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Abstract

This thesis presents the work dorne to measure absolute intensities in the IR
spectra of liquid samples by transmission and attenuated total reflection (ATR)
methods, and to apply the intensities. to investigate the hydrogen bonding interaction in
water solutions. The intensities are measured by the infrared optical constant, & and »,
spectra, and the n spectrum is usually calculated from the & spectrum through the
Kramers-Kronig (KK) transform. This work presents an approach for colorless liquids
to obtain the contribution from electronic absorption to improve the » value calculated.
Results for ten common liquids are presented.

Transmission method was used to measure liquid dichloromethane to obtain
optical constant and molar absorption coefficient spectra between 6500 and 800 cm'" .
The estimated accuracy of the integrated intensities over 25 bands is +1.5%. Nine of
the bands are accepted as the secondary standards for infrared absorption intensity of
liquids by the International Union of Pure and Applied Chemistry (IUPAC).

ATR is another method to measure IR spectra. A modified KK transform from
reflectance to the phase shift with non constant phase correction was developed to
improve the non iterative procedure of refining ATR spectra. This transform gives
errors less than 0.1% for the value of the & spectrum recovered from the simulated
spectra. The ATR method was used to measure the spectra of water and water-
acetonitrile mixtures. The reproducibility of the ATR spectra for water has been

improved. The precision of the k spectrum is now 0.3% for the area in the region



4000-2660 cm”. The recommended & and » spectra between 15000 and 1 cm’ for
liquid water at 24.5+1 °C are presented. The & and »n spectra between 6500-700 cm’
were determined for the water-acetonitrile mixtures over the full composition range at
24.5+1 °C. Their intensities under the OH and CN stretching bands were examined as
the function of the composition by using molar polarizability spectra,

a,(V)y=a,(V)+iad" (V). The hydrogen bonding interaction between the water

and acetonitrile molecules in the mixtures are investigated. The results provide specific

details of the structure of the mixture for the first time.
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Chapter 1  Introduction

Infrared spectroscopy has been one of the most useful analysis methods for
chemists for 40 years. However, its application is usually limited to the frequency or
wavenumber information contained in the spectia Liecause of the difficulty of
determining accurate intensity information and the lack of a model to correlate the
intensity information with the structure of the sample. This thesis describes work done
to obtain accurate absolute intensities in infrared spectra, to develop a method to
convert infrared spectra to fundamental measures of intensity, and to apply the resulting
intensities to obtain scientific information in practically useful cases.

The absolute intensities in an infrared spectrum result from the redistribution of
electrons in molecules caused by the atomic displacement during molecular vibrations.
Like the wavenumbers at which molecules absorb, the intensities of absorption are
properties of the sample. Therefore, they should be independent of the experimental
conditions under which the spectrum is measured. The developments over the past 20
years in Fourier Transform Infrared (FTIR) spectroscopy and computers now make it
possible for spectroscopists to measure very precise infrared spectra. Thus intensities
can be measured very precisely, but it is still not easy to determine their accuracy.
Accordingly, it is desirable to have intensity standards to help spectroscopists obtain
accurate infrared intensity by calibrating their instrument and experiment. Work to
develop absolute intensity standards is described in Chapter 3 of this thesis, with liquid

dichloromethane as the compound.
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The infrared spectra measured by a spectrometer are specific to the particular
experiment. Thus the peak wavenumbers in transmission spectra do not coincide with
those in attenuated total reflection, ATR, spectra, and the loss of intensity due to
reflection from the cell windows affects transmission spectra in a way that is absent
from reflection and ATR spectra. Thus fast and accurate procedures are required to
correct the measured spectra for experiment-specific features and to convert them to
fundamental properties of the sample. A new procedure to achieve this for ATR spectra
is described in Chapter 4.

In the long term it is desired to make the intensity information in a spectrum as
useful to scientists as the wavenumber information. To explore this, one application of
absolute infrared intensities is described in Chapter 6. The system selected for this
purpose is the liquid water-acetonitrile mixture which is interesting to both theoretical
and experimental chemistry.

Water is perhaps the most important chemical. Several quantitative studies of
liquid water have been made of its ability to absorb infrared radiation. Chapter 5 of the
thesis describes measurements of the absolute infrared absorption intensities of water
between 4000 and 700 cm™, and examines the recent literature to recommend values of
the absorption intensities of liquid water at 25 °C between 15000 and 1 cm™. Probable
errors in the intensity quantities are presented, based on the quality of the spectra and

agreement between different workers.

All of the methods used to convert experimental infrared spectra to fundamental

intensity properties of the sample require a knowledge of the real refractive index of the



sample at high infrared wavenumbers, usually, about 8C00 cm™. Until recently, it was
the practice to use the real refractive index measured at sodium D line (16965 cm™) for
this purpose. However, the real refractive index varies markedly with wavenumber
below 16965 cm™. So an improved method of determining the real refractive index at
about 8000 cm is required for work of good accuracy. Such a method is described in
Chapter 2 of this thesis. In fact, the best procedure requires knowledge of tlie infrared
absorption intensities to improve the accuracy of the value at 8000 cm™, so a two stage
procedure is required, and is described.

In this chapter the exact meaning of absolute intensities is discussed in section
1.1. Then, follow the description of the measurement of intensities by the transmission
method in section 1.2, and by the attenuated total reflection (ATR) method in section
1.3. Finally, the background to the application of the absolute intensities to water and
its mixtures is presented in section 1.4,

1.1 The Absolute Intensities of the IR Spectrum

As has been noted above, there are many different types of infrared spectrum.
The type obtained depends on whether the interaction of the radiation with the sample
is measured by transmission, reflection, ATR, or other sampling method. Further, for
each of these types of experiment several types of spectrum can be calculated, and the
type used depends on which is most convenient for the specific purpose. For example,
from a transmission experiment it may be best to look at a transmittance spectrum, or

an absorbance spectrum, or a spectrum of the Beer-Lambert absorption coefficient.
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Absolute infrared absorption intensities can be calculated from any well defined
infrared experiment and it is necessary to describe them by a fundamental intensity
quantity that is independent of the experiment used for the measurement. The spactra
of the complex refractive index, 7 V) = m(V') + i k(V), are the fundamental quantities
that are first calculated from the experimental spectrum in this laboratory. Here n(v) is
the real part of the refractive index and 4(V) is the imaginary part.

If the spectra of the real and imaginary refractive indices are known, all other
types of infrared spectra can be calculated. In particular any experimental infrared
spectrum can be calculated to the extent that the experimental geometry is well defined.
Conversely, the spectra of the real and imaginary refractive indices can be calculated
from any well defined infrared experiment. The imaginary refractive index A&(V ) is a
measure of the absorption ability of a sample at wavenumber v . Therefore, it is also
called the absorption index. The real refractive index, n( V), is usually called the
refractive index. It determines the phase shift of the light wave traveling in the sample.
As examples, the & and » spectra of liquid water in the IR region are presented in
figure 1.1.

The variation of the » spectrum with wavenumber is a consequence of the
absorption of light by the sample. Therefore, the k and n spectra are related to each
other by the dispersion relations, which are also called the Kramers-Kronig transforms.

In the IR region, it is relatively easier to measure the & spectrum of a liquid.
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Accordingly, the corresponding n spectrum is calculated by the Kramers-

Kronig (KK) transform ¢

n72)=na(F)+ 2P T w.h

a

where P means the principal value of the integral. Vv, is the high wavenumber limit of
the measured spectrum and is taken well above the significant absorption in the infrared
region and well below the significant absorption in the visible or ultraviolet region.
Vmax 15 8000 cm-! in this work.

The real refractive index n,( v, ) is determined by electronic absosption in the
ultraviolet (UV) region for a colorless sample because the integration is over the near
IR, IR and far IR regions 7. Thus, n.(Vv,) is different from the real refractive index
measured experimentally at wavenumber v,,. From the values reported for the visible
region, n,(V,) can be obtained by a fitting procedure. In Chapter 2, the principle

used for the calculation is described and the method is applied to ten common pure
liquids. The determined electronic contributions to the refractive index are presented

and discussed in that chapter.

Another type of infrared spectrum that is often used, particularly by analytical

spectroscopists, is the molar absorption coefficient spectrum. This is usually defined as
~v -1 ~ ~
En(V )= 10g10 (V) 1,(¥) (1.2)

where / and /, are the transmitted and incident intensities, d is the path length through
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the sample and C is the molar concentration of the sample. It can be shown from
electromagnetic theory that £ ( v ) is related to & by

4nvk(Vv) 5
2303C (1.2a)

En(v)=

E(V) is the absorbance spectrum produced by unit molar concentration of
sample in unit path length. Like the refractive indices, it is an intensive property. The
E_, spectrum of liquid water is displayed in the top box of figure 1.2.

The refractive indices and the molar absorption coefficient are all macroscopic
properties of the liquid. They reflect the properties of the molecules in the liquid and
their short-range interactions, but they also reflect long-range effects that arise from the
polarization of the liquid by the oscillating dipoles that absorb the infrared radiation.
These long-range effects are conveniently referred to as macroscopic dielectric effects.
These macroscopic dielectric effects change when the composition of, say, a binary
mixture is changed, with the consequence that the spectral differences observed for
different mixtures are partly due to the different dielectric effects and partly due to
changes in the short-range environment of the molecules. It is the short-range
environment that is of interest to chemists, so it is desirable to use spectra of a quantity
that does not include the macroscopic dielectric effects.

There is no exact solution to this problem, but there is a solution that is very
simple and can be shown to be effective. To sample the short-range environment, it is

necessary to know the (average) local electric field that acts on each molecule in the

liquid and to see how this polarizes the molecule through the (mean) molecular
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polarizability & (V). The Lorentz local field ® provides a simple expression for
calculating this from the macroscopic electric field of the radiation and relates the

molar polarizability (or the mean molecular polarizability) to the refractive index

through the Lorentz relation:

SN (1.3)

where V;, is molar volume of the sample.

The polarizability in eq. (1.3) is a complex quantity
a,(v)=a,'(V)+ia,'(v). Itsimaginary part describes the absorption of radiation
and the real part describes the polarization of the molecule. Thus, eq. (1.3) applies to
all wavenumbers and to absorbing samples as well as its usual application to non-
absorbing samples.

In practical application, the spectrum of the imaginary part, a'',,(Vv), and the
va',, spectrum 8 are used for the study of the interaction between molecules in the
liquid phase. Again, with liquid water as the example, a',, and va'',, spectra are

displayed in the bottom boxes of figure 1.2.

The am, En and & spectra look the same qualitatively. In fact there are
considerable differences between them. The peak wavenumbers and the band shapes
are different in the three spectra. This is illustrated for the O-H stretching band in

figure 1.2. Two points should be noted.
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First, the peak wavenumber, Vmax in the an spectrum is the wavenumber of
the mechanical oscillator according to the Classical Damped Harmonic Oscillator ,
CDHO, theory. It differs from the peak wavenumbers in the k and £, spectra, which
depend on the wavenumber of the mechanical oscillator and also on the absorption
intensity of the band. The greater the intensity the larger the difference from Vmax in
the an spectrum.

Second, the band in the an spectrum is essentially symmetric. The bands in
the E,, and k spectra are definitely asymmetric, each with a tail to high wavenumbers.
Clearly analysis of the spectrum is simpler with the undistorted bands of the am
spectrum, and the a; spectrum is preferred for this reason as well as because it gives
the correct wavenumber of the mechanical oscillator. More detailed discussion about
this point is given in Chapter 6. Therefore, the imaginary polarizability spectrum is
used in this work to obtain physico-chemical information about the liquid phase.

1.2 Transmission Method

The conventional method to measure IR spectra is by transmission. Figure 1.3
illustrates this method. The light passes through the cell window and the sample at 0°
incidence, then reaches the detector.

The basic spectroscopic measurement is the transmittance, #( v ), of the sample
and cell. This is the ratio #( v )=(J{ v )/I(V)) of the radiant intensity transmitted
through the sample and cell to that incident on cell. The corresponding decadic

absorbance is



-11 -

—| d] «

Figure 1.3 Schematic of a transmission cell. ], is the incident energy flux, /, is the reflected
energy flux and /, the transmitted energy flux.

EA(Y y=-log oU{¥ VIV )y=logyo £ V) (1.4)

An EA spectrum of liquid water that was caiculated from the known refractive
indices for a cell with CaF, windows and 10 um path length is presented in the upper
box of figure 1.4. The OH stretching peak is too intens~ *0 measure, and a path length
of about 1 um would be needed to measure it well. Such a cell is extremely difficult to
make and use, which illustrates the limitation of the transmission method for the
measurement of samples with very strong absorption.

EA spescrum is different from the absorbance, A( V), spectrum which is defined
as the absorption by the sample only, because of the radiant intensity lost on the cell
windows. According to Fresnel equations !, the reflected light and the multiple

reflection effect at each interface can be calculated 3.9, provided that the real refractive
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Figure 1.4 Two simulated spectra between 4000 and 700 cm™ of liquid water at 25 °C. Top

box: £4( V) with CaF; as window and d=10um. Bottom box: pATR(V ) with ZnSe as rod and
NRF=3
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indices of the window and the sample are known. Therefore, the absorbance, A( V) of
the sample can be determined from the experimentally measured spectrum EA(V ). The
equations used for the calculation can be found in the references cited.*®

From electromagnetic theory the absorbance A( v ) of the sample is related to
the absorption index &( v ) by equation (1.5)

_4nvk(Wd (1.5
2303 ‘

A(V)
Also, it is related to the molar absorption coefficient defined in eq. (1.2) as

A(VY=CdAEL(V) (1.5a)
and linear absorption coefficient K(V ) as

K(v)=2.303 A(Vv)/d (1.6)
where d is the path length through the sample and C is the molar concentration of the
sample.

In order to measure intensity well in this laboratory, the £A spectrum is
measured with an FTIR spectrometer and the cell thickness is adjusted to give peak EA
values between 0.5 and 2 3.9.10. Accordingly, the intensities in the baseline of the
spectra are too weak to measure accurately. A baseline correction method was
developed by Bertie, Keefe and Jones 3.9 to improve the accuracy of the spectra. They
proposed that two wavenumbers called anchor points be chosen in the baseline at each
side of the band being measured. The experimental absorbances can be measured

accurately at these anchor points by using very thick cells. From them, the absorbance

per unit path length can be calculated after correcting for the reflection at the window
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surfaces and the path length of the cell. The anchor points are then taken as references
when processing spectra in cells of normal thickness because their absorbances can be
calculated from the known path length. The difference between the experimental
absorbance and that calculated at the anchor points is found, and the experimental
absorbance spectrum is corrected by subtracting this difference, linearly interpolated
between the anchor points.

Once the baseline-corrected absorbance spectrum is known, the approximate
imaginary refractive index spectrum of the sample is determined by equation (1.5) and,
the real refractive index spectrum is calculated from it by equation (1.1). The £E4
spectrum is then calculated from these initial £ and » spectra and compared with the
experimental spectrum. The & spectrum is then adjusted, the » spectrum is recalculated,
and the process iterated until the k and »n spectra converge.

Overall, the transmission measurement is simple and precise if the sample does
not have very strong absorption in the region examined. However, the refining
procedure is complex. Therefore, it is desirable to have secondary intensity standards
for spectroscopists to use to calibrate their measurement of absorption intensities. In
1993 the International Union of Pure and Applied Chemistry (IUPAC) 1! approved 43
bands from four liquids as secondary intensity standards. Dichloromethane (CH,Cl,) is
one of the liquids. Chapter 3 describes the measurement of the absolute infrared
intensities of dichloromethane at 25 °C by the transmission method and the values

obtained, several of which form part of the [IUPAC standards.
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Figure 1.5 Schematic of an ATR CIRCLE cell.

1.3 Attenuated Total Reflection (ATR) Method

Attenuated total reflection (ATR) is an alternative method to measure IR
spectra. In late 1950s spectroscopists 12.13.14 realized that the total internal reflection
at the interface between a liquid sample and an incident phase of high refractive index
could supply IR spectra of the sample. The CIRCLE ATR cell that is used in this
laboratory is shown in figure 1.5. The sample is placed on the surface of the
transparent phase which is a crystal with high real refractive index n,. The light travels
in the transparent phase and reflects from the interface. If the liquid medium does not
absorb at a particular wavenumber, the light at this wavenumber is completely
reflected, provided that the incident angle is greater than the critical angle. Absorption
by the sample causes loss of intensity of the reflected light, because the light penetrates

the interface to some extent and is absorbed by the sample. The mechanism is different
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from that of the transmission method ' and allows very good measurement to be made
of bands that are too strong to measure accurately in transmission.

The spectrum obtained in this laboratory from the ATR method is usually the
negative decadic logarithm of the ratio of the intensity /( v ) reflected from the cell full
of sample to the intensity /,( V) reflected from the cell full of N, gas.

PATR(V ) = -logyo (¥ VI(V)) (1.7)

This spectrum looks like its counterpart from the transmission method, but they
differ in terms of peak position, band shapes and intensity. This is illustrated by the
spectra in figure 1.4. Unfortunately, spectroscopists frequently compare pATR spectra
with transmission spectra without recognizing these inherent differences.

The intensities in the pATR spectrum are determined by the number of
reflections (NRF), the incident angle 3, the refractive index of the transparent phase,
n,, and the complex refractive index of the sample 13. The equations for the intensities
are given in Chapter 4. If the absorption by a sample is weak, a single reflection does
not give a satisfactory spectrum and a number of reflections at the interface are
required. This is called multiple attenuated total reflection (ATR) 13. In this
laboratory, multiple ATR spectra are recorded with the CIRCLE cell shown in figure
1.5. The transparent phase is a rod with conical ends. For the work reported in
Chapters 5 and 6 this cell was used. The incident angle in the cell is 45 ° which
ensures total internal reflection and also simplifies the calculation used to obtain the

real and imaginary refractive index spectra from the measured pATR spectra. 5.
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The value of NRF can be determined by calibration 315, Liquid benzene is used
as the calibration standard in our laboratory because its real and imaginary refractive
index spectra have been accurately determined by the transmission method 3. The
intensities in the pATR spectrum of liquid benzene are calculated for different values of
NREF by Fresnel equations from these known »7 and & values, and are compared with
those determined experimentally. The value of NREF is the value that gives the smallest
difference between the observed and calculated pATR spectra.

Each pATR spectrum is converted into the real and imaginary refractive index
spectra of the liquid sample. This can be done by two approaches. The first one was
developed by Eysel and Bertie 5:16. They assumed that pATR intensity always
increases with the absorption index, &. Consequently, a correction to an approximate k
spectrum can be obtained from the ratio of the experimental pATR to that calculated
from the approximate & spectrum and the accompanying » spectrum which is calculated
from the & spectrum. In this way an iterative method is used to obtain refractive index
spectra. Under the experimental conditions of this work, this method has been shown
to give k values with errors <3% for most liquids !”. However, the underlying
assumption may not be valid when a sample has a very strong and sharp band in the
region being examined '®. When the assumption is not valid the iteration diverges 16
and is not useful.

Plaskett and Shatz 2 initially proposed the second approach. They considered

the complex reflectivity 7(v)=r(V )exp(i& v )) from the interface. The experimentaliy



-18 -
measured reflectance /(v )/I,( V) is just the square of the amplitude of 7(v). Two
Kramers-Kronig (KK) transformations were developed to calculate the phase shift
& Vv ) from the measured reflectance 2.18. The real and imaginary refractive indices can
be calculated from the amplitude and phase shift of reflection through Fresnel
equations. The advantages of this approach are that there is no convergence problem
and the calculation time is much shorter because no iteration is required. However,
the accuracy of the results in published reports of this approach is usually worse than
from Eysel and Bertie's method '*'°. The desire to determine the source of the
inaccuracy and to improve this approach led to the work described in Chapter 4.

1.4 Water and its mixture with acetonitrile

One of the most useful applications of the ATR method is to measure the
absorption intensities of water and its solutions, because of the very strong absorption
by water in the IR region. However, reproducible results for water could not be
obtained by previous workers. The precision of the spectra of liquid water was usually
5% or worse, especially in the O-H stretching region around 3500 cm' *. This
precision is less than 2.5% for other pure liquids "% In Chapter 5, the cause of this
poor reproducibility is explored and markedly improved results are presented.

