 2398 2018 1636 1357 1168 1020 893 783 €92 618 63 529 Sa3
AT 2S 2 2 5 a3 56 K68 1243 RS 23067 2393 2386 2831 33334 3277 2830 3879 2178 123 768
1IR3t 2 3 S 359 46 562 s73 750 %96 1081 1261 1300 1557 1876 2481 3223 3542 3264 1691
17311 2 3 a1 1615 1138 836 68S S 509 699 928 1383 2137 3021 3313 2802 2022 1385 1008
PSS 2 4wl TURE 1AM e THI 0 SKRIT O Ml
198933 1 4 S0s3 STIL 6065 S318 4983 3563 3205 4225 386 I6B7  3I9B2 5195 3376 5645 6035 4528 7323
14,56 5% | 3 XS 1050 1315 1595  IB6S 2042 2077 1992 1851 1783 1783
163636 6 .3 179 1656 1487 1340 1230 1188 11R9 1223 1300 1431 1613 1839 2078 2I8) 2388 2408 2333
161991 g .30 2219 2078 193G 1BOS 1706 1621 1S70 1551 1543 1563 1603 1653 1710 1790 18%0 2012 2170
fe33S82 2 236 260 288 323 367 125 805 617 767 958 1185 1425 1657 1879 2114 2402 2303
158712 o 2 3337 4826 665 7100 7079 6383 S53S 4509 3570 2813 2248 1849 1584 1420 1332 1290 12S8
1% 77 1 -2 1203 1237 1286 1170 938 7is s31 106 309 230 194 161 139 123 113 105 99
193698 1| -3 932 91s 23 994 1036 1104 1189 1288 1347 1627 1853 2080 2261 2377 2483 2688 3082
150320 | -2 370 377 627 7 873 933 1623 1178 1394 17134 2273
138398 O -] 274 333 3439 624 926 1413 1950 2032 1757 1227 833 603 473 380 298 224 17
136756 o .2 1360 N2 959 832 757 697 658 638 633 648 680 738 8i2 914 1047 1206 1387
135117 0 .2 1588 1818 2145 2724 3980 6456 8329 6309 1057 2733 1968 1539 1309 1103 873 687 560
143381 1 -3 3123 3338 2838 2327 2075 1766 1501 1286 1118 1003 817 832 7 739 719 720 736
130103 1 -3 763 817 920 1098 1373 1747 2135 2339 2273 2049 1799 1626 1582 1699 1961 2240 2305
136823 1 -3 U183 16%F 1323 1ui7 751 033 532 63 20

a - The column headed cm™ contains the wavenumber of the first £,( V) value in the row. The columns

headed \'E and }Y'E contain the X-exponent and the Y-exponent, respectively, for the row. The

columns headed 0.1.2,----16, contain the ordinate values. and the headings give the indices of the

ordinate values in the row. In a row which starts with 7(0), the wavenimber corresponding to the
- -~ 5798.00 -

ordinate indexed J is V(J) = v(0) - lwwl J - 22 The En(V) values in that row are the

ordinate value shown times 10'Z. Thus the entry indexed 16 in the first row of the table shows that

15798.002

16 .90 = -1
16384 16-2"=1993.06 cm™ .

Fn=3779x10"=3.779 x 10" at v =2008.49 -

b - The units of the £,, values are L mole! cm™.

When the point spacings in two consecutive rows are different, the two rows

have different XE values and the spacing between the last point of the first row and the

first point of the second row is given by the XE value of the second row.

To observe the procedure for obtaining the v and Y values from the Table 7.2,

consider the entry in the first row under the column labeled 4. The wavenumber, v,
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corresponding to that entry is given by:
V() = ¥(0) - 0.964233 x.Jx 2" =2008.49-0964233x4x2° =
=2005.63 cm™. (7.2)
The k value corresponding to 2005.63 cm’ is 2683 x107 | i.e. k{2005.63) = 0.0002683.

Table 7.3 shows the corresponding table for the decadic molar absorption

coefTicient which was calculated from &( V) by the equation

1 T V)1, 4nv
E(7) = Oglo[é‘;‘;) €)1 - Z.SE;CHV) (7.3)

where C is the concentration, d is the pathlength and -log o[/ V)/I.(V)] is the
absorbance. Note that /; and /, must be fully corrected for losses other than by

absorption'®. We follow the practice of analytical spectroscopists, by taking C in mol

L, din cm and reporting E.( V) in the units L mole” cm™.

The format of the table for the real refractive index is slightly modified. The
common exponent YE is not used because real refractive index values are usually smaller
than 9.999. Thus, 5 digits are used and it is implicit that the decimal point comes after
the first digit of each entry, e.g. 1.5345 is given as 15345 and 0.8976 is given with a
leading zero 08976. In Table 7.4 the values of the real refractive index of

chlorobenzene are given for the same wavenumber range as in the previous two tables.