In 1973 Hale and Querry “ reported the refractive index spe=tra of liquid water
from 50000 to 50 cm” and their values have been widely used. Recent developments in
FT spectrometers and computers have led to more accurate spectra in the near, mid and

far infrared regions. Water is such a fundamentally important liquid that it is desirable



-19-

to summarize the best results. The real and imaginary refractive index spectra of liquid
water between 15000 and 1 cm’ that are believed to be the most reliable are also
presented in Chapter 5 based on work in this laboratory and comparison with the
literature.

The structure and other properties of mixed solvents in which water is one of
the components have for a long time been of considerable interest because of the
importance of these solvents in many branches of chemistry. Water-acetonitrile
mixtures are relatively simple systems to investigate by IR spectroscopy because of the
small size of acetonitrile. The CN group is a good sensor of its environment *°. The
interaction between water and acetonitrile is mainly due to hydrogen bonding and the
structure of the system is expected to be mainly decided by this interaction and the
molecular shapes in the mixture. However, the reported observations 2~ of the inter-
molecular interaction and its effect on the structure of the mixtures, are either not
convincing or are controversial. In addition, the IR investigations *"***° of these
mixtures were done by examining peak positions or band shapes because of the
difficulty of determining the absolute intensities. Therefore, it was considered of

interest to reexamine these mixtures by measuring and interpreting their absolute

intensities.

In Chapter 6, the absolute intensities of HO+CH,;CN mixtures determined by

the ATR method are presented as the real and imaginary refractive index spectra.

These refractive index spectra were converted to imaginary molar polarizability spectra
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under the Lorentz local field, and the intensities for different compositions were
interpreted in terms of the extent and nature of the hydrogen bonding in the mixtures.
The method used and the results obtained are described and discussed in Chapter 6.
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Chapter 2  The Refractive Index of Colourless Liquids in the Visible
and Infrared: Contributions from the Absorption of Infrared
and Ultraviolet Radiation and the Electronic Molar
Polarizability below 20,500 cm™ *

2.1 Introduction

The real and imaginary refractive indices of liquids, () and &( V), are essential
properties for calculating and understanding light propagation, reflection and absorption
in all practical situations. This paper is relevant to the determination of the real
refractive index in the infrared spectral region. Specifically it discusses the separation of
the contributions to the visible refractive indices of colourless liquids from the vibrational
(infrared) and electronic (ultraviolet) absorptions, and explores which extrapolation into
the near infrared gives the best accuracy when combined with the results of infrared
measurements. The real refractive index that results solely from the electronic
absorption, 74, and the electronic molar polarizability, a, are given for 10 colorless
liquids between 20,500 and 0 cm™.

The infrared imaginary refractive index spectrum, the & spectrum, is relatively
easy to obtain fros: “.nsmission'™ or attenuated total reflection®® spectra. The real
refractive index spectrum, the » spectrum, is obtained'® from the & spectrum through the

Kramers-Kronig (K-K) transform (Ref. 9 and citations therein)

n(v,)=n, -Pj Vk(v)dr’

(2.1)

where P indicates the principal value of the integral. In this laboratory the experimental

¢ A version of this chapter has been published. Bertic and Lan, J. Chem. Phys., 103, 10152 (1995)
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k values are measured to above 6000 cm™. Further, without introducing any error into
the first four decimal places of the real refractive index, & can usually be set to zero
between 6000 cm™ and 8000 cm™ because the near infrared absorptior is very weak.
Thus, the upper limit of the integral in Eq. (2.1) is usually taken to be 80C0 cm’. The
error in the value of n_ that is used in Eq. (2.1) contributes significantly to the error in
the 7 values obtained®*!®!'. The evaluation of #_ is the subject of this chapter.

A typical real refractive index spectrufn of a colourless liquid is illustrated in
Fig. 2.1. The spectrum approximates that of benzene'” in its salient features. The
visible region extends approximately from 25000 to 14,500 cm™. The refractive index
in the visible region is on the distant low-wavenumber tail of the anomalous dispersion
caused by the electronic absorption in the ultraviolet and is on the distant high-
wavenumber tail of the anomalous dispersion caused by the (weaker) vibrational
absorption in the infrared. Thus, n is approximately constant in the visible region on
the scale of the upper box.

In KK transforms of infrared absorption spectra, n_ has been taken to mean the
value of the real refractive index far below the electronic absorption and far above the
infrared absorption. Because of the near constancy of the refractive index in the visible,
it has been common practice to set n_ equal to the value of » at the sodium-D line
(16965 cm™). This was done in the first work from this laboratory’. The lower box in

Figure 2.1 shows that the refractive index is not quite constant in the visible. The value
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Figure 2.1 A real refractive index spectrum of a colorless liquid, based approximately on that
of benzene. The visible and near infrared region is expanded in the lower box.
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is lower at 10,000 cm™' than at the sodium-D line by 2.5%. Accordingly the practice in
this laboratory changed® to the current practice, namely to set n, equal to the
extrapolated value of 7 at 8000 cm™. This extrapolated value is obtained from the
equation n*(v)= b, +b,v* +b,v* (2.2)

after the coefficients have been determined from a linear least-squares fit to the

experimental values at visible wavenumbers. The latter are usually given to at least 4

decimal places'>"®, and the extrapolated value is believed to be within about +0.004 of

the correct valu:- for H,Q® and 0.0004 for benzene® and its derivatives '>!'. In both of
these practices a constant value of 7, is used in the K-K transform of the infrared k
spectrum to the infrared » spectrum.

The value of n_ that is required in the KK transform to calculate » at
wavenumber V, is the value of n that results from all absorption except that accounted
for in the integral. To high accuracy, for colourless liquids it is the ultraviolet
absorption that determines the required value of n, when the integration is over the
region below 8000 cm™. In other words, n,_ in Eq. (2.1) should be set equal to the
value of n at wavenumber V, that results solely from the electronic absorption. We
shall call this quantity 7., or 7.( V) in general, or n4(V.) when a specific wavenumber is
implied.

The only data that are usually available to calculate this value of n, are the
refractive indices at several wavenumbers in the visible. However, the visible refractive

indices are influenced to some extent by the infrared absorption as well as by the
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dominant ultraviolet absorption. Thus a method is required to separate the electronic
(ultraviolet) and vibrational (infrared) contributions to the visible refractive indices, so
that the ultraviolet contribution can be extrapolated into the infrared to provide the
required value of n.;.

This chapter describes a method for determining the electronic and vibrational
contributions to the visible refractive index, and for determining the correct value of
n_= n, to use in Eq. (2.1), the Kramers-Kronig transform which calculates n(v,). It is
shown that n_ should change with wavenumber V., Equations for the real refractive
index as a function of visible and near infrared wavenumbers are given for ten
molecular liquids, based on their known visible refractive indices and infrared absolute
absorption intensities. Similar equations are also given for n,( V), the hypothetical real
refractive index that results from electronic absorption alone, and the electronic molar
polarizability is given for wavenumbers between 20,500 and 0 cm™.

2.2 Equations

A well known”® improvement on equation (2.2) to fit the visible refractive
indices of liquids is

m(M-1=A+B¥V+Cv¥+ ... -BvV2-Cv*- ..
Without the last term this equation is the Schott equatioh, which is used to describe the
visible refractive index in the optical glass industry*! and in liquid-lens materials
research.”? Born and Wolfe®® note that for gases n’-1 can be replacc: by 2(n-1). An

analogous equation in » instead of n” also holds for liquids, as is shown in the appendix
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by expansion of the Kramers-Kronig transform at wavenumbers in the visible. The
appendix also demonstrates that the terms in ¥,”™ (m integral) arise from the
contribution of the ultraviolet electronic absorption and those in v,*™ arise from the
infrared vibrational absorption, and that the coefficients are all positive and independent
of wavenumber. Thus, it is shown in the appendix that the refractive index of a

colourless liquid in the visible is given by Eq. (A2.6) of the appendix, namely

nW=a, +a, v’ +a,v: - — 23
0 2 K3

where extra terms in ¥ ”™ and / or ¥ ™ may be needed for high accuracy. If the

infrared contribution to the visible refractive index is negligible, this equation reduces

to
n(V)=a, +a,v* +a,v* (2.2a),
which describes both n(v) in the visible and n4(V) from the visible to 0 cm™. If the
infrared contribution to the visible refractive index is not negligible, Eq. (2.2a)
describes 7,( V) from the visible to 0 cm™ if the coefficients are those which result from
*he fit of Eq. (2.3) to the visible refractive indices.
It is also shown in the Appendix, Eq. (A2.7), that the Kramers-Kronig

transform which gives » at infrared wavenumbers by integrating only over infrared

absorption should be writteri:



~ ~ vk(v)dv
n(vy) =~(a, +a,v: +a4V:)+£PJ'1—£-V—)——V 2.49)

thus replacing n_ in Eq. (2.1) by the power series that describes the electronic
contribution to the refractive index at visible and infrared wavelengths.

Results obtained with these different equations are compared in the following
sections. In addition, the contributions to the visible refractive index from electronic
and vibrational absorption are calculated for 10 common n¢at liquids, and the power
series that replaces 7. in Eq. (2.4) is given for these liquids.

2.3 Compounds and Data

Experimental results for ten neat liquids are used in this work. Four of the
liquids, water, heavy water, methanol and acetic acid, show strong broad absorption
bands in the infrared between 2000 and 4000 cm™ due to the OH or OD stretching
vibrations of hydrogen-bonded hydroxyl groups. Three of the liquids, benzene,
chlorobenzene and toluene, have only weak infrared absorption but have strong
electronic absorption in the ultraviolet near 56,000 cm’. The other three liquids,
acetone, dichloromethane and acetonitrile, are intermediate cases.

The reported values of the real refractive indices of these liquids in the visible
region at 25°C are listed in Table 2.1. Except for heavy water and acetone, the
refractive index is known at five or more visible wavenumbers, thus allowing the four

parameters of Eq.(2.3) to be determined. The reported precision of these refractive
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index values is £1 x 10-5 or better. The accuracy of these refractive indices was

estimated when values from different sources'>""*

were available. The accuracy was
found to vary as shown in Table 2.1, but is better than 0.001 in all cases.

The other required data that are available for these neat liquids are the absolute
intensities of the infrared absorption bands. The infrared imaginary refractive index
spectra of the liquids have been determined in this laboratory > * 1% 1227 gom the
near-infrared to the far-infrared, with an estimated accuracy of a few percent. Thus the

infrared contribution to the real refractive index at visible wavenumber V., Ang(V,),

can be evaluated to coimparable accuracy through the Kramers-Kronig transform.

vk(v)dv
-2 [HOT

Ang(V,) = (2.5)

where the integration is over all infrared absorption of significant intensity. For each
liquid, An®r(V.) has been calculated by Eq. (2.5) at 10 visible and near infrared
wavenumbers between 20501-10472 cm-l, by integrating between 8000 and 1065 cm™
for acetone and betwcen 8000 cm™ and < 700 cm™ for all other liquids, as given in
Table 2.2. These are the experimental values of Anr. They are presented in Table 2.2.
These infrared contributions to the visible refractive index are all negative, and
only for the four hydrogen-bonded liquids does their magnitude exceed 0.0007 in the
red (14985 cm™) and 0.0003 in the blue (20500 cm™). The contributions for H,O are -
0.002 in tl.2 red and -0.001 in the blue, twice the size of the next largest contributions,

those for acetic acid.



23] -

I

~

‘D

131 158 21 UT SUOTIELASP PIBPUE]S 1 2Ie Sasdpuaued Ul sppquUMU Y], wW

=~ = (4 ¥, uonenba ay) 0) My Jo sanfes rewawiadxa ayy Sy Aq ‘powneiqo osje tam , OFX (€) €L°¢ =70 PUB 01 X (T) OL'OY = F0 san[eA A OFH 104 4

“n31p ise Ap

Ut UOIRIASD PIEPUE]S 1) I Sasayuased U1 JaquInU Y|, .w.z\_m = (4 iy uonenba 3y 0 ¥y jo sanfea [eawLRdX? A Suriy 4q pauTEIqo SBM T8 JO N[BA YLy

01 Jo wopy winaads ¥, “I¢ F.0€ 6711 Yoy Wy umnoads y g Iy woy umngedsj, L7 P p YO WY umuoads yy g Joy woy umaoads ¥ g

Sz Joy woy umnoads ¥ ¢ g oy W

ofj umnseds i , "9 JoY Woy umnPads ¥ p "€ JY Wy uMN2ds ¥ 5 '§T P LT €T YOy WOy umnads y
() 'bg Jo untojsuen Sruoxy-sisurery ay) YENON) UMLIOAS ¥ PATBIUT UMOLTY 2} WOI) PRIEMI[E) SBY (°4 Py

sty
U1 UONBIASP
2000000 1000000 1000000 1000000 1000000 b0000OO  €00000  €00000  TO0000 600000  UMWIXew
(LebL't (r)ovL'1 (b)EOS'T (£)6TL'1 (P)E90' (1)s9°¢ (Dot (1)90T (L)L891 AE)TEY L, 01X®B
Jupduey
0sp-0008  01-0008  00S-0008 Obb-0008  00L-0008 S901-0008  Z-0008  00L-0008 00L-0008 O -0008  uonesda
LOVO00D0- 11500000~ €SE00000- SOKD0000-  6vT00000-  SSB0000'0-  ¥B9E0000-  SBLVO00'C-  SI6E0000- 80660000~  S00SOC
SLVO0000-  6LYO0000-  11K00000-  SLPOOO0U- 68700000~ L6600000-  €OEYOO00-  S8SSO00'C-  695H0000-  OLSII000-  €'96681
0£S00000-  VESO0000- 6500000~  OESO0000-  £TE00000-  ZITI0000- 6080000~  LEZ9000'C-  ZOISOO00-  PE6TION0-  S'EGELI
96500000~ 00900000~ SIS00000- S6500000- Z9E00000- 6+TI0000- OIFSO000-  110L0000-  SELSO000-  ISSPIO0C- L0669
SL90000'0-  9LO00000-  €8S0000°0- ZL90000O- L1000~ IVPI0000- EEI90000  6E6LO00C-  E6H9000°0-  SEVOL000- 61861
OLLOD0O0-  TLLOODO'0- 9900000~ 9900000~ 89¥00000-  TIPIOD0-  €10L0000- 99060000~  SIVLOOOO-  T988I06'0-  1'S86HI
28800000 68800000~ S9L00000- 18800000~ ObSO000'C-  LSBIO000-  00IS000'C-  SSLOLOO'C- 0SS80000- 98LIZOO0-  E€T86EI
PEOI0000-  PEOIODD'O- 06800000~ STOIO000- 62900000~ T9ITO00C-  SIWG0000-  ¥6IZI000-  1L66000°0-  I9¥ST000-  S'6LETI
GECI0000- OEEI0000-  SPLIOOOO- SIEI0000- 11800000 L8LTOO0C- S8TTIO00- T9LSIO00-  TBSTIOO0-  GHOEE000-  E'SLYII
LI910000-  ¥0910000- ZBEI0000-  S8SI0000-  T8600000-  GIEE0000-  1S6LI000-  6016100°0- 0191000~ LTIOMO00- STULYOI
¢ (P4 Yiuy o/ °4

GHoSH%  10SH% % oW gNofHo  ,004fHD)  HOPHO  HOOD'HO 0% OH

DST 1& SPIbI] U3} JO S301PUT ATIOBIJOI PITELJul-Teall PUE J[QSIA 31 0} U0ndIosqe pareyuy Jo ‘(°4 )uy “UONNQUINd YL T'T AQEL



-32-

It is note+ orthy that this infrared contribution to the visible refractive index is
of recent interest in connection with liquid lens design®>. To this end, Volynkin and
Petrova * have correlated the effect of infrared absorption on the dispersion of the
visible refractive index for aqueous solutions of strong acids at various concentrations.

It is usually considered that almost all of the infrared contribution to the visible
refractive index comes from the intense absorption above 2500 cm™. This is not the
case. For H;0, D,O, CH;0H, CH;COOH, (CH;),CO and C¢Hs, Table 2.3 shows the
contributions to the real refractive index at three wavelengths in the visible and near
infrared from absorption in different parts of the infrared. For H>O, the region 8000 to
2660 cm™ contributes -0.0011 to the refractive index near 16,000 cm™, which is only
70% of the total infrared contribution of -0.0016 from the region 8000 to 10 cm™.
Similarly for methanol and acetic acid, the OH and CH stretching bands contribute only
75% and 60%, respectively, of the total infrared contribution. For acetone, 40% of the
-0.000141 contribution from the region 8000 to 1065 cm™ arises from the absorption

between 1600 and 1065 cm™

2.3.1 Determination of Experimental Values of the Coefficient a.; in
Equation (2.3)

The development of Eq. (2.3) given in the appendix shows that Ang( V) can be
described by

Ang(V) = -2 2.6)

[Z

with the possible inclusion of higher terms to improve the fit. The coefficient a.; in
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Table 2.3 Contribution to the Visible Refractive Index From Different Infrared

Regions
v,/ cm” Integration Range and Ang(¥,) from Eq. (2.5)

H.0 8000 - 2660 cm™ 8000-1250 cm™* 8000 - 10 cm™
10472.5 -0.002754 -0.003179 -0.004023
15987.9 -0.001108 -0.001288 -0.001650
20500.5 -0.0060662 -0.000771 -0.000991

DO 8060 - 1930 cm™ 8000 - 700 cm™
10472.5 -0.001371 -0.001561
15987.9 -0.000568 -0.000649
20500.5 -0.000342 -0.000392

CH;COOH 8000 - 2100 cm™ 8000 - 1580 cm™ 8000 - 700 cm™
10472.5 -0.001089 -0.001503 -0.001911
15987.9 -0.000445 -0.000620 -0.000794
20500.5 -0.000267 -0.000373 -0.000479
CH;0H 8000 - 2660 cm™ 8000 - 900 cm™ 8000 -2 cm™
10472.5 -0.001123 -0.001372 -0.001495
15987.9 -0.000454 -0.000560 -0.000613
20500.5 -0.000272 -0.000336 -0.000368

(CH3),CO 8000 - 2660 cm™ 8000 - 1600 cm™! 8000 - 1065 cm™*
10472.5 -0.000055 -0.000202 -0.000337
15987.9 -0.000022 <0.000084 -0.000141
20500.5 -0.000013 -0.000051 -0.000086

CeHs 8000 - 2740 cm™ 8000 - 1300 cm™ 8000 - 500 cm™!
10472.5 -0.000034 -0.000061 -0.000138
15987.9 -0.000014 -0.000025 -0.000058
20500.5 -0.000008 -0.000015 -0.004:035
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Eq. (2.6) (without higher terms) was fitted to the values of Ang( V) given in Table 2.2.
The resulting values of a.; are included at the bcttom of Table 2.2 with their standard
deviations.

Fig. 2.2 shows for benzene, methanol and water the Ang values calculated by
Eq. (2.5) and the (solid) curves given by Eq. (2.6) with the fitted values of a., . The
agreement is clearly very good, but suggests that an accurate fit for water requires
higher terms in Eq. (2.6). The high quality of the fit is shown numerically by the
deviations between the tabulated values of Ang( V) and those given by the curves.
These are given in Table 2.2 below the coefficients a.,. For the hydrogen bonded
liquids these are all between 9 x10”and 2 x10~° and for the other liquids they are all <4
x10°. The high qiiality of the fit is also shown by the standard deviations of the
coefficients a,. These are all less than 0.7% of the coefficient, and are of the order
expected from the truncation of the power series (Eq. (A2.5) of the appendix) at the

first term.

For water, the experimental Ang( V) values were also fitted to Angr(V) = - g.";z

- %‘ . The coefficients so determined are given in footnote p of Table 2.2. In Figure

2.2 the dashed line given by this fit is in excellent agreement with the data, substantially
better than the solid line from the one-parameter fit. In the following, the values of a.,

and a4 in Table 2.2 are called the experimental values of these coefficients. They are
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Figure 2.2 The contribution Ang to the visible refractive index from infrared absorption
between 8000 and 500 cm™ (CsHe), 2 cm™ (CH30H) or 10 cm™ (H20). The points 0, A, and O
were calculated from the infrared imaginary refractive index spectra through the Kramers-

Kronig transform, Eq. (2.5). The solid and dashed lines are the functions --‘,'7'1’— and _a_# - %’3 y
4
respectively, with the experimental values of the parameters a.; and a.4 taken from Table 2.2.
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used in the next section to assess the accuracy of directly fitting Eq. (2.3) to the visible
refractive indices.