A Fortran program for creating the Compact Table and an input file are given in

appendix A. Although the program is given with parameters and features to suit the
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Table 7.4 - The Compact Table of the real refractive indices of chlorobenzene.®

an' XE ¥ i 2 3 3 5 5 7 8 9 19 11 12 13 13 18 16

O3 0O 1A9TR  139TH 13978 1a9TT 14977 14977 13977 13977 13877 13976 13976 13976 13975 14975 14973 13974 13973
199210 0 13973 1S973 18972 14972 13972 13972 12972 14972 171 14971 13971 13970 13970 13969 13968 14967 14967
197375 1 135S 14944 1a%63 13963 13963 13965 13967 13969 14969 14969 14968 13967 14965 14965 14966 13969 14975
1981796 1 13983 1a9H9 13954 14996 13997 13996 11995 13993 11991 14989 14988 13986 13985 14983 14981 13980 13978
170725 2 13975 14972 14968 13965 14961 13960 13963 13966 14956 14963 13967 13968 14982 1595 14997 13092 14986
184168 2 19RD 13977 13973 13959 13967 13964 14962 14960 13958 14957 14955 13952 14951 13954 13962 13970 13975
177611 2 14975 14974 13971 13967 14963 14959 14954 14950 13945 14940 14938 14942 14952 14960 14963 14960 13956
171055 2 14952 14948 14936 14943 13940 14936

168933 1 ]4u3d 13933 14932 14931 14929 14927 14925 14923 14921 14919 13916 13914 14512 14910 14907 14905 14902
165655 1 14898 13895 14893 14491 12891 14892 13%93 13893 13892 ]4889 143887

163630 O 14%87 14887 13885 13883 13880 14877 14873 14871 14867 13864 13861 13859 [38S8 13857 13857 13858 13858
161925 0 13857 14855 14853 14849 14836 14832 14837 14833 14828 14823 14817 143812 14806 14799 14792 14785 14776
160352 0 14768 14758 14747 14736 14723 14708 14691 14673 14655 14638 14625 14615 13608 14600 14588 14570 14533
158712 5 14512 14395 14562 134743 13941 15099 15208 15264 15278 15265 15238 15206 15174 15145 1SI21 15103 15091
156977 1 15071 15057 15063 1S0BO 15086 15079 15067 15052 15037 15022 ]1S008 13995 14983 14972 14962 14952 14943
153698 1 13934 14928 14915 14906 13897 14887 13878 13868 14857 14847 14836 13825 13813 14802 14787 13770 137349
150420 1 14726 14702 14680 14663 13646 14620 14581 14532 13469 14383 14258

148395 0 14173 13070 13943 13794 13663 13713 14237 15138 15853 16190 16153 16023 15912 15834 15771 15700 15623
146756 O 15553 15490 15436 15389 15346 15308 15272 15239 15207 15177 15147 15118 15090 15063 15036 15011 14986
145117 0 13961 14929 14885 14821 13739 14809 15215 15593 15656 15609 15551 15497 15460 15438 15316 15390 15365
143381 1 15322 15290 15266 15246 15229 15214 15201 15188 15177 15167 15157 15148 15140 15132 15125 15118 15111
130103 1 15105 15098 15092 15086 15080 15077 15076 15078 15080 15080 15078 15075 15070 15066 15063 15063 15067
136824 1 15071 15071 15069 15066 15062 15058 15054 15051 15047

a. The column headed cm™ contains the wavenumber of the first #2( V) value in the row. The column

headed X% contains the X-exponent for the row. The columns headed 0,1,2,----16, contain the n( v)
values with the decimal point implicitly after the first digit in each value, and the headings give the

indices of the n( ) values in the row. In a row which starts with /(0), the wavenumber

. . . .~ ~ 15798.00
corresponding to the ordinate indexed J is V(J)= V(0) - e300~ 2 j.r= Thus the entry
~ 5798.
indexed 16 in the first row of the table shows that n = 1.4973 at v = 2008.49 - 13798.002 1 69388?102 16-2°=

= 1993.06 cm™, and the entry indexed 4 in the row which starts with 1368.24 cm™ shows that

n=1.5062at v =1360.53 cm’.

format of our spectral files'’, it can be easily modified for other file formats.

Before we leave the construction of the Compact Table, a few words about
significant figures are appropriate. If ordinate values are known to 1% they should be
tabulated with three significant figures. If such numbers are later plotted, however, they

frequently cause steps in the graph which were not present in the original spectrum.
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The steps arise because information was lost in the truncation to three significant figures.
in that the relative accuracy from point to point is much better than the absolute accuracy
that can be assigned to each ordinate. (the wavenumbers are taken to be essentially
exact, as they are from a Fourier transform spectrometer after proper calibration).
Accordingly, we use a number of significant figures that is acceptable in relation to the

ordinate accuracy but yields a plotted spectrum free of steps.

7.3 - Recovery of a spectrum from a Compact Table

The tabulated spectrum consists of ordinate values at wavenumbers that are
equaily spaced in each region but have different spacings in different regions. To
recover the spectrum at a uniform spacing throughout, piecewise cubic spline

interpolation'? is used to interpolate between intensity values at equal wavenumber
spacing, AV = V, - V,. Specifically the intensity values between two tabulated points,
¥, at wavenumber v, and ¥ at wavenumber V., are obtained from a polynomial function
P(V)=asV’ +a;V? + a1V + ap which is made to satisfy the position conditions P(V,) =
Y1, P(V;) =Y>, and the slope conditions P'(V,) =S, and P'(V,) =S.. We have chosen

the free parameters'?, S; and S, as the first derivatives at ¥, and v, because they give
p g

better interpolation than the second derivatives. The first derivatives were calculated by

P(vy) = ?A-Yo and P(vp) = 11, , where ¥, and Y3 are the neighboring tabulated points
v 2AV

of Y, and ¥>. Obtaining the 4 coefficients for the cubic polynomial from the values of
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P(v)), P(Vvy), P(Vv)) and P'(Vv,) is straightforward, as is the interpolation between points

1 and 2 from these coefficients.