2.4 Results

2.4.1 Equations 2.2, 2.2a and 2.3 Fitted to the Visible Refractive Indices

The only information available before the infrared intensities are measured are
the visible refractive indices. Thus it is necessary to obtain the best possible values of
nq in the near infrared by extrapolating these values. To evaluate the accuracy with
which this can be done, Egs. (2.2), (2.2a) and (2.3) were fitted to the visible real
refractive indices by the linear least square method. The results are tabulated in Table
2.4 as the values of the coefficients, with their standard deviations in parentheses, the
standard deviation of each fit, 5, and the values of n calculated at 8000 cm™, 4000
cm™' and zero cm™ from the fitted terms in ¥'>™. Because the amount of data was
sufficiently limited to make many standard deviations very large, the most practical
comparison of two fits was judged to be the agreement between the extrapolated values
of the refractive index at these wavenumbers.

The first comparison was to confirm that Eqs. (2.2) and (2.2a) are esseritially
equivalent. The coefficients in the two equations are very different of course, but the
extrapolated values agree to better than 0.0001 in all cases. Clearly, these two
equations can be used interchangably, but the question remains whether they give a
satisfactory approximation to the correct values of n,. Eq. (2.2a) is slightly preferred
on the grounds that it gives 7 directly if the vibrational contribution is sufficiently

small to be neglected.
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Table 2..4 Fits of Equations (2.2), (2.2a) and (2.3) to the Visible Real Refractive Indices of Ten

Liquids
b b b ) < d d
Co C2 12 . a “ [+3 . ne at na at nd at
x10 x10” x10 x10° 8000 cm' 4000cm? Ocm'!
H,0
Eq 2.2) 1.75000 (42) 92.88 (226) -14.8(29) 6.5 1.32509 - 1.32333  1.32288
Eq.(2.2a) 1.32288(15) 35.03(83) -59(11) 24 1.32510 1.32334  1.32288
Eq(2.3) _ 1.32702(25) 23.46(71) 4.50(65) 47.3(29) 0.33  1.32854  1.32740  1.32702
Eq.(2.3+  1.32665 (2) 24.56 (10)  3.47(13) 132 011 1.32824  1.32704  1.32665
Eq.(2.3)* ' 1.32663 (2) 24.39(14) 3.74(18) 40.70(2) 031  1.32821 1.32702  1.32663
D,0*
Eq 2.2) 1.752(17) 1.07(1) 131 (220) 58 1324 1.324 1.324
Ey(2.2a) @ 1.3235(66) 0.7 (471) 49 (83) 22 1.3238 1.3235 1.3235
Eq.(2.3+  1.3252(66) -5(47) 55(83) 16.87 22 1.3251 1.3251 1.3252
CH COOH
Eq. (’2 2) 1.8496 (24) 90 (14) 13 (18) 38 1.3621 1.3605 1.3600
Eq.(2.2a)  1.35999 (86) 33.1(50) 4.4(66) 14 1.36213  1.36052  1.35999
Eq.(2.3) 1.3719(92) -1 27 36 (25) 132(102) 13 1.3720 1.3719 1.3719
Eq.(2. 3p° 1.36185 (81) 27.8(47) 9.2(62) 20.6 13 1.36366  1.36230 1.36185
CH _OH
l—:q(’z 2) 1.7409 (18) 58.8(91) 22(11) 36 1.3209 1.3198 1.3194
Eq.(2.2a) 1.31937(64) 227(33) 7.5(38) 13 1.32085 1.31973  1.31937
Eq.(2.3) 1.3290 (45) 2(12) 28(10)  117(54) 9.7 1.3290 1.3290 1.3290
Eq.(2.3)+° 1.32075 (58) 19.1(29) 10.4(35) 16.04 12 1.32201  1.32105  1.32075
(CH).CO*
Eq.(2.2) 1.8131 (38) 95(24) -0.7(351) 25 1.3488 1.3471 1.3465
Eq.(2.2a)  1.3466 (14) 352(86) -0.6(128) 9.3 1.3488 1.347 1 3466
Eq.(2.3)+ € 1.3469 (14) 34.1(86) 0.7(128) 3.65 9.3 1.3491 1.3475 1.3469
CH.CN
Eq. (’2 2) 1.77822(71) 71.4(41) 13.1(54) 11 1.33523  1.33393  1.33350
Eq.(2.2a) 1.3335027) 26.8(15) 4.6(20) 4.3 1.33523  1.33393  1.33350
Eq(2.3) _ 1.3384(21) 12.7(62) 17.4(57)  54(23) 3.0 1.3393 1.3386 1.3384
Eq.(2.31+  1.33359(26) 2¢.6(15) 4.7(20) 1.063 42 1.33531  1.33402 1.33359
CH.Cl
Eq. ('2 2’) 1.9924(26) 79(16) 69.(22) 34 1.4134 1.4120 1.4115
Eq.(2.2a) 1.41149(91) 28.2(56)  23.3(78) 12 1.41339  1.41194 1.41149
Eq.(23) _ 1.4284(25) 21.4(72) 69.6(69) 183(27) 24 1.4273 1.4281 1.4284
Eq.(2.3+  1.41163(90) 27.8(55) 236(77) 1.729 12 1.41351 141208 141163
C
Eq‘%.Z) 2.17846(22) 200.1(13)  92.2(17) 45 1.48042 1.47705 147596
Eq.(2.2a) 1.4758%(7) 68.45(40) 27.93(54) 13 1.48038 1.47699 1.47589
Eq.(2.3) 1.47795(28) 62.61(79) 33.18(72) 23.0(31) 0.36 148209 1.47896 147795
Eq.(2. 39" 1.4766%8) 68.12(42) 28.19(57) 1.503 126 148049 147712 1.47602
CcH.Cl
Eq. (5 2) 2.2485(15) 202(9) 111 (13 20 1.5040 1.5006 1.4995
Eq.(2.2a)  1.49941(50) 68.1(31) 33.5(43) 6.4 1.50391  1.50051  1.49941
Eq.2.3) , 1.50877(63) 40.7(19)  59.2(18) 102(7) 061 1.51161 1.50943 1.50877
Eq.(2.34+  1.49958(48) 67.6(30)  34.0(41) 1.746 6.3 1.50405 1.50067 1.49958
CeHsCH;
Eq.(2.2) 2.16984(22) 191.4(12) 89.7(17) 4.3 147731 147408 1.47304
Eq.(2.2a) 1.47296(7) 65.63(38) 27.31(52) 1.3 1.47727 147402 147296
Eq.(2.3) , 1.47494(24) 60.03(66) 32.35(61) 22.1(26) 0.3 1.47891 147591 1.47494
Eq.(2.3y+  1.47314(6) 65.08(34) 27.84(47) 1.749 1.2 1.47742 147419 1.47314
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Footnotes of Table 2.4

*. The visible refractive indices at 25°C are given in Table 2.1.
C2m (m=0,1,2) is the coefficient of the term v*™ in Eqs. (2.2), (2.2a) and (2.3). For Eq. (2.2), C2m=bim, while,
for equations (2.2a) and (2.3), czm=a;m. The number in parentheses is the standard deviation in the last digit.

N
TU)-v,)?
¢ The standard deviatior: of the fit, g, is the positive root of a2= LT— , where N is the number of
N-m

observations, m is the number of parameters fitted, f{ v} is the fitting function, and v, and y, are the
avenumber and experimental refractive index
ne is the refractive index that results solely from electronic absorption. The values were calculated by 74 = a,

+a;v* + a,v* for Eqs. (2.2a) and (2.3), or ngj= ‘/bo +b,v* +b,v* forEq. (2.2).

* The coefficient a; was constrained to the experimental vaiue given in Table 2.2, and only ao, a; and a4 were
fitted to the visible refractive indices.

rEqu.alion (2.3) was used with the addition of a term -% on the right hand side. The coefficients a.; and a4

were constrained to the experimental values given in footnote p of Table 2.2, and only ao, a; and a4 were fitted
to the visible refractive indices.
Insufficient data exist to allow Eq. (2.3) to be fitted for D,O and acetone.

Eq. (2.3) includes both the electronic and the vibrational contributions to the
visible refractive index, but at the expense of an additional term to be fitted. For lack
of data, this equation could not be fitted to the visible refractive indices of D,O or
(CHs),CO. The fitted coefficients and the extrapolated n,; values calculated from the
fitted terms in V"™ are given in Table 2.4 for the other eight liquids.

The n,) values extrapolated through Eq. (2.3) differ substantially from those
extrapolated through Eqgs. (2.2) and (2.2a). To determine whether those from Eq. (2.3)
are actually better, as theory suggests that they should be if the coefficients are
sufficiently well determined, Eq. (2.3) was used again to fit the visible refractive
indices, but using the experimental value of a., given in Table 2.2 instead of
determining it in the fitting process. The results of this procedure are given in Table
2.4 on the lines labelled "Eq.(2.3)+”, again with the values of », calculated from the

terms in V">, For water this procedure was repeated with the inclusion of the term
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-a./ V* in the fitting procedure, in which the values of a.; and a_s were kept fixed at the
values in footnote p of Table 2.2. The results are included in Table 2.4 on the line
labelled "Eq. (2.3)*”. The extrapolated ., values are within 0.00003 of those from Egq.
(2.3)+. Thus, the additional term improves markedly the fit of the exparimental Amg
values (Figure 2.2) but changes the value of 7., only in the 5th decimal place.

For all liquids except water, the n.; values extrapolated through Eq. (2.3)+
agree well with those from Eq. (2.2a), and those from Eq. (2.3) are in poorer
agreement. Keeping in mind that Eq. (2.3)+ should give the best values of n,( V), since
it uses the experimentally determined contribution from the vibrational absorption, it is
clear that the visible refractive indices currently available are not sufficiently extensive
or accurate to permit the use of Eq. (2.3) to det-rmine n( V), the refractive index at
infrared wavenumbers that results solely from electronic absorption. Eq. (2.2a) should
be used to calculate n, if the infrared absorptic.. intensities are not known.

For liquid H>O, however, the infrared contribution is sufficiently large, and the
available refractive index data are sufficiently extensive, to make Eq. (2.3)+ and Eq.
(2.3)* superior to Eq. (2.2a). For liquid D,0, only Eq. (2.2a) is available, for lack of
data, and it gives n74(8000 cm™) and 77,(0 cm’") within 0.002 of those calculated from
the experimental data (Eq. (2.3)+ in Table 2.4). Note that the increase in ny for DO
under Eq. (2.3)+ from 1.3251 at 8000 cm™ to 1.3252 at 0 cm™ is not significant and

arises because a; (c2 in Table 2.4) is very poorly determined.
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For all liquids, once the infrared absorption intensities are known, even if
uncertain by ~10%, the best values of n. are obtained from Eq. (2.3) fitted while
constraining a.;, and a.s when required, to the experimental value.

2.4.2 Correction of the Published Infrared Real Refractive Indices

It has been shown above that during the determination of the infrared
absorption intensities as the real and imaginary refractive indices, the integration in Eq.
(2.1) is over the infrared region and 7_should be replaced by n.(V,), i.e. by the power
series obtained by fitting Eq. (2.2a) to the visible refractive indices. Thus Eq. (2.4)
should be used witl: the coefficients a,, obtained from Eq. (2.2a). For H;O, the
coefficients a,, obtained from Eq. (2.3) should be used. It is only after the infrared
intensities are known that Eq. (2.3)+ or Eq (2.3)* (Table 2.4) can be used.

Infrared real and imaginary refractive index spectra have been reported for
liquid water, methanol, benzene, toluene and chlorobenzene®>>-'%!!  The real
refractive indices were calculated through Eq. 2.1 with a constant value of n_. These
reported infrared real refractive index values can now be improved slightly by adding
Eq. (2.7) to the value of n at v.

An(V) = g+a, V+a, v* 2.7
The required values of the three coefficients are given in Table 2.5. Because the
infrared absorption intensities are known, the values of a, and a, are from the rows
labelled Eq. (2.3)+ in Table 2.4. Eq. (2.3)* was used for H;O. The value of g for each

liquid is the difference between ¢, from the row labelled Eq. (2.3)+ in Table 2.6 and the
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Table 2.5 The coefficients of the polynomial required to correct the published infrared refractive
indices and the size of the correction at 8000, 4000 and 0 cm™!

23 24 3 11
HO CH,OH CH, CHCI' CHCH, "

CH-Cl.*

g 000163  -0.00425 -0.00438 -0.00472 -0.00416  -0.00137

b -11 -11 -11 -11 -11 11

a, 244x10 1.91x10" 681x10" 676x10"" 6.51x10" 2.78 x10

a,’ 3.74x107  1.0x10°°  28x10°°  34x10°  2.8x107°  2.36 x10%°
An(8000 cm™)¢  0.00321  -0.00299 000009  -0.00025 000012  0.00051
An(4000 cm™)¢  0.00202  -0.00394  -0.00328  -0.00363  -0.00311  -0.00092
An@cm™)® 000163  -0.00425 -0.00438  -0.00472 -0.00416  -0.00137

This value is the difference between cg from "Eq. (2.3) +" in Table 2.4 and the value of #_used in
the Kramers-Kronig transform (1) for that liquid in the reference cited with the chemical formula.
'I'lus is the c, from "Eq. (2.3) +" in Table 2.4. For H;O, ¢, from "Eq. (2.3)*" was used.
° This is the c, from "Eq. (2.3) +" in Table 2.4. For H;0, ¢, from "Eq. (2. 3)"'" was used.

4 The correctmn to be made to the published values at 8000, 4000 and 0 cm*, calculated by Eq. (2.7)

value of n,, used in the original Kramers-Kronig transform for that liquid. The
corrections calculated for 8000, 4000 and O cm™ are included in Table 2.5. The
corrections range from plus to minus 0.005 and, we believe, improve the accuracy of
the published infrared real refractive indices to approximately 0.001, in all cases.
2.4.3 The Electronic Polarizability Between 0 and 25000 cm™
The values of n.,, the refractive index that results solely from the electronic
absorption, calculatec. as in Table 2.4 can be used to calculate the electronic

contribution to the molar polarizability, a.;, through the well known equation

-4'1'1',:— a . Selected values of the electronic polarizability are given in

+2

=N| 3,
]
Sy
W

Table 2.6. Between 8000 and O cm™ o decreases by 1.1% for acetone, 0.75% for the
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Table 2.6. Electronic Molar Polarizabiliiies Between 20,500 and 0 cm™ of Ten Liquids at 25°C

a. (cm*/mole) at given wavenumber (cm™)

Vo(ml) 20500 15987.9 13982.3 114753 8000 4000 0
HO 18.07 0.898 0.888 0.884 0.880 0.876 0.873 0.872
D;O 18.09 0.888 0.875 0.872 0.870 0.869 0.869 0.869

CH,COOH 57.24 3.129 3.088 3.073 3.058 3.043 3.033 3.030
CH,OH 40.50 1.976 1.952 1.945 1.937 1.929 1.924 1.922
(CH3).CO  73.53 3.887 3.832 3.812 3.791 3.768 3.752 3.747

CH;CN 53.02  2.692 2.658 2.646 2.633 2.620 2,611 2.608
CH.Cl, 64.38 3.950 3.892 3.873 3.855 3.837 3.825 3.821
CeHs 89.41 6.380 6.228 6.176 6.123 6.069 6.032 6.021

CsH;Cl 102.21  7.585 7.407 7.347 7.287 7.226 7.185 7.172

CsHsCH, 106.86  7.572 7.396 7.336 7.275 7.214 7.172 7.158
* a was calculated from n,., which was calculated by ny = a, + a; V* + a, v* , where the coefficients are
from Table 2.4 for Eqn. (2.3) * for H,O and Eq. (2.3)+ for all other compounds.

aromatic liquids, and by 0 to 0.5% for the remaining liquids, about three times greater
than the percentage decreases in 7.

2.5 Summary

For ten liquids examined in this work, the vibrational contributions to the visible
real refractive index, Asnr, were calculated from known infrared absorption intensities,
and were well described by the function -a.,/ V* with the single parameter, a.,. For
water the addition of thé term -a.y/ V* improved the description. Knowledge of these
contributions allowed n.,, the refractive index in the visible and infrared due solely to
electronic absorption, to be calculated as a power series in V™. For liquids other than

H20, the vibrational contribution is very small and the power series for nqy( V) also
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accurately describes the total visible-to-near-infrared real refractive index spectra of
these liquids. Consequently, before the vibrational intensities are known n_in Eq. (2.1)
should be replaced by #.; calculated from the fit of Eq. (2.2a) to the visible refractive
indices. The electronic molar polarizability has been calculated for the ten liquids at
wavenumbers between 20,500 and 0 cm™ from the »,, values.
2.6 Appendix Expansion of the Kramers-Kronig transform

In this appendix the expansion

=1+x*+x*+. =D x* forx <1 (A2.1)

l—x 1=0

is applied to the Kramers-Kronig (KK) transform

n(@,)-n, =2 p[ LY
T rs v-

Consider v, to be in the visible spectral region defined by the limits wyv,, the

lower limit of the ultraviolet, and wg,, the upper limit of the infrared. The K-K

transform can be written to highght this region as:

n(;a)_nm=%[]~ V~k2(v)~dzv Pj- vk(v)dv j’” vk 2(v)dv] (A2.2)

Vuve Va

Colourless compounds do not absorb in the visible. Thus £=0 in the second

integral and Eq (A2.2) simplifies to

- kAT B V(D)
nv,)-n, = ;[I V~2(V)..2V f V) V} (A2.3)

Vune 0 Va
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The expansion (A2.1) can be applied to the integrand in the first term in Eq.
(A2.3), recalling that V>V,

q

VHG)NT 2 VKO 3?5@[1+(7_a)2+(‘~’_a)+ 67
ARy v a,, v A A

2
V4 V1-(vi/v v

<
§'—38

Voure

=dy — Ny + A V2 + A Ve+... (A2.4)

and to the integrand in the second term, recalling that v<V,,

rv @4 _2°F_ Tk f—-vk(v) (;jﬂ{%l 1d¥
) vz A P-GR VD] 7 v, V.

—-_82 a4 4
=— - = (A2.5)
v,, Vg V,

The coefficients {a.n} in Eq (A2.4) and {a..n} in Eq (A2.5) are positive and

independent of wavenumber.
For practical caleulation, expansion to the term V& in Eq (A2.4) and to the
term 3;2 in Eq (A2.5) is usually sufficient (see ter:» Thus, the real refractive index of

colourless liquids in the visible region is given by

P ~ Lonad a
n(vy)=a +a2v§ +a4v2 - :22 (A2.6)
Va

where the terms in v, m m =0, 1 and 2, arise from the ultraviolet electronic

absorption and the term in V, Z arises from the infrared vibrational absorption.
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If the wavenumber v, is in the infrared region, betweenv,,, and zero, Eq

(A2.4) still applies but Eq (A2.5) does not. Thus the K-K transform for the calculation

of n values of colorless liquids in the infrared region should be written

n(3, ) (@ + a2 +a v )+;7'tPJ' ""(")df (A2.7)

o Y Vg

where the coefficients a,, a. and a4 arise from the contribution by the ultraviolet

electronic absorption.
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Chapter 3  Infrared Intensities of Li.. :ids XVIII: Accurate Optical
Constants and Molar Absorption Coefficients Between 6500
and 800 cm” of Dichloromethane at 25°C, from Spectra
Recorded in Several Laboratories *

3.1 Introduction

This paper completes the publication of the detailed measurements and results
obtained in > ..:=::2ct’ that led to the acceptance of secondary infrared absorption
imensity staii.rds for liquids ? by the International Union of Pure and Applied Chemistry.
These standards’ are based on bands of liquid benzene 3, toluene * and chlorobenzene *
and on the bands of liquid dichloromethane reported in this paper.