In order to proceed, one needs to recognize 3 problematic areas for the
interpolation: 1) the first point in the spectrum, 2) the last point in the spectrum , and 3)

the boundaries between different regions.

When v, is the first point in the spectrum, ¥, at vV, is not known. We assume Yo
= ¥,. This is usually the case for absorption index spectra, because the values at the
highest wavenumber are close to or equal to zero, and it is also usually true for real

refractive index spectra because »n is almost constant at the highest wavenumber.

When v, is the last point in the spectrum, Y5 at Vs is not known. No generally
useful assumption is evident. Values beyond the last point can not be assumed to be
constant because the end point is usually determined by the limitations of the
spectrometer or sample cell, and many samples absorb significantly at low wavenumbers.
Therefore we do not interpolate to the last point, but only to the penultimaie point in the
table. In most cases the wavenumber spacing in the last region is increased one to four
times when the table is constructed, so this practice typically reduces the length of the

recovered spectrum by only one to four points.

The interpolation between adjacent regions is not straightforward because the
spacing in the two regions is different and the two points used to calculate the slope are
not equidistant from the central point. For simplicity, Figure 7.1 shows only 35 points

in the middle of the original spectrum, and all ¥ values are shown equal. These 35
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Figure 7.1 - Illustration of the step-wise procedure for interpolating to the original wavenumber spacing
at the boundary between regions of different spacings, as described in the text.
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points were reduced into two regions, A with 2-point reduction and B with 4-point
reduction. Note that the spacing between the last point in region A and the first point in
region B is the same as in region B. The interpolation between the two regions A and B
is described below. A similar procedure would be followed at the other ends of the two

regions to join this 35-point section to the remainder of the original spectrum

The interpolation is first completed in each region from its second point to its
next-to-last point. This procedure is straightforward because the first and last points of
the region can be used to find the required slopes at the second and next-to-last points,
respectively. The result is labeled “Step 1” in Figure 7.1. Then, to interpolate between
the two regions, one interpolates the region with the higher reducing factor, region B in
the example, to its first point, which is also the last point of region A. As shown in
“Step 1” in Fig. 7.1, all values of Y5, Y1, ¥> and Y3 at an equal spacing are known and the
interpolation is straightforward between the points denoted by Y, and ¥>. The result is
labeled “Step 2” in Figure 7.1. Then, the interpolation of the remaining part of region A
can be completed since, again, all values of Yo, Y1, ¥> and ¥; at an equal spacing are
known. Note that the interpolation of the more closely spaced region A can not be
completed before the interpolation of the less closely spaced region B is completed.

The required value labeled Y3 in “Step 2” is not available before the completion of “Step
27,
The same procedure is folle'ved at all other boundaries to yield the recovered

spectrum at the same wavenumbers as the original spectrum, except that i stops at the
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last tabulated wavenumber instead of the last wavenumber in the spectrum. The

interpolation program and its input file are given in appendix B and can easily be

modified to suit any user.

7.4 - The accuracy in the recovered spectrum

Figure 7.2 shows the superimposed original and the recovered absorption index
spectra of liquid chlorobenzene’. Both spectra are also enlarged o show weak bands.
Even with magnification, differences between the original and recovered spectra are not
observable. In the lower boxes of Figure 7.3, two bands from this spectrum are
expanded, a weak band at high wavenumber and a relatively strong band at low
wavenumber. Again, nc differences between the original and recovered spectra are
visible. To show these differences, the upper boxes of Figure 7.3 show the percent
differences between the original and the recovered spectra in these ranges, i.e. the
percent inaccuracies of recovery for these bands. Figure 7.4a shows the percent
inaccuracies of recovery over the whole spectrum. The magnitudes of the inaccuracies
of recovery average 0.2%. Nearly all points in the spectrum are recovered to 1% or

better, and the few points that are recovered less accurately are not consecutive.

If the tabulated ordinate values were not truncated to the number of significant
figures appropriate to their accuracy, the points in the recovered spectrum would be

identical to the points in the original spectrum at the wavenumbers included in the table.

To explore the effect of the truncation on the chlorobenzene k( V) spectrum, we
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Figure 7.2 - The absorption index, k( v), spectrum of chlorobenzene at 25°C. In each box, the ordinate
scale describes the lower spectrum. For the upper spectra, the ordinate labels must be divided by 10
(upper box) or 25 (lower box). Each curve is the superposition of the original spectrum and that
recovered from a Compact Table.
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Figure 7.3 - Lower boxes: Two of the bands in Fig. 7.2, with the original spectrum superimposed on
that recovered from a Compact Table. Upper boxes: The percent difference between the recovered and
original spectra.
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Figure 7.4 - The percent difference between the recovered and original k( V') spectra when (a) 4 digits or
(b) 6 digits were retained in the Compact Table. (c) The difference between the percent differences in
the upper two boxes.
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constructed Compact Tables with integer ordinate values given to first four and then six
significant figures, and recovered the spectrum from each. The accuracies of recovery
are shown in Figures 7.4a and 7.4b respectively. The difference between the two is
given in Figure 7.4c. In most cases the effect of truncation is less than +0.1%. Again

the few disagreements above 0.1% are not in consecutive points.

In addition to the imaginary refractive index spectrum, the real refractive index,

n( V), and the molar absorption coefficient, En( V), spectra are of common interest.
Figure 7.5 shows the recovery of the real refractive index spectrum by two different
methods, by interpolation of the tabulated » values (middle box) and by Kramers-
Kronig" transformation of the recovered absorption index spectrum (upper box). It is
evident that the best method of recovering n values is through the Kramers-Kronig
transformation of the recovered k values. However, in both cases the accuracy of
recovery is better than +0.02% at most wavenumbers, and the few larger disagreements
are not in consecutive points. Thus, while the Kramers-Kronig transformation of the

recovered imaginary refractive index is the best procedure (average accuracy of

+0.005%), the (V) values can be recovered with good accuracy by interpolating the

values in a compact n( V) table.

The molar absorption coefficient spectrum, En( V), can be calculated from the
imaginary refractive index, as noted earlier. The accuracy of recovery of E, values was
tested by two methods. First, the E, spectrum was calculated from the & spectrum, a

Compact Table of E, values was created, the £ spectrum was recovered from the table
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Figure 7.7 - The percent differences between the real (a) and imaginary (b) dielectric constants
calculated from the original real and imaginary refractive index spectra and from real and imaginary
refractive index spectra recovered from Compact Tzbles,
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by interpolation as described above, and the recovered spectrum was compared with the
original. Second, the £, spectrum was calculated from the original & spectrum and also
from the & spectrum recovered from a Compact Table, and the two E,, spectra were
compared. The same level of accuracy in the recovered spectrum was obtained from
both methods. The lower boxes of Figure 7.6 show twc bands of the original molar
absorption coefficient spectrum superimposed onto the two bands recovered by the first
method. The accuracy of the recovery for these bands is shown in the upper boxes as
the percent difference between the original and recovered spectra. The accuracy is

expected to be of the same order as the accuracy of the imaginary refractive index, with

slight differences because the molar absorption coefficient values are weighted by V.
Comparison of Fig. 7.6 with Fig. 7.2, which shows the same information for the same

bands in the imaginary refractive index spectrum, confirms this expectation.
The dielectric constants can be calculated from the refractive indices. The real
dielectric constant, £'( V), is given by £(V) = n*(V) - ¥( V), while the imaginary part,

£"(v), also called the dielectric loss, is given by (V) = 2n( V)K( V). Figure 7.7 shows
the percent differences between the real (a) and imaginary (b) dielectric constants
calculated from original and recovered refractive index spectra. For the real dielectric
constant, since n > 10k for most of the spectral range, the accuracy of recovery should
be that of the n? spectrum, i.e. the percent differences should be twice those of the
recovered n spectrum. Comparison of Fig. 7.7a and 7.5 shows that this is the case.

For the dielectric loss, the recovery should be accurate to the sum of the percent
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accuracies of recovery of the real and imaginary refractive indices. Since the percent
accuracy of recovery of the & spectrum is much worse than that of the 7 spectrum, it
follows that the accuracy of recovery of the imaginary dielectric constant spectrum (Fig.

7.7b) is essentially that of the k spectrum (Fig. 7.2).

7.5 - Summary

A Compact Table is described to allow numerical reporting of accurate spectral
intensity values over the entire infrared spectrum. The table is about one tenth of the
size required to report the spectrum in conventional XY format, and allows the intensity

values to be recovered with no loss of the experimental accuracy.

The imaginary refractive index and the molar absorption coefficient values can be
recovered with average accuracy nf about 0.2% and better accuracy than 1% for nearly
all points of the spectrum. The real refractive index values can be recovered with
average accuracy 0.005%, with most spectral points recovered to better than 0.02%.
When the recovered data are used to calculate the dielectric constants, the real dielectric
constants have about half of the accuracy of the recovered real refractive index values,

and the imaginary dielectric constants have the same degree of accuracy as the imaginary

refractive index.

If one has the value of the real refractive index at the highest wavenumber in the

spectrum and an accurate program for the Kramers-Kronig transform from &( V) to n(v),
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the n( V) spectrum can be recovered from a Compact Table of the absorption index
values, A( V), to better accuracy than it can be recovered from a Compact Table of n( V)

values. Thus the intensity properties can be recovered from a single Compact Table of

k( V) values to at least the accuracies given above. This means, for example, that for
liquid methanol a one-page Compact Table contains all of the information needed to
recover the complete quantitative intensity information needed to calculate any

spectroscopic property between 8000 and 2 cm’! within the experimental accuracy®.

7.6 - Appendix A

7.6.1 - Input file - Comptab.asc

nruns / no. of spectra, each one to be converted to a table
and then for each run

head(1) / comment

head(2) / comment

filein, fileout / input and output filenames

spectype / allowed entries: k or n or e

wl / laser wavenumber in cm-!

nregion / no. of regions

xsreg(i),xfreg(i),factor(i) / starting cm!, final cm-1, desired spacing in

region. one line for each region.

7.6.2 - Summary of variables used in program:

y - a vector containing y values.
xs and xe - starting and ending wavenumbers.
zy(1) - vector zy contains y values after the reduction of the number of points.

z(L,)) - array z contains zy values arranged in rows (i) and columns (j).
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nptsreg(i) - number of points in region i.

expo(i) - vector expo contains the Y-exponents.

jz(1,3) - array jz contains values of z(i,j)*10**(-expo(i)) stored as integers.
actspace - the wavenumber spacing in the original file.

nredstep - the reduction factor for the number of points in the region.

newnpts - number of points in the region after reduction.

ind! - number of lines in the region.

ncorect - correction to the index in the original spectral file of the next starting

wavenumber, xsreg(i+1), to ensure that each point is presented only
once and the spacing between xfreg(i) and xsreg(i+1) is that of

factor(i+1).