The methods used have been described in detail **®. The spectra, measured in
transmission, are the experimental absorbance, EA, spectra ¢ which are frequently called
at<orbance spectra even though they are influenced by energy losses other than
absorption.*®* The quantities calculated from these spectra and reported previously were
the spectra of the real and imaginary refractive indices, which are usually called the
refractive index, n( V), and the absorption index, k(V), respectively, the spectrum of the
molar absorption coefficient, F( V), and the areas under bands in the absorption index and
molar absorption coefficient spectra. In this paper the same quantities are reported for
liquid dicMorometﬁane at 25°C between 6500 and 800 cm™.

In this work, EA spectra ® of liquid dichloromethane at 25°C were measured by
two different spectroscopists on the same instrument in this laboratory, one in the current

work and one previously ™%, and also by three spectroscopists in three other

* A version of this chapter has been published. Bertie, Lan, Jones and Apelblat, Appl. Spectrosc., 49, 840 (1995)
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laborziories. From these EA spectra, the real refractive index and absorption index
spectra were calculated in this laboratory by the methods described previously™®.

As was found for other compunds previously™®, the absorption index spectra
from different workers agreed well in their peak heights and areas beneath band groups.
The five average spectra from the different spectroscopists were themselves averaged,
unweighted, to yield the absorption index spectrum that is presented as the best currently
available. This absorption index spectrum, was used to calculate™® the molar absorption
coefficient spectrum and, through the Kramers-Kronig transformation, the real refractive
index spectrum. In order to obtain a more accurate real refractive index spectrum, an
approxirnate earlier* spectrum of the very intense band at 738 cm™, which was not
measured in this work, was appended to the absorption index spectrum before the
Kramers-Kronig transform.

3.2 Methods and Results

The dichloromethane used in this laboratory was of spectroscopic or reagent
grade. Samples were purified by fractional freezing one to three times. They were found
to be >99.95% pure by gas chromatography, and no impurities were detected by infrared
spectroscopy. The purified liquid was kept over molecular sieve to maintain dryness.

The experimental and instrumental details of this work have been described*® and
are summarised briefly here. The spectra from this laboratory were measured with a
Bruker IFS 113V spectrometer. A Globar source, 10 mm aperture, and deuteraied
triglycine sulfate, DTGS, detector were used for all spectra measured in this laboratory.

The slow, room temperature, DTGS detector was used to ensure that the phase
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correction was small during the Fourier transformation of the one-sided interferograms
The interferograms were recorded with 0.665 cm s™ optical retardation velocity and 1
cm maximum path difference. Trapezoidal apodization, multiplicative phase correction
and one level of zero-filling were used in the Fourier transform.

Cells with KBr or CaF, windows and fixed path lengths between 11 and 1500 um
were used, as well as cells with NaCl or CaF, windows and variable path lengths up to 5
mm. The path lengths of the cells were determined from the fringe patterns in the
experimental absorbance spectra of the empty cells by program RNJ22A3¢. For the
variable path cells, path lengths greater than 700 pm could not be determined in this way
because the fringe patterns were too weak. They were found by calibrating the cell
micrometer readings from the fringe patterns at path lengths up to 700 um, and assuming
the calibration held for greater thicknesses.

In addition to the EA spectra recorded for this work, EA spectra recorded
previously in this laboratory by V. Behnam™® were also used. Behnam's methods were as
described above except that he used triangular apodization. The refractive indices
reported here from Behnam's spectra differ from those reported previously”® because
they were re-computed using the recently developed baseline correction procedure®.

Additional EA spectra were kindly supplied by three spectroscopists in other
laboratories. They were recorded with good analytical laboratory technique at 1 or 2
cm™ nomina! resolution under normal conditions. No additional information is available

about one of these three sets of spectra. The other two sets were recorded on a Digilab
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and a Nicolet 510P instrument, with DTGS detectors and triangular or Happ-Genzel
apodization. Dichloromethane used in other laboratories was of reagent or spectro-
grade. The spectra were used if they showed no unexpected peaks.

3.2.1 Absorption Index Spectrum

The linear (decadic) absorption coefficient, K( V), is the absorbance per unit
lengthg, and is needed at anchor points in the baseline in order to correct the baselines™S.
The values were determined from EA spectra recorded in this laboratory. They are
given in Table 3.1, with their 95% confidence limit, the corresponding value of the
absorption index, £, and its 95% confidence limit, the wavenumber of the anchor point,
and the path lengths of the cells used to obtain the anchor point information.

The EA spectra from all sources were converted individually to absorption index,
k, spectra by program RNJ46A>%, with baselines corrected through the anchor point X
values. Table 3.2 shows the spectral regions that were used in the calculations, together
with the cell path lengths used, the value of n,,, and the number of spectra from each
spectroscopist. Each spectrum was only used in those regions where the peak EA values
were between 0.3 and 1.9. The spectra recorded in this laboratory are labeled ZL and
VB, identifying Z. Lan and V. Behnam. The other collaborators are identified by A, B or
C. The value of n, for each region is needed by the Kramers-Kronig transform in
program RNJ46A*°, and was obtained either from the graphs in reference 10 or from

tables of n( V) calculated from the k spectra of reference 8.

The peak heights, peak wavenumbers, and areas above zero ordinate under band

groups between specified integration limits, were measured for each ¥ spectrum. For
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Table 3.1. Linear absorption coefficients and imaginary refractive indices at anchor points for liquid
dichloromethane at 25°C.

95% 95%
Wave- Cell K®W) Confidence Confidence
number pathlengths (cm’) limit k)" limit
(cm’) (mm) : cm’) ink(v"
6313.8 3.7-5.0 0.031 0.008 9 x10~ 2x10”
5688.5 3.7-5.0 0.090 0.008 2.9x10° 2x10”
4980.0 3.7-5.0 0.071 0.006 2.6x10° 2x10”
46182 3.0-5.0 C.238 0.005 9.4x10° 2x10”
43433 3.0-5.0 1.252 0.009 5.29x10" 4x10"
4072.9 3.0-5.0 0.551 0.005 2.48x10” 2:10"
3854.0 3.0-5.0 0.855 0.015 4.07x16° 7x10”
3480.4 2.7-5.0 0.245 0.007 1.29x10” ax10”
2755.7 3.0-5.0 0.704 0.006 4.68x10" 4x10”
2382.1 2.7-5.0 1.887 0.007 1.45x10" 5x10"
2193.1 3.0-5.0 0.672 0.005 5.62x10" 4x10”
19236 3.0-5.0 0.113 0.005 1.08x10” 4x10”
1685.9 3.7-5.0 0.273 0.004 2.97x10° 4x10”
1532.6 1.5-5.0 2.701 0.010 3.23x10° 1x10°
1356.6 1.5-3.0 5.547 0.024 7.50x10” 3x10°
1186.0 0.5-1.5 7.789 0.038 1.204x10" 6x10°
1053.9 1.54.7 1.604 0.003 2.79x10" 5%x10"
965.7 1.5-4.7 3.355 0.008 6.37x10" 2x10°
. 85338 0.5-4.7 3.777 0.019 8.11x10" 4x10°
509.6 ~L.5 0.411 0.041 1.48x10" 1.5x10°

8 k(v)=2.303K(W)/(4nv); The 95% confidence limit of k, Ak, was calculated from the 95% confidence
limit of K, AK, by Ak=2.303 AK/(4nV).
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Table 3.2. Pathlengths, high-wavenumber refractive index. ai.. iumber of spectra from each
spectroscopist, for the region processed.

Path-

Region lengths n,a ZL B VB Total

(cm-1y used (num)
6500-5685 ~500 1.413 6 2 8
5695-4600 3700-5000 1.412 6 6
4620-4345 100-200 1.412 6 8 15
4365-4075 100-530 1.412 8 4 7 22
4085-3845 470-520 1.412 5 2 7 16
3860-3470° 500-1500 1.412 13 2 6 22
3490-2860 30-150 1.411 5 6 11 22
2870-2745 500-1500 1.412 8 6 14
2765-2375 100-520 1.411 5 2 7 16
2385-2200 50-150 1.410 5 2 1 8
2210-1915 1200-5000 1.410 16 16
1925-1575° 4200-5000 1.408 5 5
1580-1525 1500-2700 1.403 6 6
1535-1354 ~50 1.402 6 4 7 17
1356-1175 ~11 1.396 5 1 6

1200-960 ~1500 1.413 5 5

968-800 30-60 1.386 6 9 13 28

® n, is the real refractive index at the highest wavenumber in the region.

® The influence of impurity water was seen between 3741 and 3531 cm and between 1685 and 1560
cm”. Only the spectra from the driest samples were used in these regions.
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each region the k& spectra were averaged to give a single spectrum for each
spectroscopist. Tables 3.3 and 3.4 give the average areas and peak heights obtained by
the different spectroscopists. Table 3.3 specifies the integration limits. Table 3.4
rontains only those peaks that were measured by more than one spectroscopist, and
includes the peak wavenumbers which were determined, with the peak heights, from the
maximum of the parabola fitted to the top three points of the tand.

The areas and peak heights from the different spectroscopists in Tables 3.3 and
3.4 agree very well. As was found for the liquids reported previously”*, the agreement
between spectroscopists sometimes exceeds the combined 95% confidence limits by a
few percent, up to about 3% for CH,Cl,, partly due to inadequate statistics and partly
due to the systematic errors inherent in the use of one instrument by one spectroscopist.
There was, however, clear evidence of water absorption in some samples, at 3692, 3600
and 1600 cm™. The high quality of the agreement between the areas is shown pictorially
in Figure 3.1 for the regions 4345.3 to 4075.3 cm™, 2750.5 to 2625.1 cm’™, and 2480.0
to 2380.2 cm™.

For each region in Table 3.2, the average k spectra from the different
spectroscopists were averaged to yield an unweighted overall average & spectrum. To
check for distortion in the unweighted average because two spectroscopists, ZL and VB,
used the same instrument and ran the majority of the spectra, an overall weighted-
average & spectrum was also calculated from the spectroscopist-average spectra, with the
weighting factor equal to the number of spectra which contributed to the spectroscopist

average (Table 3.2). The spectra in the different regions were then merged to give an



Area (cm?1)

-55 -

0 056

4345 3-4075 3 cm-!?

0054 4 {
E ®
0.052- E

0.019

2750.5-2625.1 cm-!

0.0184 } { 3

0.017 -

2480.0-2380.2 cm-!
0.0216 -
0.0208-

T Y 1 T T T

ZL A B C vB Average
Spectroscopist

Figure 3.1. Average areas under the absorption index spectra (dots) and their 95% confidence
limits (vertical error bars) for the five spectroscopists in three spectral regions from Table 3.3.
Also shown for each region above the label 'Average' is the unweighted average area from
Table 3.5 (dot) and the maximum deviation from it.
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Table 3.3 Spectroscopist average areas under the absorption index bands. *

Region (cm™) ZL A B C VB
6200.0-5725.1 0.0303(13) 0.0321(28)
4625.4-4345.3 0.0657(25) 0.0635 0.0677(24)
4345.3-4075.3 0.0538(7) 0.0519(4) 0.0535(4) 0.0537 0.0536(6)
40753-38550  0.0225(2)  0.0221(1)  0.0224(2) 0.0225(2)
3855.0-3620.2 0.0260(6) 0.0274 0.0260(2)b 0.0275(2)
3330.5-2870.0 0.401(4) 0.405(6) 0.411(5)
2750.5-2625.1 0.0179(2) 0.0178(5) 0.0178(4) 0.0178(2)
2615.0-2480.0 0.0147(1) 0.0147(1) 0.0145(1) 0.0146(2)
2480.0-2380.2 0.0212(D) 0.0210(4) 0.0210(1) 0.0212(1)
2380.2-2215.3 0.0734(6) 0.0721(1) 0.0734

2190.3-2085.2 0.0142(¢1)

2085.2-2030.2 0.00442(2)

1530.2-1355.2 0.370(2) 0.372(3) 0.374(2)
1355.2-1185.0 2.696(30) 2.697
965.2-860.1 0.299(6) 0.301(6) 0.303(4)

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

® The result from the driest sample, in which the 3600 cm™ water peak was essentially absent.
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Table 3.4. Spectroscopist average absorption index peak heights, km'

?(cm.l) ZL A B C VB
6063.2 0.000131(5) 0.000136(13)
5915.1 0.600268(12) 0.000277(31)
5899.2 0.000275(12) 0.000279(24)
5834.5 0.000146(6) 0.000152(20)
4452.7 0.00231(10) 0.00217 0.00232(13)
4253.1 0.000524(11) 0.000508(9) 0.000513(9) 0.000519 0.000520(6)
4196.6 0.00127(5) 0.00112(2) 0.00123(2) 0.00123 0.00125(4)
3944.0 0.000615(7) 0.000586(4) 0.000605(5) 0.000611(6)
3878.0 0.0000644(9)  0.0000629(52)  0.0000632(4) 0.0000636(10)
3825.9 0.0000739(3) 0.0000725 0.0000741(5) 0.0000744(9)
3757.2 0.000275(2) 0.00026% 0.000273(2) 0.000276(2)
3729.2 0.000180(2) 0.000183 0.000182(1) 0.000186(1)
3691.¢ 0.000330(12) 0.000352 0.000323(1)° 0.000354(4)
3054.1 0.00716(9) 0.00703(6) 0.00733(17)
2987.0 0.00383(2) 0.00383(2) 0.00392(5)
2830.7 0.000313(3) 0.0003t1(1)
2685.5 0.000870(8) 0.000871(6) 0.000867(1) 0.000870(9)
25214 0.000355(2) 0.000352(1) 0.000350(1) 0.000352(2)
2410.5 0.000658(3) 0.000647(9) 0.000643(11) 0.000652(4)
2305.6 0.00292(2) 0.00283(2) 0.00287
1422.0 0.00983(3) 0.00952(20) 0.00988(6)
1265.2 0.244(5) 0.244
896.1 0.0184(1) 0.0176(2) 0.0183(2)

* The numbers in parentheses are the 95% confidence limits in the last digit. In some cases only one
spectrum was available, so that no 95% confidence limit could be calculated, and in others no
spectrum was available from that spectroscopist for that region.

® The result from the driest sample, in which the 3600 cm™ water peak was essentially absent.
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unweighted-average k spectrum and a weighted-average & spectrum over the full spectral
range. The overall average areas and the overall average peak heights for both the
weighted and the unweighted average & spectra are presented in Tables 3.5 and 3.6. The
weighted and unweighted averages all agree to 1.8% or better; only a few cases exceed
1% and the average agreement cver all bands equals 0.4% for the areas and 0.6% for the
peak heights. The unweighted average & spectrum, areas and peak heights were taken as
the primary absorption intensity results of this work. The & spectrum is shown
graphically in Fig. 3.2 and is tabulated in the Compact Table'' format in Table 3.7.
Because the different integration ranges have different widths, the height of the
strongest peak of each band group is included in Table 3.5 to indicate the prominence of
the absorption. The agreement between spectroscopists is shown in Table 3.5 by the
maximum deviation of the averages of the different spectroscopists from each
unweighted average area. The quality of the agreement is illustrated in Figure 3.1, where
each box includes, above the label 'Average’, the unweighted average area and the
maximum deviation from it. Numerically, the average agreement is £1.5% over the 11
unstarred band groups in Table 3.5, band groups for which good data were available
from more than one spectroscopist. Below 3600 cm™, the agreement averages +0.8%
over the 7 unstarred band groups and is always better than +1.5%. Above 3600 cm™ it
lies between 1.3 and 3.2%. This good agreement between spectra raeasured in different
laboratories on instruments by different manufacturers is simiiar to that found for

benzene®, toluene* and chlorobenzene’.
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Table 3.5. Overall average areas under the absorpuon 1ndex bands.

Weighted Unweighted Maximum Anchor point  Percent

Region (cm™) Kmax : average average deviation - unccvrla'nu_vh"l cstimated
area area crror’
6200.0-5725.1 0.000277 0.0307 0.0312 1£0.0009 +0.00011 3.3
4625.4-4345.3 0.00227 0.0666 0.0656 +0 0021 +0.000080 R
4345.3-4075.3 0.00122 0.0535 0.0533 +0.0014  £0.000082 28
4075.3-3855.0 0.000604 0.0224 0.0224 10.0003 +0.00010 1.8
3855.0-3620.2 0.000323 0.0260 0.0260 +0.0002* +0.00013 ~2
3330.5-2870.0 0.00717 0.407 0.405 +0.006 +0.00017 1.5
2750.5-2625.1  0.000870  0.0178 0.0178 1+0.0001 +0.00006 0.9
2615.0-2480.0 0.000352  0.0146 0.0146 +0.0001 40.00006 1.1
2480.0-2380.2 0.000650  0.0211 0.0211 +0.0001  10.000044 0.7
2380.2-2215.3 0.00287 0.0731 0.0730 +0.0009  +0.000076 1.3
2190.3-2085.2 0.000272  0.0142 0.0142 +0.0001*  £0.000044 1.0
2085.2-2030.2 0.000249 0.00442 0.00442 10.00002* +0.000023 1.0
1530.2-1355.2 0.00974 0.372 0.372 +0.002 +0.00039 0.64
1355.2-1185.0 0.244 2.696 2.697 +0.030* 10.00078 1.1
965.2-860.1 0.0181 0.302 0.301 +0.002 +0.00029 0.76

* Height of the strongest peak in the region.

b . . -1
The unit of area iscm .

® The maximum deviation of the average of any one spectroscopist from the unweighted average,
except for the starred values for the regions 3855.0-2620.2, 2190.3-2085.2 and 2085.2-2030.2, and
1355.2-1185.0 cm™. The values given for the middle two regions are the 95% confidence limit of the
average area of ZL (Table 3.3), the only spectroscopist who had spectra in these regions. For the last
region, the maximum deviation is 0.001, but five of the six spectra came from ZL so the value given
is ZL's 95% confidence limit. For 3855.0-3620.2 cm™ the value is the 95% confidence limit for the
driest sample, in which the 3600.0 cm™ water peak was essentially absent.

¢ The anchor point uncertainty is the integration range multiplied by the average of the 95%
confidence limits in k4 (Table 3.1) at the two anchor points used for that range.

“ The percent estimated error is the sum of the maximum deviation and the anchor point uncertainty as
a percentage of the unweighted average area for all regions except 3855.0-3620.2 cm™. For this
region the error so calculated was rounded up to the next digit to acknowledge the extra uncertainty
due to water impurity.
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Table 3.6. Overall average peak heights in the absorption index spectra.

Percent
~ ) Weighted Unwcightfd Anchor poix%t st:mat‘ed Reference Rcfere:we
vi{cm ) average average uncertainty error T&3 10
6063.2 0.000132 0.000134(3) 2.4x10:.7, 24
59151 0.000270 0.000272(5) 2.4x10 _ 19
5899.2 G.000276 0.000277(2) 2.4x 10“ 0.8
5834.5 0.000149 0.000149(3) 2. 4x10'7 2.2
4452.7 0.00231 0.00227(10) 2! 9x10 44
42¢ - 1 0.000519 0.000517(9) 3. lxlO 1.8
4196.6 0.00124 0.00122(10) 3. leO 8.2
39440 0.000609 0.000604(18) 4. 8x10 3.1 0.000606(5) 0.000610(36)
3878.0 0.0000638 0.0000635(9) 4. 8x10 22 0.000063(6) 0.000064(05)
3825.9 0.0000740 0.0000737(12) 5. 4x10 24 0.000075(06)
3757.2 0.000275 0.000273(4) 5. 4x10 1.7 0.000268(18)
3729.2 0.000182 0.000183(3) 5. 4x10 2.0 0.000176(11)
3691.9 0.000323% 0.000323* 5. 4x10 ~5% 0.000368(20)
3054.1 0.00720 0.00717(16) 3. sxw 2.2 0.00731(8) 0.00705(16)
2987.0 0.00388 0.00386(6) 3 leO 1.6 0.00390(3) 0.00382(11)
2830.7 0.000312 0.000312(1) 3. 6x10 0.5 0.000298(19)
2685.5 0.000868 0.600870(3) 4. 4x10 0.4 0.000856(6) 0.000911(40)
2521.4 0 000352 0.000352(3) 4. 4x10 1.0 0.000346(5) 0.000338(22)
2410.5 0.000651 0.000650(8) 4, 4x10 1.3 0.000644(6) 0.000700435)
2305.6 0.00288 0.00287(5) 4. 6x10 1.8 0.002’77(2)" 0.00288(11)
*2155.5 0.006247 0.000247(1) 4. 2x10 0.6 0.000237(16)
*2126.0 0.000272 0.000272(2) 4. 2x10 0.9 0.000266(17)
€2054.8 0.000249 0.000249(2) 4. 2x10 1.0 0.000240(16)
*1998.3 0.0000697 0.0000697(4) 4. 2x10 1.2 0.000073(5)
*1970.0 0.0000960 0.0000960(4) 4. 2x10 0.9 0.000101(6)
*1884.1 0.0000326 0.0000326(3) 4. lxlO 22 0.000040(4)
*17389.0 0.0000636 0.0¢00656(5% 4.1 xlO 1.4 0.000075(5)
*1707.7 0.0000449 0.0%00449(1) 4. lxlO 1.2 0.000057(4)
*1600.0 G.00C23* 0.00023* 7. 9x10 ~58 0.000354(20)
*1550.8 0.000804 0.000804(6) 7.9x1 04 0.9 0.000842(31)
14220 0.00978 0.00974(22) 2.3x104 2.3 0.00973(4) 0.00974(20)
1265.2 0.245 0.244(1) 4.6x10 0.5 0.246(5)
*1156.2 0.00181 0.00181(1) 3.2:(10*;~ 0.8 0.00185(7)
*1020.0 0.000514 0.000514(1) 1. lxlO‘ 0.5 0.000584(4)
*985.9 0.000966 0.000966(2) 1.1x10 0.4 0.000958(6)
896.1 0.0181 0.0181(5) 2.8:&10*s 28 0.0184(1) 0.0182(4)

.lnthuoolumnthemmbq'mparenﬁuesnsthemmmmndcvinnonﬁ'omthe unweighted average, except where the starred
wavenumbenldﬁmfypeaksreeordadonlybyZL In these cases the number is the 95% confidence limit in ZL's average value.