7.6.3. - Program listings
program Compact Table
implicit real*8(a-h,0-2)
dimension xsreg(35),xfreg(35),factor(35)
real*4 y(16384),xs,xe res
dimension z(975,17),zy(16384)
integer*4 nptsreg(35),jz(975,17),expo(975)
integer*2 npts,ier
character*12 filein,fileout
character*192 comm
integer*1 xt,yt
character*1 spectype
character*76 head(2)
open(6,file='comptab.asc’)
read(6,*)nruns
do 10 i=1,nruns
read(6,900)head(1)
read(6,900)head(2)
read(6,*)filein, fileout



read(6,905)spectype

read(6,*)wl

if{spectype.eq.'k') nkflag=0

if{spectype.eq.'n’) nkflag=1

if{spectype.eq.'e’) nkflag=2

read(6,*)nregion

do 20 j=1,nregion

read(6,*)xsreg(j),xfreg(j).factor(j)

open(8, file=fileout)

write table header according to nkflag

ifinkflag.ne.1) write(8,895)

if{nkflag.eq.1) write(8,896)

read data. the following part is for use with files in the .SPC format of Galactic
Industries’ SpectraCalc software. modification is needed for a different format of
input data

call readsc(filein,y,npts,xs,xe,xt,yt,res,comm,ier)
calculate actual spacing

actspace=(xs-xe)/(npts-1)

start a loop to calculate everything for each region

=1

calculate no. of pts in region, the reduction step and finally the new no. of pts in
that region

if{(factor(j)/actspace).lt.1) then

write(*,*)' reduction is impossible. cannot create points'
stop

endif
nredstep=idnint(factor(j)*(wl/16384.d0)/actspace)
nptsreg(j)=idnint((xsreg(j)-xfreg(j))/actspace+1.0)
newnpts=idnint((nptsreg(j)-1.0)/nredstep)+1
xfreg(j)=xsreg(j)-actspace*nredstep*(newnpts-1)
recalculate nptsreg and newnpts



50

70

80

81

85

294

nptsreg(j)=idnint((xsreg(j)-xfreg(j))/actspace+1.0)
newnpts=idnint((nptsreg(j)-1.0)/nredstep)+1
ntype=nint(dlog(factor(j))/dlog(2.0))

create a zy array to store the reduced y data
if(j.eq. 1 )ncorect=nint((xs-xsreg(1))/a~tspace+1)
do 50 I=1,newnpts
zy()=y((1-1)*rsedstep+ncorect)

calculate number of lines in region )

inline=17

indl=newnpts/inline
if{(indl*inline).ne.newnpts)indl=indl+1

iflag=0

create a matrix, z, to store the zy data

do 60 m=1,indl

do 70 k=1,inline

z(m,k)=zy((m-1)*inline+k)

find 10”n exponent factor for the line
if{m.eq.indl) iflag=1

if{nkflag.ne.1) then

call findexpo(z,m,expo,iflag,newnpts)

multiply by the exponent factor for the line expo(m)
do 80 k=1,inline
jz(m,k)=ifix(z(m,k)*10.**{-~expo(m))+0.5)

else

do 81 k=1,inline

jz(m,k)=ifix(z(m,k)*10000)

endif

write line to file
zxline=xsreg(j)-actspace*((m-1)*inline)*nredstep
if{nkflag.ne.1) then

iflm.ne.indl) write(8,925)zxline,ntype,expo(m),(jz(m,k),k=1,inline)



295
if{lm.eq.indl) write(8,925)zxline,ntype,expo(m), (jz(m,k),k=1,newnpts-(m-1)*inline)
else
if{lm.ne.indl) write(8,935)zxline,ntype,(jz(m,k),k=1.inline)

if{m.eq.indl) write(8,935)zxline,ntype,(jz(m k), k=1,newnpts-(m-1)*inline)
endif

60 continue

c calculate the reduction step for the next region, adjust the starting wavenumber for
c that region and go back to statement 40 to redo the whole process for the next
c region

i+

if(j.le.nregion) then
nredstep=idnint(factor(j)*(wl/16384.d0)/actspace)
ncorect=ncorect+nptsreg(j-1)+nredstep-1
xsreg(j)=xfreg(j-1)-nredstep*actspace
goto 40
endif
c end of loop to calculate everything for each region
10  continue
895 format(1x,'cm-1'2x,'xe',1x,'ye',3x,'0',4x,'1",4x,'2',4x,'3',4x,'4',4x,'5',4x,'6',4x,'7" 4x,
+ '8',4x,'9',3x,'10',3x,'11',3x,'12',3%,'13',3%,'14',3x,'15',3x,'16")
896 format(1x,'cm-1',4x,'xe',4x,'0',5x,'1",5%,2',5x,'3',5%,'4',5x,'5",5x,'6',5x,'7",5x, '8',5x%,
+ '9'4x,'10',4x,'11',4x,'12',4x%,'13',4x,'14',4x,"'15',4%,'16")
900 format(a76)
905 format(al)
925 format(f7.2,1x,i2,1x,i2,17(1x,i4))
935 format(1x,f7.2,1x,i2,17(1x,i5.5))
stop

end

subroutine findexpo(z,m,expo,iflag,newnpts)

c Suboutine to find the maximum value of z(j,k) in row j. Then to calculate expoij),
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c such that the entries within that line are multiplied by 10**(-expo(j)) when the
c table is created.