'I‘heummamtythelothennchorpotmsnsdwaveragcofthcuncenanmesmthckvalusatﬂxeclosmanchorpomenhersxdeof
the peak (Table 3.1).
<

The percent estimated ervor is the sum of the maximuim deviation and the uncertainty due to the anchor points as a percentage of the
unwetd'ned:vmgc
lnthueolmmmenmnbermpuunlmuﬂn%%cmﬁdawelumtmthclmdlm
humeohznmthenumbempamhaesumeevaluawdummymt}wvalue.

? The exponent of this value was crroneously shown as 10™ in Table 3.3 of Ref. 7.

% A13691.9 and 1600.9 cm’ (also at 3600 cm') some specira showed clear effects of impurity water in the sampie used. The value
given is from the drie= sample with a % estimated error of ~5%.
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Figure 3.2. Absorption index (¢magizary refractive index;, &, spectrum between 6500 and 800
cm-! of dichloromethane at 25°C. The ordinate labels are for the lower spectrum in each box;
they must be divided by 75 or 10, as shown, for the upper spectrum in the box.
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Table 3.7. Absorption indices between 6500 and 800 cm™ for liquid dichloromethane at 25 °C.2b

.

on XE YE 0 1 2 3 3 5 6 7 3 9 10 i1 12 13 14 15 16
63990 4 7 0 12 10 15 12 8 8 i2 4 20 9 2 14 37 7 3 5
523743 4 7 2 10 J 1 s 27 55 A8 114 198  35) 210 89} 361 207 365 195
$97535 4 -7 301 389 1022 2252 2678 2739 1808 988 796
584808 2 -7 864 1002 1231 1451 1422 1207 965 759 614
SROB S) 3 -7 454 422 377 278 201 128 9 70 76 54 0 35 3s 31 33 31 31
$67837 3 -7 3 a1 58 50 12 37 35 37 30 4 53 a3 55 49 48 53 66
554723 3 -7 78 75 67 69 31 117 128 13 86 9 81 93 123 185 258 42 168
s41610 3 -7 117 93 83 87 48 77 67 62 65 78 102 116 100 %0 n 73 93
S2849 3 -7 157 278 236 154 102 73 59 6 57 61 81 1l6 g9 5€ 48 48 63
$1538 3 -7 72 58 7 43 43 36 54 65 82 92 75 57 7 48 52 62 99
$02269 3 -7 128 75 48 36 29 27 26 30 0 - 33 29 29 31 35 49 68
489156 3 -7 58 43 36 37 46 67 83 137 192 147 99 74 68 n 77 88 138
416042 3 -7 182 97 70 58 52 s2 59 62 60 61 65 67 7 82 19 129 110
62928 3 7 95 93 9% 110 136 190 220 252 284 331 378 461 S33 68 76 817 94as
449815 3 6 113 145 203 308 558 1334 2234 1156 550 504 198 131 124 104 83 n 61
436701 3 .7 558 532 532 527 543 565 612 653 698 729 779 900 1145 1753 3552 4960 2714
423588 3 6 197 199 236 350 6% 1213 792 369 201 130 97 ki 65 59 50 41 36
410474 3 -7 319 291 256 246 236 251 257 265 278 299 331 379 340 491 546 633 757
397939 1 -7 793 834 882 934 991 1061 1146 1241 1361 1511 1700 1930 2262 2685 3238 3938 4755
3946.61 1 -7 5536 6000 5922 5353 4565 3790 3125 2579 2146 1806 1549 1353 1198 1071 S66 880 809
391382 1 -7 P50 104 663 630 603 579 SS9 549 536 525 519 521 520 525 538 557 576
388104 | 7 6b4a 631 630 602 S67 529 495 470 451 437 421 414 310 4N7  an0 408 314
3848 25 1 -7 418 425 436 451 467 490 522 556 602 652 700 731 733 707 666 630 597
381547 1 .7 S74 562 558 558 563 573 579 588 603 611 622 634 636 661 677 696
378269 2 .7 749 831 962 1176 1532 2066 2609 2691 2276 1814 1546 1502 1621 1770 1819 1734 1561
371712 2 -7 1432 1398 1508 1770 2164 2674 3139 3148 2569 1866 1330 980 762 601 S00 417 360
3651Ss 2 -7 317 278 256 226 215 198 190 183 172 181 179 198 26 227 230 203 194
358598 2 -7 176 174 176 177 194 200 221 224 234 236 250 264 261 282 281 260 222
352042 2 -7 189 165 151 140 135 130 130 129 128 129 128 118 112 106 105 109 123
345485 2 .7 121 145 186 228 243 251 DS0O 242 228 220 180 162 153 142 131 141 139
3318928 2 -7 149 164 191 229 261 305 321 340 352 356 342 337 343 356 359 372 389
332371 2 -7 419 449 486 532 575 619 678 Wi 738 752 787 524 888 947 964 S66 1004
325814 2 -7 1040 1101 1166 1235 1724 137¢ 349 (517 i594 1674
321572 3 6 184 203 224 251 284 320 3l &3 455 507 S64 636 709 804 897 995 1126
309037 1 -6 1168 1215 1268 1328 1396 1474 1564 1672 1800 1956 2150 2393 2711 3124 3670 4374 5236
305758 1 6 6175 6940 7158 6631 5609 4509 3575 2864 2345 1964 1681 1472 1318 1206 1124 1066 1026
302480 I 46 1001 986 980 982 992 1010 1037 1072 1114 1167 1229 1303 1399 1520 1C86 1923 2265
299202 1 .6 2745 3325 3778 3822 3491 3032 2602 2239 1946 1710 15i8 1362 1232 1126 1036
295730 3 .7 7838 6198 S066 4281 3611 3027 2534 2205 2072 1968 1827 1719 1614 1572 1642 1930
283967 1 -7 20o. 2300 2567 2852 3065 3101 2943 2670 2371 2098 1865 1674 1514
2808 81 3.7 1112 889 740 631 566 S09 477 468 484 539 &4 Ts1 817
271432 1 .7 839 8% 908 956 1015 1093 1192 1324 1511 1787 2210 2887 3968 5648 7709 8694 7380
2681 53 1 .7 5311 3743 2769 2168 1779 1490 1252 1057
266032 3 .7 656 513 448 418 408 4}l 423 447 488 S53 604 646 673 715 809 1005 1417
253497 t -7 1S7S 1763 1996 2282 2627 3009 335 3522 3371 2967 2493 2073 1743 1495 1317 1179 1074
250218 1 -7 1000 941 388 846 B8 793 771 759 752 742 737 737 738 T8 734 T51 IS8
246747 2 -7 782 809 847 891 944 1016 1103 1226 1386 1616 1946 2342
242312 1 -7 2783 3213 3745 4389 5139 5888 6416 6443 5901 5034 4158 3423 2867 2457 2163 1949
239033 2 -7 1668 1517 1452 1436 1477 1559 1642 1720 1812 1915 2018 2131 2260 2469 2753 3142 3743
22669 1 6 414 462 S23 600 703 B35S 1045 1330 1726 2224 26596 2876 2635 2159 1684 1303 1027
229391 1 -7 8317 6918 $837 4939 4190 2580 3i31 2770 2478 2241 2042 1867 1709 1583 1477 1396 1340
225920 2 -7 1265 1221 1149 1047 937 850 808 TI6 749 696 662 635 628 611 597 585 572
219363 2 -7 563 561 S7T? 621 708 854 1098 1312 1836 2287 2462 2237 1911 1702 1646 1771 2135
212806 2 -7 2613 2636 2063 1442 1031 T80 623 523 462 325 402 388 388 402 428 468 548
206442 1 -7 628 Ti0 1026 1479 2122 2481 23i< 1595 1200 %43 763 632 540 475 427 393 368
203164 1 -7 351 341 337 337 342 352 363 377 394 4I5S 40 370 505 545 590 636 674
199885 1 -7 693 6838 660 617 572 S30 497 475 466 475 504 S62 659 788 910 959 906
196607 1 -7 779 632 503 404 330 274 232 200 176
194293 3 -7 127 113 06 109 125 157 213 291 310 247 215 200 196 215 233 234 244
181788 1 -7 249 255 262 269 278 289 304 318 327 363 398 442 501 571 632 653 620
178479 1 -7 S61 502 452 412 378 352 332 316 301 290 278 267 261
175394 3 -7 246 243 250 275 351 375 346 355 300 298 313 340 381 439 505 598
163437 2 .7 656 717 784 868 990 1170 424 1754 2094 2309 2199 1901 1672 1561 1543 1594 1701
157073 1 -7 1776 1871 1985 2134 2330 IS44 3123 3945 S311 7035 7993 7856 6946 S742 4780 4113 3699
183217 3 -6 323 335 371 418 492 615 773 992 1273 1714 1526
145310 1 -6 2796 3084 3387 3702 4020 4324 4593 4795 4921 4984 5030 5128 5373 5912 6964 8613 9840
142031 1 6 9042 T204 5655 4580 3850 3340 295t 2631 2366 2153 1977
139332 3 6 1491 1220 979 838 761 734 779 856 1021 1189 1637 2248
130750 0 -6 2339 2410 2504 2595 2698 2783 2897 3022 3146 3291 3438 3603 3795 3996 4211 4447 4702
120011 0 .5 499 527 563 600 642 685 738 798 867 947 1042 1156 1290 1455 1660 1917 2246
127471 & 4 267 323 399 S03 650 856 1146 1527 1959 2325 2346 2240 1827 1415 1083 835 653
125832 0 .5 5207 4239 3523 2973 2536 2168 1863 1614 1412 1244 107 992 896 813 744 685 631




Table 3.7. Continued.
cm'®  XE YE O 1 2 3 3 s

[ 7 8 3 10 11 12 13 13 18 1o

124193 0 -6 5872 5363 5135 3835 ANAL 4317 3120 3890 3703 3537 333 3205 3084 I9490 IR22 270 202§
122554 0 -6 2539 2340 2381 2324 2263 2225 2189 141 106 2065 1998 1910
12NNCg 2 5 1688 1383 1379 1314 1276 1216 1ZZ1 LIO6 IIIT tlee TRR0 1428 1844 1T 1RG4 A TSe 14T
114551 2 -6 1372 1192 1049 925 823 T2 676 620 STT SI8 491 ISE 429 A3 WO e} 380
107994 2 -7 3287 3135 3025 2933 2862 2816 2790 2792 2/ID 2903 W0S2 3IN6 3055 I8 I0TT7T S0 SH9
101437 2 -7 43848 31599 3561 4846 5585 T073 S882 Q011 WIN6 NS4 TIN0 0741 od23 6l oI il o756
950.73 1 6 693 716 737 760 787 SIS 349 887 926 973 10X 1081 1147 1223 1311 1408 1S4
91795 1 -5 166 182 202 227 260 306 373 476 o4l W17 1348 1708 loN0 1219 82t 872 427
885 16 1 -5 3300 2554 2033 1681 1435 12583 1115 101§ w30 898 858 N3 813 w02
85623 2 6 800 816 862 953 997 1638 1163 1305 {303 lo7u s 2413

2978 IN2D NS oNe

Note: Footnotes follow Table 3.9

Table 3.6 contains the peak heights in the average & spectra based on the data in
Table 3.4. However the peaks whose wavenumbers are starred were not included in
Table 3.4 because they were only observed by Z. Lan. These peaks are omitted from
consideration of the agreement between workers. As is usual, this agreement is slightly
worse than for the areas, and averages 2.3% over the full 23 peaks and about 1.9% over
the 16 peaks below 4000 cm™. There was no evidence that the nominal resolution
affected this agreement. For the peaks at 3691.9 and 1600 cm™' which were clearly
changed by water in some samples, only the spectra from the driest sample were used.

3.2.2 The Real Refractive Index Spectrum.

The real refractive index spectrum, n( V), was determined by Kramers-Kronig
transformation of the & spectrum, with n,, taken as 1.4130 + 0.0004 at 8000 cm-! . This
value was obtained by fitting the literature'? values of the refractive index at six

wavelengths in the visible region to n*(v) =av* + bv* + ¢, and extrapolating to 8000

cm . Inthe KK transform it was assumed that & is exactly zero between 6500 and 8000
cm’. The real refractive index spectrum is shown in Figure 3.3 and the values are given

in Table 3.8 in the Compact Table format."'
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Table 3.8. Real refractive index between 6500 and 800 ¢cm™' of liquid dichloromethane at 25 °C.**

an® XE O 1 2 3 3 S [ 7 $ 9 10 1 12 13 14 1$ o
699990 4 13125 13125 13128 14128 14125 14135 13128 13125 14128 13135 14135 12135 1918 14135 13125 13138 1318
623763 4 14125 13125 13125 14125 14125 13125 13123 14123 13123 14123 t4124 14123 14126 14176 14126 14128 14123
597535 4 14124 14123 14123 14123 14124 14125 13126 14126 13128
584808 2 14125 14125 13125 14125 14126 14126 14126 14126 13126
$809.51 3 13126 14126 14125 14125 14125 13125 13125 14125 13125 13138 14178 13125 14128 14128 14128 14128 13128
S67837 3 14125 14125 131235 13125 14125 14123 14124 13124 19124 14129 14124 14123 14123 14123 14124 14123 14124
S54723 3 14124 14123 14124 14123 13123 13124 13124 14124 18124 14123 14124 14124 14129 19134 14124 14109 14124
541610 14124 14124 14124 14124 14123 14123 14123 13124 14124 14129 19123 13123 14124 14124 14123 14123 14123
528496 3 14123 14123 13123 13124 13123 13123 14123 14123 13123 13123 14123 13123 14023 14123 14123 14123 14123
515383 3 14123 14123 13123 14123 14123 14123 13123 14123 13123 14123 14123 13123 14123 14123 14123 14123 14123
502260 3 14123 14123 14123 13123 14122 13122 13122 14122 13122 14122 14122 14122 13122 14132 14122 14132 34122
389156 3 13122 14122 14122 14122 14122 13122 14122 14122 13122 14122 14122 14122 14122 14121 14121 14121 14121
476042 3 14121 13121 14121 14121 13121 131210 13121 14121 14121 19121 34121 13121 14121 14120 19120 14120 14120
262928 3 13120 13120 14170 14120 13120 13120 13119 14119 13119 14119 13119 14119 13118 14118 13118 14118 {4117
449815 3 13117 14116 13115 14113 13111 13109 13122 13131 14129 14127 13126 14125 13124 14123 14123 13123 14122
436701 3 14122 14122 14121 14121 13121 13121 14120 14120 14120 13120 14119 14119 13118 14118 14117 14120 1312]
423588 3 14120 14119 14118 14117 14116 13120 14127 14126 13135 13128 14123 14123 13122 14132 14122 13122 14121
410474 3 14121 14121 13121 14121 14120 14120 14120 14120 14120 14120 14119 13119 14119 14119 14119 14119 14118
397939 1 14118 14118 14118 14118 14118 13118 14118 14118 14117 14117 13117 14117 14117 189117 14117 14117 14117
394661 1 14118 14119 13120 14121 14122 13122 14122 14122 14122 14122 14121 14121 14121 14121 14121 14121 14120
391382 1 14120 14120 14120 14120 14120 13120 14120 13120 14120 14120 14120 14119 14119 13119 (3119 13119 14119
3881.04 1 14119 14119 13119 14119 13119 14119 14119 13119 14119 14119 13119 13119 14119 13119 14119 14119 14110
384825 1 14119 14118 14118 14118 14118 14118 14118 13118 14118 14118 14118 14118 14118 14118 14118 19118 13118
381547 1 14118 14118 14118 13118 14118 [3118 14118 13118 13118 13118 13118 13118 14118 13117 14117 14117
378269 2 14117 14117 14117 14117 14116 13116 14117 14118 14118 14118 14118 14118 14118 14118 13118 14818 14118
371702 2 14118 14117 14117 14117 14117 14117 14118 14119 14119 14119 13119 13119 13119 14119 14118 13118 14118
365155 2 14118 14118 14118 14118 143118 14117 14117 14117 13117 14117 13117 13117 13117 14117 14117 14117 1307
358598 2 14117 14116 14116 14116 14116 14116 14116 13116 14116 14116 14116 13116 13116 14116 13116 Idilo t4i16
352042 2 14116 14115 14115 14115 14115 14115 14115 13115 13115 14115 14118 14115 13115 14115 14115 14114 14114
345485 2 14114 14114 14114 14114 14114 14114 14114 14114 14114 13114 13113 13114 14113 14113 14113 14113 13113
338928 2 14113 14113 14113 14113 14112 14112 14112 14112 14112 13112 13112 14112 14112 14132 14112 §31t1 14111
332371 2 14111 14111 14111 14111 14111 14110 14110 13110 14110 14110 14110 14110 14110 13109 14109 13109
325814 2 14109 14109 14108 14108 14108 14108 14108 14108 14107
321572 3 14107 14106 14106 14105 14105 14104 14104 14103 14102 14102 14101 14100 13100 14099 14098 13096
309037 1 14096 14094 14094 14093 14092 14091 14090 14089 14088 14087 14085 14084 13082 14081 140Kl 14084
305758 1 14090 14117 14131 14181 14145 14145 14144 14141 14139 14136 4134 13131 14129 14128 14126 14124
302480 1 14123 14121 14120 14119 14118 14117 14116 13115 14114 14113 14112 14111 13130 14108 14107 14106
299202 1| 14106 14109 14115 14124 14130 14134 14135 14136 14136 14135 14133 14134 14133 14132 14132
295730 3 14129 14128 14126 14125 14124 14123 14122 14121 14120 14120 14119 14118 13118 13117 13117 14116
283967 1 14116 14116 14116 14116 14116 14116 14117 14117 14117 14117 14117 13117 14117
280881 3 14116 14116 14115 14115 14114 14114 14113 14113 14113 14112 13112 13111 14111
271432 1 14111 14111 14110 14110 14110 14110 14110 14100 13109 14'99 14108 14108 14107 14107 13109 14111 4113
268153 1 14115 14115 14114 14114 14114 14113 14113 1415
266032 3 14112 14111 14111 14110 14110 14109 14109 14109 14108 14108 14108 14107 14107 14107 13106 14106 14108
253497 1 14105 14105 14105 14105 14105 14105 14106 14106 14id7 14107 14107 14107 14107 14107 14107 14107 14106
2502.18 1 14106 14106 1410¢ 14106 14106 14106 14105 14105 13105 14105 14105 14105 14105 14105 13105 14103 13104
246747 2 14104 14173 14104 14103 14103 14103 14102 14102 14102 14101 14101 14101
242312 1 14100 14%¥ 14100 14100 14100 13101 14102 14103 14104 14105 13105 1405 14105 14104 14108 14104
239033 2 14103 14103 14102 14102 14101 14101 14100 14100 14100 14099 14099 14098 14098 147 14097 14096 14095
232669 1 1404 14094 4093 14092 14091 14090 14089 14088 14088 14090 14095 14102 14109 14113 14115 1411S 14114
229391 1 14113 14112 14111 14111 1411 14109 14108 14108 14107 14107 14106 14106 14106 14i0S 14105 14105 14104
225920 2 14104 14103 14105 14103 14102 :<2 14101 14101 14101 1410° 14100 14100 14100 14099 14099 14099 14099
219363 2 14098 14098 14098 14097 14097 14096 14096 14U 14096 14096 14096 14096 14096 L5096 14096 14093 14098
212806 2 14095 14096 14096 14096 14096 14095 14095 14095 14094 14094 14004 14793 14093 14097 14092 14092 14002
206442 1 14091 14091 14091 14051 14091 14092 14092 14092 14092 14092 14092 14092 14091 14091 14091 14091 1409}
203164 1 14091 14090 14090 14090 14090 14090 14090 14089 14089 14089 14089 14US9 14089 14089 14088 140BR 140K
1998.85 1 14088 14088 14088 14088 14088 14088 14088 14087 14087 14087 14087 14087 14087 14087 J30B7 14087 14087
196607 1 14087 14087 14086 14086 14086 14086 14086 14086 14085
194293 3 14085 14084 14084 14083 14082 14082 14081 14080 14080 14079 14079 14078 14077 14077 14076 14075 14074
181758 1 14074 14074 14074 14074 14073 14073 14073 14073 14073 14072 14072 14GT2 13072 14072 14072 14071 14071
178479 1 14071 14071 14071 14071 14070 i4070 14070 14070 14070 14069 14069 14469 14069
175394 3 14068 14067 14066 14065 13064 14063 14062 14061 14060 140SS 14057 14uS6 . * 14034 14052 14051
163437 2 14050 14049 14048 14048 14047 14046 14045 14044 14044 14043 14043 14047 14041 14040 14039 14038 14037
157073 1 14036 14035 14035 14034 13033 14032 14031 14030 14030 14030 14031 14032 13033 14033 14033 14032 14031
153217 3 14028 14024 14021 14018 14014 14010 14006 14001 13996 13990 13984
145210 1 13982 13982 13981 13981 13982 13983 13984 13986 13988 13989 13989 13988 13986 13983 1398) 13988 l4n9
142031 1 14035 14047 14048 14045 14041 14038 14034 14031 14028 14025 14022
139332 3 14012 14003 13994 13985 13974 13963 13951 13937 13921 13902 13877 13847
1307.50 0 13842 13837 13833 13828 13822 13817 13811 13804 13798 13791 13784 13776 13768 13759 13751 1374) 1373}
1291.11 O 13720 13708 13695 13682 13667 13651 13634 13615 13594 13570 13545 13516 13484 13447 13406 |3330 13308
127471 0 13244 13173 13093 13003 12908 12819 12764 12803 13020 13473 14100 14711 15083 15222 15227 15172 13094
125832 O 15011 14933 14864 14803 14751 14704 14661 14622 14587 14555 14525 14499 14475 14453 14431 14415 14348
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Table 3.8. Continued.