implicit real*8(a-h,o0-z)

dimension z(975,17)

integer*4 expo(975)
c Find the largest entry within a row. Use iflag to deal with the last row, which may
c contain fewer entries than inline=17.

zmax=0.e0

if(iflag.ne. 1) then
do 200 i=1,17

200 zmax=amax1(zmax,z(m,i))
else
do 210 i=1,newnpts-(m-1)*17

210 zmax=amaxl(zmax,z(m,1))
endif

c compute the exponential factor
if{zmax.ge. 16300.0) then
expo(m)=1
elseif(zmax.ge. 100 ) then
expo(m)=0
elseif(zmax.ge.100.0) then
expo(m)=-1
elseif(zmax.ge.10.0) then
expo(m)=-2
elseif{zmax.ge.1.0) then
expo(m)=-3
elseif(zmax.ge.1.d-1) then
expo(m)=-4
elseif(zmax.ge. 1d-2) then
expo(m)=-5

elseif(zmax.ge.1d-3) then



expo(m)=-6
elseif{lzmax.ge. 1d-4) then
expo(m)=-7
elseif(zmax.ge. 1d-5) then
expo(m)=-7
elseif{(zmax.ge. 1d-6) then
expo(m)=-7

else

expo{m)=0

endif

return

end

7.7 - Appendix B

7.7.1 - Input file - Trecover.asc

nruns / no. of tables, each one to be converted to a spectrum
and then for each run

head(1) / comment

head(2) / comment

filein, fileout / input and output filenames

xs,wl,idespace / first wavenumber in Compact Table, laser wavenumber,

and the x-exponent, XE, to give the desired spacing in

output spectrum (smallest XE in Compact Table)

spectype / allowed values: kornore
nregion / number of regions
nptsreg(i),nfactor(i) / number of points in region, reduction factor in the

region. one line for each region.

7.7.2 - Summary of variables used in program

y - a vector created to contain the ordinate values calculated from the table.
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z - a vector with the values of the current line in the table.

t (i) - the value of the i th point of the 4 points that are needed for the
interpolation.

nfactor(j) - the interpolation factor in region j.

nptsreg (j) - the number of points in the table for region j.

indxhreg(j) - the high wavenumber index for the straightforward interpolation in
region j.

indxlreg(j) - the low wavenumber index for the straightforward interpolation in
region j.

nonhreg(m,k), nonlreg(m,k)

Boundary interpolation is defined by the four indices nonhreg(m, 1), nonireg(m,1),
nonhreg(m,2) and nonlreg(m,2). m=1 to nregion-1 = index of high wavenumber region
at the boundary. k=1 if the point indexed is in region m and k=2 if it is in region m+1.

idumnon - a dummy vector used in the interpolation (interl) routine.

7.7.3 - Program listings
program trecover
implicit real*8(a-h,0-z)
character*12 filein, fileout
dimension y(16384),z(17),t(4)
integer*4 indxhreg(35),indxlreg(35),nonhreg(35,2),nonlreg(35,2), nptsreg(35),
integer*4 nfactor(35), left(975),idumnon(35)
real*4 r(16384)
integer*1 xt,yt
integer*2 npt
character*76 head(2)
character*80 tablhead
character*192 comm
character*1 spectype
data xt /1/, yt /0/, res /0/, ier /0/

open(6,file="trecover.asc")
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read(6,*)nruns

do 10 i=1,nruns

read(6,900)head(1)

read(6,900)head(2)

read(6,*)filein, fileout
read(6,*)xs,wl,idespace
read(6,901)spectype

if(spectype.eq.k') nkflag=0
if(spectype.eq.'n') nkflag=1
if(spectype.eq.'e’) nkflag=2
read(6,*)nregion

do 20 j=1,nregion
read(6,*)nptsreg(j),nfactor(j)

calculate total no. of points (npts), indices of straightforward and boundary
interpolation regions.
npts=1+(nptsreg(1)-1)*nfactor(1)
indxhreg(1)=1
indxlIreg(1)=1+(nptsreg(1)-2)*nfactor{1)
if{nregion.gt.1) then

do 30 j=2,nregion

nonhreg(j-1, 1)=indxlreg(j-1)
nonlreg(j-1,1)=nonhreg(j-1, 1)+nfactor(j-1)
nonhreg(j-1,2)=nonlreg(j-1,1)
nonlireg(j-1,2)=nonhreg(j-1,2)+nfactor(j)
indxhreg(j)=npts+nfactor(j)
npts=npts+nptsreg(j)*nfactor(j)
indxlreg(j)=npts-nfactor(j)

continue

endif

calculate the original end point xe and the final end point xel
xe=xs-(npts-1)*(wl/16384.d0)*2 **(idespace)
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xe1=xs-(indxIreg(nregion)-1)*(wl/16384.d0)*2. **(idespace)
read table values
open(9,file=filein)
read(9,910)tablhead
do 40 k=1,nregion
calculate no. of lines in region k (lines) and no. of pts in the last line of region k
(left)
lines=nptsreg(k)/17
do 45 m=1lines
left(m)=17
continue
if(lines* 17.ne.nptsreg(k)) then
lines=lines+1
left(lines)=nptsreg(k)-(lines-1)*17
endif
start reading region by region, one line at a time and create a temporary array, z,
for the line. Then put the values of the line into the correct position in the y array
do 50 k1=1,lines
if(nkflag.ne.1) read(9,*)wvjunk,njunk,xn,(z(k2),k2=1,left(k1))
if{nkflag.eq.1) read(9,*)wvjunk,njunk,(z(k2),k2=1,left(k1))
do S5 k3=1,left(k1)

if(nkflag.ne. 1) y(indxhreg(k)+(k1-1)*nfactor(k)*17+(k3-1)*nfactor(k))=z(k3)*10**xn
if{nkflag.eq. 1) y(indxhreg(k)+(k1-1)*nfactor(k)*17+(k3-1)*nfactor(k))=z(k3)/10000.

S5
50
40

C

continue

continue

continue

start interpolating in regions that are straightforward.
do 60 I=1,nregion

if(l.eq.1) t(1)=y(1)

if{l.ne.1) t(1)=y(nonhreg(l-1,2))

t(2)=y(indxhreg(1))
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t(3)=y(indxhreg(l)+nfactor(l))
t(4)=y(indxhreg(l)+2*nfactor(l))
ind=indxhreg(l)+2*nfactor(l)
do 70 m=1,nptsreg(l)-2
call inter1(y,t,],m,nfactor,indxhreg)
adjust t
ind=ind+nfactor(l)
t(1)=t(2)
t(2)=t(3)
t(3)=t(4)
t(4)=y(ind)
continue

continue

interpolate in boundary regions. In each boundary do the region with bigger

nfactor first.

do 80 11=2,nregion
if(nfactor(l1-1).gt.nfactor(l1)) then
t(1)=y(nonhreg(11-1,1)-nfactor(11-1))
t(2)=y(nonhreg(l1-1,1))
t(3)=y(nonlreg(11-1,1))
t(4)=y(nonireg(l11-1,1)+nfactor(11-1))
idumnon(l1-1)=nonhreg(i1-1,1)

call inter1(y,t,11-1,1,nfactor,idumnon)
t(1)=y(nonhreg(l1-1,2)-nfactor(11))
t(2)=y(nonhreg(11-1,2))
t(3)=y(nonireg(11-1,2))
t(4)=y(nonlreg(11-1,2)+nfactor(11))
idumnon(11)=nonhreg(l1-1,2)

call inter1(y,t,11,1,nfactor,idumnon)

else
t(1)=y(nonhreg(i1-1,2)-nfactor(l1))
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t(2)=y(nonhreg(11-1,2))

t(3)=y(nonlreg(l11-1.2))

t(4)=y(nonlreg(11-1,2)+nfactor(l1))

idumnon(l1 )=nonhreg(i1-1,2)

call inter1(y,t,11,1,nfactor,idumnon)

t(1)=y(nonhreg(i1-1,1)-nfacter(11-1))

t(2)=y(nonhreg(l1-1,1))

t(3)=y(nonlreg(ii-1,1))

t(4)=y(nonlreg(l1-1, 1)+nfactor(11-1))

idumnon(l1-1)=nonhreg(l1-1,1)

call inter1(y,t,11-1,1, nfactor,idumnon)

endif

continue

Write output file. This section to statement 10 assumes Galactic Industries .SPC
ile format, as used by SpectraCalc and GRAMS softwares. Y values are
converted to single precision and sent to the .SPC write subroutine. Wavenumber
information is sent by the starting wavenumber, the ending wavenumber and the
number of points.

npt=indxlreg(nregion)

do 90 I=1,indxlreg{nregion)

r(h)=y()

comm=head(2)

call wntesc(fileout,r,npt,real(xs),real(xel),xt,yt,res,comm,ier)

continue

format(1x,a76)

format(al)

format(a80)

stop

end

subroutine interl(y,t,|,m,nfactor,indxh)
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implicit real*8(a-h,o0-z)
dimension y(16384),t(4)
integer*4 indxh(35), nfactor(35)
c calculate slopes and coefficients
s1=(t(3)-t(1))/2.0d0
s2=(1(4)-1(2))/2.0d0
a=2*1(2)-2*t(3)+s1+s2
b=3*t(3)-3*t(2)-2*s1-s2
do 700 kindx=1,nfactor(l)-1
ratio=dble(kindx)/dble(nfactor(l))
y(indxh(i)+(m-1)*nfactor(l)+kindx)=a*ratio**3+b*ratio* *2+s1 *ratio+t(2)
700 continue

return

end

7.8 - References

1. "Tables of Wavenumbers for the Calibration of Infra-red Spectrometers”,

I.U.P.A.C., Butterworths Scientific Publications, London, 1961.

2. AR.H. Cole, "Tables of Wavenumbers for the Calibration of Infrared

Spectrometers”, 2nd Ed. , Pergamon Press 1977.
3. T.G. Goplen, D.G. Cameron and R.N. Jones, Appl. Spectrosc., 34, 657 (1980)

4. a) LM. Nyquist, I. M. Mills, W.B. Person and B. Crawford, Jr., J. Chem. Phys., 26,

552 (1957), b) A.D. Dickson, I. M. Mills and B. Crawford, Jr., J. Chem. Phys., 27,

445 (1957).

5. a) A.C. Gilby, J. Burr, Jr., W. Krueger and B. Crawford, Jr., J. Phys. Chem,, 70,



304
1525 (1966), b) C.E. Favelukes, A.A. Clifford and B. Crawford, Jr., J. Phys. Chem.,

72, 962 (1968), c) T. Fujiyama and B. Crawford, Jr., J. Phys. Chem., 72, 2174

(1968).