un' XE O ) 2 3 3 S % 7 5 5 i0 11 12 13 14 15 16
128193 0 14383 14368 14355 14343 14331 13320 14311 14302 14293 14284 14277 14269 14262 14255 14249 14243 13237
122954 0 1423) 14226 14221 14216 13211 13207 13203 14199 13195 1.,91 13188 13]84

121108 2 14172 14159 14148 14138 14130 14122 14114 13107 14101 14095 14089 14083 14080 14076 14073 14073 14071
1135 31 2 14068 14064 14060 14056 14052 14048 14044 14040 14036 14033 14429 14025 14021 14018 14013 14010 13006
107994 2 14003 13999 13995 13991 13987 13984 13980 13976 13971 13967 13963 13959 13954 13950 13946 13942 13938
101437 2 13934 13929 13924 13918 13913 13907 13903 13899 13895 13891 13885 13879 13872 13866 13858 13851 13844
95013 13830 13836 13832 13827 13823 13819 13814 13810 13805 13800 13795 13790 13784 13779 13773 13767 13760

!
921795 1 13754 13746 13739 13730 13721 13710 13699 13685 13671 13560 13663 13706 13772 13803 13800 13786 13771
885 16 1 13757 %1744 13730 13718 13706 13694 13683 13672 13661 13650 13639 13628 13617 13605

85624 2 13582 13558 13532 13505 13476 13445 13411 13374 13335 13290 13242 13189 13129 13062 12990 12910

Note: Footnotes follow Table 3.9

3.2.3 The Molar Absorption Coefficient Spectrum.

To present the data in a form preferred by chemists, the molar absorption
coefficient spectrum was calculated from the unweighted average k spectrum by En(V) =
4nt vk(v)/(2.303 C). The molar concentration, C, of liquid dichloromethane at 25°C is
15.532 mol/L, as . Acilated fom its density of 1.3191 g/ml.'? The E, spectrum is shown
in Figure 3 4 and tabaiases iz Table 3.9. The areas under the band groups in the £,
spectrum are given in Table 3.10, with their estimated errors. The values of the molar

absorption coefficient at the peaks of the bands are listed in Table 3.11.

3.3 The Accuracy of the Results

As discussed previously®, the estimated error in the & values is taken as the sum
of the maximum deviation from the unweighted average (in parenthesis in column 3 of
Table 3.6) plus the anchor point uncertainty. For the peak heights, the latter is taken as
the average of the 95% confidance limits of the k values at the anchor points immediately
to either side of the band, and is listed in column 4 of Table 3.6. For the areas, it is taken

as the integration range times the average of the 95% confidence limits of the k values at
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Figure 3.4. Molar absorption coefficient, £y, spectrum between 6500 and 800 cm-1 of
dichloromethane at 25°C. The ordinate labels are for the lower spectrum in each box; they
must be divided by 75 or 10, as shown, for the upper spectrum in the bex.



Table 3.9 Molar absorption coefficients between 6500 and 800 cm™ of liquid dichloromethane at 25
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°C abe

cm’ XE YE 9 1 2 3 4 S 5 7 8 9 10 11 12 13 13 15 16
A% 4 5 0 2647 2182 3436 2604 1871 1789 2673 851 4379 2035 549 3174 8122 1480 535 1070
423743 4 4 ] 22 2 23 12 S9 121 148 244 324 945 2580 1995 755 438 348 31}
$97535 4 4 632 1025 2135 369) 5564 5675 3737 2037 1636
S84RG8 2 4 1776 2058 2527 2975 2913 2472 1975 1553 1255
S809S1 3 .5 9272 8600 7683 S64B J0BS 2605 2004 1813 1543 1097 799 707 706 627 672 622 617
$67837 3 S 621 s08 1150 990 825 728 94 723 792 866 1038 238 1071 954 947 1036 1279
$$4723 3-S5 1529 1453 130" (339 1621 2259 2488 1997 1653 1525 1555 1790 2355 3546 4935 4621 3210
$41610 3 -5 2223 1760 1584 1a4} 1669 1457 1261 1174 1226 1465 191} 2174 1862 1486 1321 1381 1722
528496 3 -5 2912 5162 4374 2844 1891 1347 1064 1031 1051 1120 1475 2124 1621 1051 866 B76 1182
$15383 3 -5 1306 1050 853 768 792 832 966 1169 1473 1644 1316 1020 835 806 919 1094 1758
502269 3 -5 2263 1324 844 624 S17 465 458 516 692 761 598 502 S04 S40 09 836 1162
489156 3 -5 1000 T3 617 630 TI8 1140 1416 2328 3252 2497 1682 1258 1146 1208 1302 1470 2318
a76042 3 -5 2540 1622 1160 967 859 855 974 1029 989 1012 1063 1102 1168 1345 1783 2107 1793
452928 3 4 155 150 160 178 220 307 354 405 455 S31 604 737 866 1048 1185 1296 1495
q498.15 3 -3 179 230 320 434 876 2090 3494 1805 858 473 307 234 192 161 130 109 94
436701 3 4 R8s6 16 w!3 805 827 BS9 929 990 1055 1100 1173 1353 1720 2628 5315 7409 047
423588 3 -3 295 29% 3% 518 1026 1789 1166 542 295 191 142 112 95 85 73 60 51
410474 3 4 461 48 ¥? 353 353 358 366 378 395 424 369 535 620 691 766 887 1058
3979.39 1 4 1108 11A5 1231 1304 1382 1480 1597 1729 1895 2103 2366 2698 3144 3730 3496 5466 6597
3946 61 1 -4 7676 #31S 8203 7411 6317 5243 4320 3563 2964 2493 2138 1866 1651 1476 1331 1211 1113
391382 1 4 1032 957 911 %65 829 194 766 752 734 719 711 713 711 717 735 760 786
388104 1 -5 B238 8596 8587 8200 7715 7189 6734 6382 6128 5936 5709 5616 5554 5510 5417 5516 5601
384825 1 -5 5653 5743 S887 6090 6299 6603 7043 7485 8105 8781 9414 9828 9857 9495 8942 B4R 8002
381547 ) -5 7693 7535 7473 7471 7527 7667 7734 7850 8056 8155 8290 8454 8614 8798 9013 9265
378269 Z <4 995 1104 1276 1559 2028 2731 3446 3551 3000 2389 2034 1974 2128 2321 2382 2270 2080
371712 2 -4 1870 1324 1965 2304 2815 3474 4075 4082 3327 2414 1719 1266 983 774 643 536 463
365155 2 -5 4073 3560 3279 2892 2751 2530 2418 2343 2189 2300 2271 2511 2733 2875 2903 2564 2346
358598 2 -5 2218 2195 2208 2224 2436 2512 2762 2798 2922 3070 3120 3286 3251 3501 3485 3227 2748
352042 2 -5 2342 2034 1863 1730 1663 1604 1592 1578 1574 1575 1564 1440 1366 1288 1252 1326 1498
345485 2 -5 1470 1757 2252 2759 2940 3025 3014 2910 2739 2648 2161 1940 1828 1700 1562 1677 1660
338928 2 S 1770 1955 2264 2719 3095 3616 3794 4022 4154 4191 4029 3965 4AN29 4174 4207 4350 4548
332371 2 -4 489 523 S67 619 668 719 786 824 854 869 908 950 1023 1089 1107 1108 1150
325814 2 4 1191 1259 1331 1407 1474 1559 1647 1722 1807 1896
321572 3 .3 207 229 252 282 318 357 402 448 502 561 622 693 778 880 980 1084 1223
309037 1 -3 1268 1319 1375 1439 1512 1595 1692 1807 1945 2112 2320 2581 2921 3365 3949 4705 5628
305758 1 -3 6633 7451 7680 7110 6010 4829 3826 3063 2506 2098 1795 1571 1405 1284 1196 1134 1091
302480 | -3 1064 1C48 1040 1042 1052 1070 1098 1134 1178 1233 1298 1375 1475 1602 1776 2024 2383
299202 1 -3 28BS 3493 3967 4010 3660 3177 2725 2343 2035 1787 1586 1422 1285 1174 1079
295730 3 .4 8144 6423 S237 4413 3713 3104 2592 2249 2108 1997 1849 1735 1624 1578 1644 1927
283967 1 -3 2084 2293 2557 2840 3049 3083 2924 2651 2353 2081 1848 1658 1498
280881 3 4 1097 875 726 627 553 %96 463 453 467 519 618 79 779
271432 1 4 80O 828 865 910 966 1039 1132 1256 1432 1694 2093 2732 3751 5337 7279 8203 6958
268153 1 4 5004 3524 2605 2038 1672 1399 1174 991
266032 3 -4 613 478 417 388 377 379 389 410 445 504 549 584 607 643 726 899 1263
253497 1 4 1403 1569 1775 2028 2332 2669 2978 3120 2984 2625 2203 1831 1538 1318 1161 1038 945
250218 1 -5 8791 8270 7790 7417 7173 6943 6749 6637 6570 6480 6433 6427 6429 6424 6473 6527 6582
246747 2 4 678 701 732 769 813 874 947 10S1 1187 1381 1661 2081
242312 1 -4 2369 2733 3183 3728 4362 4993 5436 5455 4992 4255 3512 2889 2417 2070 1821 1639
239033 2 4 1401 1272 1216 1201 1232 1299 1366 1428 1502 1585 1667 1758 1861 2030 2260 2575 3062
232669 1 -3 339 378 427 489 573 688 850 108% 1401 1804 2185 2330 2133 1746 1360 1052 828
2293.9t 1 4 6703 5571 4696 3970 3366 2881 2510 2220 1984 1793 1632 1490 1364 1262 1176 1111 1065
225920 2 4 1004 967 909 827 739 669 635 609 S86 544 516 495 488 475 462 453 442
219363 2 4 434 432 443 476 542 660 837 1075 1395 1734 1864 1691 1442 1282 1237 132¢ 1599
J2BO06 2 4 1954 1967 1537 1072 765 S78 461 386 340 313 295 285 284 294 312 341 398
206442 1 4 455 S5B 743 1069 1533 1791 1542 1149 864 678 548 454 388 341 306 281 263
20M64 1 .5 2504 2430 2398 2400 2434 2498 2575 2672 2792 2938 3113 3322 3563 3845 43158 3478 4740
199585 1 -5 4870 4826 4625 4324 4004 3707 3468 3314 3250 3306 3503 3908 3574 S467 6308 6637 6264
196607 1 -5 5383 4360 3466 2782 2270 886 1595 1374 1210
194293 3 .5 869 768 716 734 843 1050 1418 1929 2048 1623 1410 1307 1273 1389 1501 1500 1558
181788 1 -5 1590 1629 1667 1713 1769 1838 1928 2014 2137 2298 2513 2791 3158 3599 3978 4101 3890
178479 1 -5 3520 3144 2831 2573 2361 2198 2067 1965 1873 1802 1727 1657 1617
175394 3 -5 1517 1488 1524 1671 2128 2259 2676 2123 1732 1765 1831 1996 2224 2549 2923 3443
163437 2 4 377 411 448 495 563 664 806 ©31 1180 1208 1233 1064 933 869 857 883 940
157073 1 4 980 1031 1093 1174 1285 1450 1711 2158 2902 3840 4357 4277 3777 3118 2592 2228 2001
153217 3 -3 174 179 198 222 259 323 403 515 658 88! 1292
145310 1 .3 1427 1572 1725 1882 2041 2193 2326 2425 2486 2514 2534 2580 2699 2966 3489 4310 4917
1420.31 1 -3 3512 3590 2814 2276 1911 1655 1461 1300 1168 1061 973
139332 3 -3 730 594 474 403 364 350 369 403 478 553 757 1033
130750 0 -3 1074 1106 1149 1190 1236 1274 1325 1381 1437 1502 1568 1642 1728 1818 1915 2020 2134
12910t 0 -2 226 239 255 272 290 110 333 360 391 427 469 520 580 654 745 860 1007
127471 0 -1 120 145 178 225 290 382 51t 680 872 1034 1087 995 811 628 480 370 289
125832 0 -2 2302 1873 1555 1311 1118 955 820 710 620 546 486 435 392 356 325 299 275
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Table 3.9. Continued.

o)

cm/ AE YE 0O 1 2 3 4 3 6 7 S 9 10 11 12 13 13 18 lo
123193 0 -3 2562 2382 2237 105 1980 a7 1789 1688 o0 1837 1457 1387 1333 1274 128 11y 1
122854 0 -3 1093 1050 1024 908 971 9s3 Q38 917 09Nl %8% 8<y gl
121108 2 4 7227 6293 5829 S338 S361 5091 SO96 SOIZ SOBB  S232  S478  S8S2 6359 642 7334 7113 037
1145 51 2 -1 5521 4780 4192 3685 3270 2936 2665 2435 2236 2002 1910 1775 16S7 1SS1 1S9 1188 133
107994 2 3 1247 1185 1140 1101 1071 1049 1036 1033 1043 1066 1117 1208 1327 1403 |oR6  IR2% 1828
101437 2 1 1728 1633 1613 1708 1960 2473 3093 3333 3278 29SR 2568 2302 21I8S 2181 3)Se %1 2261

950.73 1 -+ 2316 2388 2451 D825 2607 lo9d 2803 2922 3043 3191 3366 3531 3738 3982 4283 JdSel 4926

91795 1 -3 536 S87 648 728 833 977 1189 1512 2032 2901 4257 SS70 S2¥1  IRI3 O 28TO 178K 130

88516 1 -3 1026 793 629 S0 442 385 342 311 289 174 261 233 e M2

_ 0624 2 -3 241 244 257 283 295 311 340 380 435 482 576 690 R48  1OR2 1369

1700

Footnotes to Tables 3.7, 3. 8 and 3.9

. The column headed cm™' contains the wavenumber of the first ordinate value in the row. The columns headed
\E and YE contain the X-expornent 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 1(0), the wavenumber corresponding to the ordinate indexed J is (/)= W0) -
15798.002 XE

16384 ~ 7 2 - InTables3.7and 3.9, the k¢ v) and En( ) values in that row are: -iie ordinate value

shown times 10¥E. In Table 3.8 the n( ') values are given directly with the decimal pomnt implicitly after the

first digit. Thus the entry indexed 16 in the second row of Tables 3.7, 3.8 and 3.9 shows that at v = 6237.63 -
15798.002

16384 ‘16 - 2* = 5990.79 cm'' the ordinate values are k = 195 X l()J =195x 10'5. n=14124 and £, =
411 x10*=4.11 x 102 L mole” cm™*.

. The 4-point spline interpolation pregram TRECOVER“ interpolated the A( v) and Em( v*) values in the table to
the lorxgmal wavenumber spacing, 0. 4§21 17 cm™, and yielded the original values accurate to 1% below 4000

cm , 2% between 4000 and 6000 cm  and 5% above 5t wo cm’!. The original n( v) values were sunilarly
recovered accurate to 0.1%.

c. The unit of Ep, is L mole™ cm™. Multiply the values by 1000 to change the unit to cm? mole™!

the anchor points immediately to either side of the integration range, and is listed in
Table 3.5. For the starred peaks in Table 3.6, which were recorded only by ZL, the 95%

confidence limit is used instead of the maximum deviation. In the earlier papers the term

‘accuracy’ was used instead of ‘error’.

3.3.1 Accuracy of Absorption Indices, k, and Molar Absorption
Coefficients, E,

The estimated percent errors in the peak k& values are given in Table 3.6. They
average 1.9% over the 36 peaks in the Table, and 2.3% over the 23 peaks that were

studied by more than one spectroscopist. The latter value, 2.3%, is taken to be the
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Table 3.10. Overall average areas under molar absorption coefficient bands of liquid
dichloromethane at 25 °C.

Estimated Area Estimated error
Region (cm™) Area @ error above in area above

in area &b baseline 2. baseline
6200.0-5725.1 65.1 2.1 63.0 1.8
4625.4-4345.3 102.5 35 89.1 2.9
4345.3-4075.3 79.0 23 63.4 1.7
4075.3-3855.0 31.0 0.5 21.2 0.3
3855.0-3620.2 342 ~1* 25.1 ~0.5*
3330.5-2870.0 432.2 7.0 382.8 5.7
2750.5-2625.1 16.84 0.16 11.60 0.08
2615.0-2480.0 13.02 0.15 6.07 0.04
2480.0-2380.2 17.94 0.12 8.72 0.08
2380.2-2215.3 59.1 0.8 452 0.8
2190.3-2085.2 10.7 0.1* 6.93 0.05*
2085.2-2030.2 3.19 0.03* 1.74 0.01*
1530.2-1355.2 186.8 1.3 141.2 0.8
1355.2-1185.0 1198 13* 1126 13*

965.2-860.1 95.2 0.7 73.1 0.5

2 The unit of area is L mol* cm?. Divide the values by 100 to obtain areas in the unit km mole®.

b Calculated from the percent estimated error in the area, which is the same Yor the £.{v) and
k(V) (Table 3.5) bands. The starred values are less reliable (Footnote ¢ or Table 3.5)

€ The baseline is a straight line through the ordinate values at each =nd of the integration range. In
fact the average of the five E, values centered on the integration limit was used.

d The percent estimated error in the area under E,,, above baseline equals the maximum deviation from
the unweighted average k area expressed as a percentage of the & area (Table 3.5). This percentage

multiplied by the entries in column 4 above give the entries in this column. The starred values are
less reliable (Footnote ¢ of Table 3.5).
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Table 3.11. Overall average peak heights in the molar absorption coefficient spectrum
of liquid dichloromethane at 25° C.

Hem) Ex(D® Hem) E(M®

6063.2 0.282(7) 2410.5 0.551(7)
5915.1 0.564(9) 2305.6 2.33(5)

5899 2 0.570(5) 2155.5 0.187(2)
5834.5 0.302(7) 2126.0 0.203(2)
4452.7 3.53(16) 2054.8 0.179(2)
4253.1 0.773(14) 1998.3 0.0488(6)
4196.6 1.80(15) 1970.0 0.0664(6)
3944.0 0.837(3) 1884.1 0.0214(5)
3878.0 0.0865(2) 1789.0 0.0411(6)
3825.¢ 0.0990(24) 1707.7 0.0268(4)
3757.2 0.361(7) 1600.0 0.130(7)
3729.2 0.240(5) 1550.8 0.438(4)
3691.9 0.419(20) 1422.0 4.93(12)
3054.1 0(2) 1265.2 108.5(6)

2987.0 5(T) 1156.2 0.734(6)

2830.7 0.310(2) 1020.0 0.184(1)
2685.5 0.821(3) 985.9 0.335(2)
2521.5 0.312(4) 896.0 5.70(16)

a8 The unit of is £, is L mole* cm. Multiply the values by 1000 to change the unit to cm’ mole”. The

number in parentheses is the estimated error in the last digit. The percent estimated crror is the
same as that of the corresponding k¥ value.
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better estimate. The peak heights of the 29 peaks below 4000 cm™ ali exceed 3 x107,
and their percent errors average 1.6% over ali nnd 2% over the unstarred peaks, whch
were studied by more than one worker. Again, the latter value, 2%, is taken to be the
better estimate. Above 4000 cm™ the error aver: zes 3.1% over the 7 peaks. As noted
above, the accuracy of the peaks at 3691.9 and 1600.6 cm’! is an estimate because they
were influenced by water in some samples. Only one other medium peak has an
unusually high error, that at 4196.6 cm™. This error resulted from one low value from
the five spectroscopists who studied it..

The & 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 95% confidence limits of the values at the anchor points (Table
3.1), the accuracy of the baseline & values is estimated to be about 1% below 4500 cm™
and about 8% above 4500 cm! rising to 25% at the 6300 cm™ where the absorption i
too weak for our measurement techniques.

The percent error in the molar absorption coefficient is the same as that in the
corresponding abscryiion tudex. The actual, not percent, errors are listed for the peaks
in Table 3.11.

The peak k values are compared in Table 3.6 with the results published
previously from the work of VB and with the only calibrated recults available, those of
Jones and coworkers in Ref. 10. The values from Ref. 7 at 3878.0 and 2305.6 cm™ have
been corrected for a typographical error in the exponent. Of the 29 Apyax values in Table

3.6 for which there is a cclibrated viiue, 7 lie outside the limits set by the combined
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estimated accuracy of this work plus the evaluated uncertainty of Ref. 10. They are at
3691.9, 2410.5, 1884.1, 1789.0, 1707.7, 1600.0 and 1020.0 cm-!. The bands at 1884.1,
1789.0 and 1707.7 cm™ are extremely weak (Fig. 3.2) and that at 1884.1 cm™ was only
studied in excessively thin cells for Ref. 10. The bands at 3691.9 and 1600 cm™ appears
to be influenced by rather more water in the samples used for Ref 10 than in those of ZL.
The band at 1020 cm™ is weak, broad, and nearly = shouwaer. It is, in fact, not visibie in
Fig. 3.5 of reference 10.

Figs. 3.2 and 3.4 and Tables 3.7 and 3.9 inciude all regions between 6500 and
800 cm™. Above 4600 cm™ many bands have &m,.<2 x10” (Fig. 3.2) and were measured
only by ZL.. We estimate the accuracy of the & values in these bands to be about 5%
These bands were omitted from Tables 3.4 and 3.6.

3.3.2 Accuracy of Areas.

The percent estimated errors in the areas under the &( V) bands are given in Table
3.5. The percent error in the area under an E,( V) band equals that of the corresponding
k(v) band. The percent error averages 1.0% over the 10 band groups below 3600 cm™,
1.5% over all 15 band groups, and never exceeds 3.3%. The estimated error under the
Ern bands, not the percent estimated error, is given in Table 3.10.

Table 3.10 includes the preferred area for a secondary standard, namely the area
under £,( V) band groups above a linear baseline drawn between the £,, values at the
integration limits. In fact, the average of the S E,, values centered on the integration

limit is used. This area does not depend on the anchor points, so its error is calculated
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from the maximum deviation of the spectroscopisi average from the unweighted average
area under k bands. The error is less than 1.5% for all band groups below 4000 cm™

3.3.3 Accuracy of Real Refractive Indices.

Three factors contribute to the accuracy of the » values. First, the Kramers-
Kronig transform procedure has an intrinsic error of about 0.05%!3. Second, #(8000
cm-l ) was calculated to be 1.4130 +0.0004, an error of 0.03%. Third, the
approximately 2% error in the absorption indices yields an approximately 2% error in the
values of An = n( V) -n(8000 cm-! ) from the Kramers-Kronig transform, which
corresponds to an error of ~ 0.08% in #( V). The sum of these contributions gives
~0.2% as the estimated error in the values of the real refractive index.

3.4 Summary

Transmission measurements on dichloromethane have been made by five
spectroscopists in four different laboratories. The spectra have been converted to
absorpiion index spectra which were compared and averaged, and the real refractive
index and molar absorption coefficient spectra have been calculated from the average.
The imaginary refractive index, k, and molar absorption coefficient, Fn, values are
believed accurate to an average +2.3% over the 36 mezsured bands. The baseline £
values are believed accurate to ~8% below 6000 cm™', ~1% below 4500 cm™, and ~25%
above 6000 cm™ where the absorption is exiremely weak. The areas under band groups
in the k and E,, spectra are believed accurate to 1.5% averaged over the 15 measured
band groups and to 1.0% over the 10 band groups below 3600 cm-l. The real refractive

index, n, values are believed accurate to 0.2%.
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For long-term reference, the complete numerical data are presented in Compact

Table format!1, which is readable and allows the original spectra to be recovered by

interpolation without loss of accuracy. The complete final &, n, and E 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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Chapter 4  An Accurate Modified Kramers-Kronig Transformation

from Reflectance to Phase Shift on Attenuated Total
Reflection.

4.1 Introduction

One way to obtain infrared optical constants of the sample from attenuated total
reflection (ATR) spectra is to use the Kramers-Kronig (KK) transformation from
attenuated total reflectance, R(V), to the phase change on reflection, & V). The
optical constants, namely the rea! refractive index (V) and the absorption index or
imaginary refractive index k(v), can then be calculated from (R( V), &Vv)). This
method is more direct than the iterative procedure that is used™® in this laboratory to
convert pATR spectra to the refractive index spectra, and Urban and Huang have
incorporated it into their procedure®.

Currently experimental ATR spectra are capable of yielding imaginary refractive
index spectra of liquids with errors in the & values estimated to be as small as ~3%"%,
Thus, it is important that the calculations introduce no comparable error into the optical
constants, and we take computational errors <~0.1% of the k& values as a suitable
current goal. This paper describes a procedure that improves the accuracy with which
the optical constants can be calculated from attenuated total reflection spectra via the
Kramers-Kronig transform from R(V) to &v). The results are pleasing for ATR

elements made of materials like Si which have real refractive indices 7 ~3.5 or more,

but are not sufficiently good for the commonly used ZxSe , n = 2.4, to enable the
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method to be used without being followed by the currently used iteration procedures*®
to achieve the best fit to the experimental spectra.

The Kramers-Kronig transforms, or dispersion relations as they are sometimes’
called, derive from causality®'®. Their mathematical derivation involves the theory of
complex functions of complex variables™'°. Under the conditions summarized in the
appendix, the real, /&, and imaginary, f;, parts of a complex function jf”\ of real

wavenumber V are related by the Kramers-Kronig transforms, Egs. (4.12) and (4.1b).

2 0
fn(%):;Pjo _‘11;1-1(‘% dv (4.1a)
Silva) =~ 7:"' p_.'o -“;é%’i dv (4.1b)

These relations hold for the real and imaginary refractive indices'"'? as
functions of frequency, v, or vacuum wavenumber of the radiation, v, when fx(v) =
n(v) - n(o) =n(v) -1 and fi(v) = k&(v). They also hold for the real and imaginary parts
of the dielectric constant as functions of frequency or vacuum wavenumber, when fi(v)
= £'(V) - e\o)=¢€'(v) -1 and fi(v) = £"(V).

The simplest example of reflection at the surface of an absorbing medium of
refractive index 7 is reflection at normal incidence of light that propagates in a non-
absorbing medium of real refractive index, n,. In turn, the simplest case of this is when
n,=1. This is the case commonly treated in text books, and will be referred to as

reflection at norinal incidence from air. In this case, the reflectance,
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R(V), the complex coefficient of reflection, ;\'( v), and the phase shift on reflection,
&'v), are related by:

R(V)=r(V) F(V), where r(V)=p(V)e* and p(v) =VR(V).

Thus #nr(V) = fn [R(V)]2 +i6(V).

The Kramers-Kronig relations 1a) and 1b) also hold in this case when'3*?
Ja(v) = tn [R(V)]" - en[R(=)]'? =3 In [R(V)/R(0)] and fi(y) = &D).

In these three situations there is only one singularity to be resolved in the
Kramers-Kronig transform, that at v = v,.

In a reflection experiment in which the angle of incidence is not normal, several
situations arise. The reflection may be external (n > n,) or internal (n < n,), or the
special case'” of internal reflection when the angle of incidence f, is greater than the
critical angle, .., total internal reflection if £ = 0 and attenuated total reflection if £ = 0
where & is the imaginary refractive index of the sample. There is no distinction between
total internal reflection, TIN, and attenuated total reflection, ATR, in the theory in this
paper®, and ATR will be used throughout.

The following discussion is restricted to ATR with a non-absorbing incident
medium. In this situation, two cases exist, the case of ATR with constant n, and the

case of ATR with varying n,, i.e., the cases when the refractive index n, of the incident

medium does not change with the wavenumber of the radiation and when it does. The
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former case has been discussed in the literature''*, but the latter, realistic, case has
not.

For the case of ATR with constant n,, Plaskett and Schatz' have given a

modified Kramers-Kronig transform, Eq. (4.2), that is exactly correct.

- 2v: T In[R(M]'”
oV, )= =Y pf InRMI " 5 +e00) (4.2)
T Lv(v -v])

where the constant &0) is the phase shift at zero wavenumber. This integrand is
singular at ¥ =0 cm™ as well as at ¥ =V,, the usual singularity in the KK transform.

This extra singularity at zero wavenumber can be expected to introduce extra numerical

error in practical calculations. The constant &0) is given by

2.2 2
&0) = -2 arctan{ \Rn° sin'f, - 1)

n*cosp,

.no} for p- polarized light (4.2a)

and  &0) = -2 arctan{ \/in;sin B -n") }

for s-polarized light. (4.2b)
n_cosf,

where £, is the angle of incidence in the incident medium of refractive index no and 2 is
the refractive index of the sample at 0 cm™.

Plaskett and Schatz noted that their derivation is only valid if the refractive
index of the transparent phase is independent of wavenumber. Further, they did not
discuss the errors introduced by the availability of spectral data over only a finite

wavenumber range, and did not illustrate the accuracy of their equation in practice.



-81 -
Plaskett and Schatz' also showed that the usual KK transform holds for all
cases of reflection from an incident medium of constant n,, provided that it is corrected

by an additive term, /( V,), as shown in Eq. 4.3.

o(V,)= - "Pj'l"[R(")]m dv +1(v,) (4.3)

s (v -v,

Here "all cases" means for all angles of incidence and for all combinations of external
reflection and internal reflection, including the special case of ATR. The different
cases differ in having different expressions for /(V,). Plaskett and Schatz' did not
derive the value of /(¥,) for TIN and ATR, but Bardwell and Dignam® gave it for s-

polarized light as

T(V,) [M(0) - M(0)]

Va

I(V,) = -1t + M(0) + % arctan (4.3a)

\/ (sin?, - r(T)

n,cospf,

where M(V,) =2 arctan (4.3b).

Where vV, is zero or infinity in Eq. (4.32).
It is convenient to make a number of points here for clarity.

First, equations related to this work are different in different references, because

they depend on the definition of ;,, 2 and 7. The definitions used in this work and those

used by Plaskett and Schatz' and Bardwell and Dignam® are summarised in Table 4.1,
with the equations that result from these definitions and the range of the primary values
of 8. Note that Eq. (4.3) has a plus sign before the integral with Bardwell and

Dignam's definitions’.
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Table 4.1. Different definitions of the reflection coefficient. 7. and dielectric constant. £ . the phase
shift for s-polarised light, ..

Physical Plaskett & Shatz * Bardwell & Dignam ® This work
Quantitv

Fs n, cos f, - sicos ficos - n, cos B, ncos - n, cos S,

n,cosf, +ricos ,0 n cos[} +n,cos g, feos ,EI tu eosfl,

g° £1+igs E-iEs & 1E

&4 -c sin 6, -c sin 0, ¢ sin 6,
Region of [-m, 0} {-n. 0) {0, nj

é.°

PIF(V)dV—o() PIF(&)d‘ _”+00 -p‘['(\)d‘ +2-8,

o £ T v 7 0 v - ":: .

O (V)8 M(V) - MV m-M( V) ‘

2 Reference 1.

b Reference 3.

°. & is always greater than zero. &, and &;are called £ and ' in the icxe ef this paper.

1/2 1/2
4 c= ‘(;;, > ‘:s g;:f’sz ¢ gR)z) for Plaskett & Shatz and c= ‘:;"’ C;S 'I; }‘:f,z (=R ) for Bardwell & Dignam
+R. + cos +

and this work (see Eq. (4.15b) and Eq. (4.11) of Ref. 3).

J

°. The value of the phase shift can be shifted by 2n/ (j=0, +1, £2,...).

! Function F(v)= v, InfR(v)]'"? IV and 6,= M(0) for modified KK transform (2),
F(V)= V.nfR(¥)]"? and G,= M(c0) + —f—r arctan M@ - M@)o KK transform (3), and F(¥)~ ¥

Va

2
in/R(%)]" and 6,=M(cq) for modified KK transform (16). where M(a)=2arctan Vb sin’ b, = n*(a)

n,cosf,

£ The exact phase shift at v, usually taken as the highest wavenumber in the spectrum, at which k=0

and total internat veflection condition is met. The function M{a) is defined in f.
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Second, note that M(V,) in Eq. (4.3b) and A©C) in Eq. (4.2b) are the same
except for a sign difference that results from different definitions (Table 4.1). Subject
to the addition of rt for certain definitions (Table 4.1), they are the phase shift of s-
polarised light on total internal reflection at the surface of a sample that does not
absorb at that wavenumber, i.e., they are the correct phase shift at wavenumber v,
when ngsin B, > n(v,) and k(Vv,) = 0. This can be shown by expanding Eq. (4.4) for £
=0,ie., (V)= n(v), and using the relation between tané and tan&2, as has been

described recently by Yamamoto, Masui and Ishida'.

A V) cosf - n,cosfs
n( V) cosf - n,cosf,

r(7) = (4.4)

It is convenient to note here the phase shift under these conditions for the definitions

used in this paper

\[(ncz)smzﬂo - nz( Vn))

n,cosf3,

6.(V,) = - 2 arctan “4.5)

where the subscript zero on 5, indicates that it is the phase shift when £ =0 at
wavenumber V,.

Third, the correction terms in Egs. (4.2a), (4.2b), énd (4.3a) are appropriate for
the infinite integrals in Eqs. (4.2) and (4.3), but the latter can not be found in practice
so the correction terms can not be used as they stand. In practice for infrared
spectroscopy, the integration in Eqgs. (4.2) and (4.3) is best taken over the entire region
of intense infrared absorption. This can usually be achieved to high wavenumber,

because it is easy to obtain spectra to > 4500 cm™, but it is frequently not possible to
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include strong absorption below 700 cm™ because of absorption by the incident
medium. Some assumption has to be made to allow tor this, which remains a source of
error that can not be removed easily for samples that absorb strongly at low
wavenumbers. However this is done, the integration is then taken over the
wavenumber range of the available reflectance spectrum. The phase spectrum so
obtained is then corrected by comparing it with 8,( ;) calculated through Eq. (4.5) at
wavenumbers where 7 is known.

Bardwell and Dignam® have presented a detailed discussion of equation (4.3)
for s-polarized light. Very recently, Yamamoto, Masui and Ishida'* have also applied
Eq. (4.3) for s-polarized light. However their study is very similar to that of Bardwell
and Dignam and is not considered further here.

To test these equations Bardwell and Dignam® synthesised real and imaginary
refractive index, n and k, spectra from the Classical Damped Harmonic Oscillator
(CDHO) model, and used these » and & spectra to calculate the attenuated total
reflectance spectrum, R(V), and phase shift spectrum, &v), for ATR with constant »n,.
They calculated the R spectrum from 4000 to 400 cm™ only, and assumed the
reflectance above 4000 cm™ and the reflectance below 400 cm™ equalled the values at
these limits. They used In[R/R)] instead of In[R] in eqs.(4.2) and (4.3). They initially
looked at the difference between the phase shift spectrum calculated from the original
refractive index spectra and that given by the KK and modified KK integrals without

the correction terms, 6 — 6" .
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Bardwell and Dignam?® tested three methods of using Eqs. (4.2) and (4.3). In
Method 1, they used the exact equation cf Plaskett and Schatz', Eq. (4.2). |
Unfortunately, they do not describe their use of Eq. (4.2b) clearly, but they do compare
the phase shift calculated by Eq. (4.2) without &0) with the known, synthesized, phase
shift.

In Method 2, they used Eqgs. (4.3) and (4.3a), but assumed that 7’(1,) is
independent of wavenumber. They determined it and the two parameters M{(«) and
M(0) in Eq. (4.3a), through Eqgs. (4.3b) and (4.5), from values of the real refractive
index of the sample at three wavenumbers at which £ is very small.

In Method 3, they again used Eqs. (4.3) and (4.3a), but simply set the third
term in the right hand side of Eq. (4.3a) to zero, so that /(V,) = -t + M(x). They
determined™'® the value of M(cc) from the real refractive index of the sample at one
wavenumber where & is very small, through Eqgs. (4.3b) and (4.5).

Bardwell and Dignam tested these three methods on ATR spectra calculated
from two sets of model real and imaginary refractive index spectra.

The first set simulated a very strongly absorbing inorganic compound, which
has n(e) = 2 and three huge infrared absorption peaks which have peak & values of
about 8, 40 and 16. The refractive index of the incident medium was taken to be
constant at 6.00. The differences between the correct, synthesized, phase shifts and
those calculated from the integrals in Egs. (4.2) and (4.3) (without the correction

terms) vary with wavenumber, so a constant phase correction is not adequate for these
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cases. Method 2 gave phase errors of less than 0.02 and gave the CDHO parameters .
accurate to <0.5% for the intensity and 1.5%5 for the bandwidth. Both vethods 1 and
3 gave errors up to 25% of the CDHO parameters.

The second set of model spectra simulated benzene, with n(x) = 1,475 and 8
peaks with k<1.5. Method 2 was not applied to this case, because the similar but
simpler Method 3 gave phase errors less than 0.004 and errors in the CDHO intensity
and bandwidth parameters of less than 1% of the values. Method 1 gave errors in the
CDHO intensity and bandwidth parameters of less than 2% of the values. Bardwell
and Dignam conciuded that sor normal organic systems like benzene their simple
Mt.thod 3 is the preferred method, being simpler than Method 2 and more accurate
than Method 1.