6. a))J.E. Bertie, H.J. Labbe and E. Whalley, J. Chem. Phys., 50, 4501 (1969), b) G.M.
Hale and M.R. Querry, Appl. Opt., 12, 555 (1973), c) H.D. Downing and D.
Williams, J. Geophys. Res., 80, 1656 (1975), d) V.M. Zolotarev and A.V. Demin,

Opt. Spectrosc. (USSR), 43, 157 (1977).
7. J.E. Bertie, R.N. Jones and Y. Apelblat, Appl. Spectrosc., 48, 144 (1994).
8. J.E. Bertie, R.N. Jones and C.D. Keefe, Appl. Spectrosc., 47, 891 (1993).

9. J.E. Bertie, S.L. Zhang, HH. Eysel, S. Baluja and M.K. Ahmed, Appl. Spectrosc.,

47, August (1993).
10. J.E. Bertie, C.D. Keefe and R.N. Jones, Can. J. Chem. 69, 1607 (1991).
11. R.S. McDonald and P. A. Wilks, Jr., Appl. Spectrosc., 42, 151 (1988).

12. C. de Boor, "4 practical guide to splines” in Applied Mathematical Sciences 27,

49-57, Springer-Verlag New York 1978.

13. JE. Bertie and S.L. Zhang , Can. J. Chem. 70, 520 (1992).



305

Chapter 8 - Summary

In this work the real and imaginary refractive index spectra of liquid
chlorobenzene and toluene were measured across the entire mid-infrared region at 25°C.
To evaluate the systematic errors, a comparison was made with spectra measured by
other spectroscopists in different laboratories with different instruments. From this
comparison, it was estimated that the accuracy is +0.2% for the real refractive index and
+2-3% for the imaginary refractive index. The real and imaginary refractive indices are
fundamental physical quantities. They were used to calculate other measures of infrared
absorption intensities of these liquids such as the molar absorption coefficient, the
complex dielectric constant and the complex molar polarizability. The molar absorption
coefficient and the imaginary dielectric constant and the imaginary molar polarizability
have approximately the same accuracy as the imaginary refractive index, i.e. +2-3%.

The real dielectric constant and the real molar polarizability have approximately twice

the error of the real refractive index, i.e. +0.4%.

The optical constants and the molar absorption coefficient spectra of toluene and
chlorobenzene measured in this work, together with those of liquid benzene and
dichloromethane measured separately, were used to establish secondary infrared intensity
standards for liquids. These standards have been published by the International Union of

Pure and Applied Chemistry and can be used to calibrate other intensity measurements.

Molecular properties such as the dipole transition moment and the dipole

moment derivative with respect to normal coordinate are more directly reflected in the
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imaginary molar polarizability spectrum than in the imaginary refractive index spectrum
or the molar absorption coefficient spectrum. These properties are calculated from the
integrated intensities of the bands. In order to obtain reliable integrated intensities, the
imaginary molar polarizability spectrum had to be separated first into contributions from
different transitions. The separation was achieved by curve fitting the imaginary molar
polarizability spectra with bands of classical damped harmonic oscillator shape, then
calculating the integrated intensities from the parameters of the fitted bands. In this
work, an improved curve-fitting program was developed which allows a better fit to be
obtained faster. The accuracy of the integrated intensities is estimated at 3-5% for
strong bands and 5-10% for weak bands. The results of this work are corrected for
liquid dielectric effects and agree usually within a factor of two with literature values for
the gas obtained by experimental or by ab initio calculation. In these cases the
agreement must mean that the vibrations in question have very similar intrinsic intensities

in the liquid and gas phases.

The integrated intensities of the 30 fundamentals of liquid chlorobenzene and
toluene were compared with each other because the two compounds have the same
molecular skeleton with the exception of the chlorine atom and the methyl group. It
was b~ - for the two liquids that the integrated intensities of many of the fundamentals
or of the sum of two fundamentals that result from the splitting of a degenerate
fundamental in benzene, are usually within a factor of 2 and so do not change

significantly upon substitution.
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There are notable exceptions. In toluene the intensity of the CH stretching
vibrations is stronger by a factor of 4.6 than that in chlorobenzene. It appears that the
chlorine substitution shifts intensity from the CH stretching vibrations to other
vibrations. This shift of intensity is compensated in v, V7. vio and vy, in particular in
v; and vye, for which the integrated intensities in liquid chlorobenzene are significantly
greater than those in toluene, by factors of 2.7, 62.1, 55.5 and 6.2, respectively. It is
quite possible that the gain in intensity in these vibrations, is associated with the presence

of the electronegative chlorine and with the loss of intensity of the CH stretching

vibrations.

The procedure used to determine the optical constants of the liquid from
transmission measurements is exact but computationally difficult. A simpler,
approximate method was developed to obtain the optical constants of the liquids. In
this method the apparent absorbance due to reflection losses is calculated by treating the
liquid cell as a single slab of window material. This simplifies the computation and the
method is useful for nearly all common liquids in cells with alkali halide windows. For
all but the strongest absorption bands the approximate method gives imaginary refractive
indices that are within ~1% of those obtained from the exact method. Larger deviations

occur when the mismatch between the refractive indices of the sample and the window

exceed 0.15

Finally, a method for data reduction and presentation is given. The data is

reduced and incorporated into a format that we call Compact Table. The Compact
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Table format allows a spectrum to be tabulated in about 1/10 of the space required for a
traditional table. The format allows direct retrieval of specific values, and also the
retrieval, through a recovery program, of the entire spectrum without loss of intensity
and line shape information. Other quantities that are calculated from those recovered by
the recovery program, are obtained with the same accuracy as if calculated from the

original quantities.
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