It should be noted that Bardwell and Dignam® implemented all of these 1rethods
through their double Fourier transform algorithm for the Kramers-Kronig transform.
This procedure is not correct for Method 1, which uses Eq. (4.2) and therefore has a
singularity at 0 cm™, and this may contribute to the poor accuracy Bardwell and
Dignam found for Method 1.

In ihis paper a new modified KK transform for ATR spectra is derived which
does not have the extra singularity point at zero wavenumber. The new transform is
compared with the methods used by Bardwell and Dignam for real and imaginary
refractive index spectra that were simulated from the CDHO model to be like liquid
methanol and benzene. Very strongly absorbing systems like Bardwell and Dignam's

"inorganic" system are extreme cases that are not considered in this paper. In contrast
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to Bardwell and Dignam’s use of the double Fourier transform, or Hilbert transform®®,
to evaluate the Kramers-Kronig transform, all methods were implemented by us
through the direct calculation of the KK transform. This was for two reasons. First,
because work in this laboratory has shown'® lit- ature implementations of the double
FFT method of evaluating the Hilbert transform to be subject to error, and has shown
that our best im:plementation of this method is slightly less accurate than the directly
programmed KK transform’®>. Second, because the Hilbert transform is not equivalent
to the modified KK transforms, since fz in Eq. (4.1a) is not an even function of
wavenumber in the modified transforms.

In all previous work on the relation between R(v) and &v) in ATR
spectroscopy, the refractive index of the incident medium has been assumed to be
independent of wavenumber. In reality this is never true. The real refractive indices of
all materials change significantly with wavenumber through the infrared region. For
silicon, Si, 7 varies from 3.56 at 10,000 cm™ to 3.42 at 500 cm™. For zinc selenide,
ZnSe, n varies from 2.485 at 10,000 cm™ to 2.373 at 500 cm™. The ATR elements are
used only in those regions where they are essentially non-absorbing, but n, always
changes with wavenumber.

This real situation is the second case of attenuated total reflection that was
mentioned earlier, the case of ATR with varying n,. The variation in 7, causes the
transforms described above to be approximate, and no exact transform, or correction to
the KK transform or to a modified KK transform, has been presented for this case.

The effect of the wavenumber dependence of n, on the accuracy of the spectra
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recovered by the methods designed for constant n, is explored in this paper. A very
simple non-constant correction of the phase shift is shown to greatly inig: wve the
accuracy given by our implementation of Bardwell and Dignam's Method 3, which uses

a one constant correction of the phase shift.

4.2 Method

The method used to test the accuracy of the different transforms and phase
corrections was based on that of Bardwell and Dignam®. Attenuated total reflection
R«(v) and 6,(V), spectra of liquids similar to methanol and benzene were calculated
from simulated optical constant, » and &, spectra for both constant and non-constant
refractive index of the incident medium. The phase shift and optical constant spectra
were then recovered from ATR spectra by the different transforms and phase
corrections. The differences between the original and recovered phase shift and
optical constant spectra indicated the accuracy of a transform and phase correction.

4.2.1 The Simulated Optical Constant Spectra

The vibrational contribution to the mean molecular polarizability of randomly
oriented molecules in the liquid is given by the Classical Damped Harmonic Ozscillator
(CDHO) model”. The polarizability is a complex quantity, and if the mean molecular
polarizability is multiplied by Avogadro’s number to give the molar polarizability the
expression for A iS

A @'13)
O™ 412 L[V - V2 -iv]}]

J




-89 -
In order to include the electronic polarization, which is due to absorption

processes at higher than infrared wavenumbers, it is standard practice to use the real

. . 2 . .
dielectric constant, &’ = n_ at a wavenumber sufficiently far above the strong infrared

absorption and sufficiently far below the strong visibie and ultraviolet absorption that
anomalous dispersion due to these absorptions is extremely small and the real refractive
index is essentially constant. It may be noted in passing, that an improvement on this
procedure has been developed in this work and is reported elsewhere'®. For the
present simulation, £/, was used with the Lorentz local field, which corrects for the fact
that the local electric field which acts on a molecule in the liquid differs from the
macroscopic field, to obtain the molar polarizability at infrared wavenumbers as Eq.

(4.6)

- . (e.-1D3N N u/3
am(")=( ) v zAzZ~z ~; =
(6, +2) 4N 4rnc” T'lv; -v° —ivl ]

(4.6)

Here N is the number of molecules in unit volume and N, is Avogadro number.
The sum is over all vibrations, and vibration j has wavenumber v, damping factor 7,
and dipole moment derivative with respect to the normal coordinate 34/80; , which is
written as g for brevity.

Under the Lorentz local field the dielectric constant is related to the molar
polarizability by Eq. (4.7)

W_ +87a,, (V)

e(V) = -
M= ara.

4.7
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where the molar volume, !y, = Ni/N has been used. The real and imaginary

parts of this equation are separated in practice to give Eqgs. (4.7a) and (4.7b)

1- 2 a1+ 2@ ez @]

[1- e @] +[sran®)]

gWw)= (4.7a)

[Zan®)

[1-32 e, +[gar®]

g"(v)= (4.7b).

A
At each wavenumber the complex refractive index, n=n+ik, is related to the
A
complex dielectric constant & =&’ +ig"” by equation 4.8
A Ay
g (v)=n‘(v) (4.8)

so the real and imaginary refractive index spectra, n( V') and k&( V), can be calculated

from the dielectric constant spectra through Eqs. (4.8a) and (4.8b).

1) = JE @)+ (D) +£(7)/2 (4.83)

k@) =& @D+ @) -£@N/2 (4.8).
The parameters g, I; and V,, used to simulate the spectra of liquid methanol
and benzene are given in Table 4.2. The simulated » and k spectra are shown in Fig. 4.1
for methanol between 7800 and 2 cm™ and in Fig. 4.2 for benzene between 8000 and 2
-1

cm .

4.2.2 Calculation of Phase Shift, Refiectance R, and ATR from Simulated
Optical Constants, n and k

The equations in this section apply at each wavenumber.
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Table 4.2. Classical Damped Harmonic Oscillator Parameters for Simulated Spectra of "Benzene" and
"Methanol”

J Ay -1r2 Yy 1;-1
(Debye A amu ) (cm ) (cm )
” Benzene"
1 0.16129 849.998 22.257
2 0.22288 851.809 144.027
3 0.47999 1035.56 9.86736
4 0.14453 1011.76 24.1246
5 0.04619 991.872 7.51311
6 0.23185 973.107 63.9954
7 0.06939 1249.36 11.8006
8 0.18753 1177.26 22.7901
9 0.27674 1167.12 149.92
10 0.10846 1147.48 19.74
11 0.16027 1393.24 11.9
12 0.09058 1307.92 31.56
13 0.55332 1692.22 230.17
14 0.24566 1527.96 17.93
15 0.65962 1479.07 6.0747
16 0.31176 1959.96 15.5583
17 0.3828 1815.2 16.134
18 0.12687 232492 9.79
19 0.09335 2210.2 9.076
20 0.07315 2652.92 9.086
21 0.05682 2614.24 10.93
22 0.07465 2595.04 9.376
23 0.4968 3091.01 8.8421
24 0.37297 3071.48 7.629
25 0.13008 3061.39 8.503
26 0.73908 3035.66 11.086
27 0.14007 4082.52 34.798
28 0.24608 4056.62 14.656
"Methanol" >
1 4.15155 3356.001 250
2 1.84544 2947.271 100
3 1.1820 2833.979 50
4 1.35024 1452.45 100
5 0.40576 1115.283 30
6 1.43738 1033.928 22
7 1.49813 663.7399 200
8 1.58014 676.105 8.294

* The spectra were calculated between 8000 and 2 cm, data points are 0.964 cm™ apart, and
n(e0)=1.4804.

b R .
The spectra were calculated between 7809 and 2 cm 1, data points are 0.964 cm ' apart, and
n(c0)=1.325.
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Figure. 4.1. The simulated refractive index spectra of liquid methanol, 7800 to 2 cm’. Lower
box: k, Upper box: n
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Figure 4.2. The simulated refractive index spectra of liquid benzene, 8000 to 2 cm™ Lower
box: k, Upper box: n.
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For s-polarized light whose vector E.is parallel to the reflecting surfac=, the

A
complex Fresnel reflection coefficient r; is related to the reflectance R, and phase shift

6, through equation {4.9a)
7, = R)* exp(i6,) (4.9a)
The reflection coefficient is given'’ in terms of the refractive indices by Eq. 4.4,

A
and the complex angle of refraction, S, is related to £, through Snell's law”,

1o sin B, = 1 sin 8 (4 9b)

From equations (4.9a), (4.9b) and (4.4) one can obtain

2 2 2 2
-n,cos‘ B,+A° +B

R!"? cos@, = —
(A+n,cosfB,)" +B

(4.10a)

2Bn, cosf,
(A+n,cosB ) +B?

R!"?sin@, = (4.10b)

where A=((@® +b52)"? +a)"? /2 and B=((a>+b%)" -a)? /2
with a=n’—-k*>-n?sin’ g, and b=2nk.
Equations (4.102) and (4.10b) yield the reflectance R, as Eq. (4.11)

(-n’ cos’B, ++ A% + B + 4B n® cos*f,
R _ (o] [s)
* [(4 + n.cosB.)* + B*)?

4.11).

The phase shift, 8, is obtained through 8, the principal value of the arctan
function of Eq. (4.12)

2Bn_ cospf,

-n? cos? B, + A? +Bz) @.12)

6,' = arctan(
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This A, lies in the range -7/2<@&, <rt/2. In fact, the positive root is taken in Eq.
(4.10b) so sind, is 20, as is required by our definition of r and 2 ( Table 4.1), therefore

6, lies between 0 and m. The sign of cosé, is the sign of the right-hand side of Eq.

(4.10a). Thus, 6, and 6, are related by Eqgs. (4.12)

6, =n+6, if cos 6, <0 (4.12a)
6, =n/2 ifcos 6,=0 (4.12b)
0,=6, ifcos 6,>0 (4.12¢)

In this laboratory, the pATR spectrum is measured through the CIRCLE cell
with effectively natural light at incident angle 4,= n/4. The quantity pATR is defined
by

PATR = -logi o (ATR) = -logio (Ir/lo) 4.13)
The pATR can be calculated from the R, spectrum alone, because s and p polarizations
are equally intense at each reflection in a ‘well aligned CIRCLE cell’ and the reflectance
of p-polarized light at 45° incidence is R,= R;?. Therefore, for m reflections in the
CIRCLE cell

PATR= -log [(R™+RS™)/2] (4.14)

The pATR spectra were all calculated in this work with m = 1. Spectra
simulated for liquid methanol are shown in Fig. 4.3 for constant 7, = 2.38,
approximately that of ZnSe, and also for the actual n,( V) values of ZnSe and of Si.
Note that the spectrum for actual ZnSe ends at 700 cm™. Spectra simulated for liquid

benzene are shown in Fig. 4.4 for constant n, = 3.5, approximately that of Si, and for
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Figure 4.3. The simulated single-reflection pATR spectra of methanol calculated for the
CIRCLE cell (Eq. 4.14.). with different sets of n, values. Lower box: constant n,=2.38,

approximates ZnSe;, Middle box: n,( V) values of ZnSe; Upper box: n,( V) values of Si. Note
that the spectrum in the middle box stops at 700 cm™..
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Figure 4.4. The simulated single-reflection pATR spectrum of benzene calculated for the
CIRCLE cell (Eq. 4.14) with Lower box constant n,=3.5, approximates Si; Middle box: n,( V)

values of ZlnSe; Upper box: n.{ V) values of Si. Note that the spectrum in the middle box stops
at 700 cm™.
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Figure 4.5. The real refractive indices of Si'*?° and ZnSe*' at room temperature
25°C.
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the actual n.( V) values of ZnSe and Si. The actual #, spectra of ZnSe and Si are shown
in Fig. 4.5.

4.2.3 The Equations Used to Recover Optical Constants from Reflectance
R_and Phase Shifts 6,

The various transforms and phase corrections used to calculate the phase shift
spectrum from the reflectance spectrum are discussed in the next section. Once the
phase shift and reflectance had been calculated, the dielectric constants were calculated

through Eqs. {4.15a) and (4.15b), which can be derived from Eqs. (4.4), (4.9a) and

(4.9b).
g/mPo=sin’ Po+ cos ? Pof (1-R)*-4R; sin’ 0]/(1-R-2R, * cos 6,)° (4.15a)
&"/n’o=4sin 6, cos’ fo (1-RJR,*/(1+R2R, * cos 6,)* (4.15b)
The optical constants were then calculated from the dielectric constants through
Egs. (4.8)

Bardwell and Dignam3 gave the same equations except that Eq. (4.10) of Ref. 3
differs in form from Eq. (4.15a) and the right hand side of Eq. (4.11) of Ref. 3 is the
negative of Eq. (4.15b), as is required by their different definition of & (Table 4.1).

4.2.4 The Transformation of R, to 6,

The spectrum of R,™ can be determined from a pATR spectrum measured in, or
calculated for, a CIRCLE cell by the solution of Eq. (4.14), namely

R"=3[1+84TR"™ -1 (4.16)

The transformation of the In[R,] spectrum to the 6, spectrum was carried out with three

different transforms.
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The first two transforms were those of Plaskett and Schatz', given above as
Egs. (4.2) and (4.3). The correction factors &0) in Eq. (4.2) and /() in Eq. (4.3)
were not used, and the correction of the 6, spectrum calculated by the transform was
carried out as described below.

The third transform is a modified KK transform developed during this work for
the case of ATR by using a different integrand and a different integral contour trom
those of Plaskett and Schatz '. The derivation is given in the appendix and the

transform is Equation (4.17)

172

ov,) = - j V'“"“")' + 6

. (4.17)

The transform is identigal for s and p polarizations. Again, the correction 6,
was calculated as described below.

The remainder of this paper deals entirely with the s-polarized reilectance and
phase shift, so the subscript 's' is omitted for simplicity. If the correction to the phase

shift spectrum is neglected for the moment, these three transforms can be summarized

in practical terms by Eq. (4.18)

6,(va)=_3 Pj';z (_";2 dv | (4.18)

where function F(V) is  v.° In[R(W)]*? ¢V for the modified KK transform of
Eq. (4.2), V.In[R(¥)]"* for the KK transform of Eq. (4.3) and ¥ In[R(V)]'? for
the modified KK transform of Eq. (4.17). The subscript ‘t’ on & shows that the phase

shift is obtained from the transform without the application of correction terms.
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The phase shift spectrum, 6V, calculated by the transform differs from the
correct spectrum &V) by the required correction A6/vV,. Bardwell and Dignam's
work” suggests that a constant phase correction will prove satisfactory for molecular
liquids. In our view, this is particularly likely to be the case if the correction is
determined at a high-wavenumber where the reflectance is essentially constant. The
upper integration limit V,, is 7800 or 8000 cm™ for the spectra synthesized for this
study. It is, thus, sufficiently far above the strong infrared absorption and below the
strong visible and ultraviolet absorption that 4(V,) = O and the real refractive index, and
hence the reflectance, is approximately constant. Thus, A8 was calculated through Eq.
(4.5) as

AB= 6V.) - B(Vs) (4.19a)
where V, is the highest wavenumber in the spectrum and 4(v,) =~ 0. The corrected
phase shift spectrum was then calculated as

&v) = 4(v)+ a6 (4.19b)

Three FORTRAN programs REPH1 .FOR, REPH2.FOR and REPH3 FOR
were developed to calculate the phase shift and optical constants from pATR spectra
measured with the CIRCLE cell at 45° incidence by the trarsformations of Egs. (4.3),
(4.2) and (4.17) with the constant phase shift correction, Eqs. (4.19). The programs
create spectral files of the phase shift and the real and imaginary refractive indices.
These spectra were compared with the synthesized spectra to evaluate the accuracy of

the different transforms.
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The upper integration limit is usually 4500 cm™ or more for individual ATR
spectra recorded in this laboratory. However, spectra recorded with K3r and CaF.»
beamsplitters are usually merged and averaged to give an experimental spectrum to
6500 cm™ before they are processed. The In[R,] spectrum is essentially zero between
6500 and 8000 cm™, so the spectrum is filled with zero points up to 8000 cm™ before it
is transformed. The real refractive index of the sample can be determined'® to good
accuracy at 8000 cm™ so the phase correction can be well determined at 8000 cm™.

4.3 Results and Discussion

4.3.1 Constant Phase Shift Correction

The constant phase shift correction, Eqgs. (4.192a) and (4.19b) was appiied with
all three transformations to the pA 7R spectra simulated for liquid methanol (7800 to 2
cm™) and benzene (8000 to 2 cm™) with constant 7,=2.38 or 3.5, which approximate
those of ZnSe or Si. In[R.(7V)] was extrapolated linearly from its value at 2 cm™ to zero
at 0 cm'l. Above ¥, = 7800 or 8000 cm™ In[R,(V)] is essentially zero throughout the
near infrared and visible and was assumed to be accounted for by the correction to the
phase shift. Thus, the integration was taken between v, and 0 cm™.

Consider first the results obtained for the synthesized spectrum of methanol with an
incident medium of constant refractive index, n, = 2.38. Figure 4.6 shows the
synthesized phase shift (Top) , imaginary refractive index (Middle) and real refractive

index (Bottom) spectra. The different boxes in Fig. 4.6 also contain the corresponding
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Figure 4.6. Results for the phase shift (top), imaginary refractive index (middle) and real
refractive index (bottom) of "methanol” with constant n, = 2.38 and recovered with constant
phase correction. Curves a are Synthesized spectra; Curves b were recovered with Eqs. (4.3)
and (4.19); Curves c were recovered with Egs. (4.2) and (4.19); Curves d were recovered
with Egs. (4.17) and (4.19). The curves a to d in the middle box, and a, ¢ and d in the top and
bottom boxes, overlap
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Figure 4.7, Errors in the phase shifts and refractive indices of "methanol” with constant n, =
2.38 and recovered with constant phase correction. Top box: Error in phase shift, curve ¢
minus curve a of the top box of Fig. 4.6. Upper Middle box: Error in phase shift, curve d
minus curve a of the top box of Fig. 4.6. Lower Middle box: % crror in k from Eqs. (4.17) and
(4.19); (Curve d minus Curve a) + Curve a) x100% from middle Hox of Fig. 4.6. Bottom box:

% error in 1 from Eqs. (4.17) and (4.19); (Curve d minus Curve a) + Curve a) x100% from
bottom box of Fig. 4.6.
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spectra recovered, from the synthesized pATR spectrum, by Eqgs. (4.3), (4.2) and
(4.17) with the constant phase shift correction of Egs. (4.19). The spectra overlap on
the scale shown except for those recovered by the normal KK transform, Eq. (4.3)
(curves b in Figs. 4.6). Thus, it is clear that the well known Kramers-Kronig transform,
Eq. (4.3) is by far the least accurate. It yields phase shifts in error by 0 to -0.06 radian,
and these yield errors from 0 to +15% and from C to -4% in the optical constants, &
and n, respectively. In contrast, the two modified KK transforms, Eqs. (4.2) and
(4.17), both yield errors that are about 100 times smaller.

For the same system Fig. 4.7 shows the error spectra of the phase shift
calculated with the two modified KK transforms, from Eq. (4.17) in the upper box and
from Eq. (4.2) in the upper middle box. It is clear that the two methods are about
equally accurate on average, but the new equation, (4.17) gives far less numerical
noise, undoubtedly because it does not have the singularity at 0 cm™. The same result
was found for the error spectra of the refractive indices. Accordingly, the bottom two
boxes in Fig. 4.7 show only the results for Eq. (4.17). They show the percent error
spectra of the recovered k and 7 values. The percent errors average 0.05 % and 0.01%
for k and n, respectively. The noise at high wavenumbers in the lower middle box is
numerical noise of magnitude 10”7, which distorts the percent error spectrum for &
values < 10” which, in any case, are not reliably determined by the pATR method.

The same calculations yielded similar results for the synthesized spectrum of
methanol with an incident medium of constant refractive index, n, = 3.5, which is close

to that of silicon. Again, the normal KK transform, Eq. (4.3) was inaccurate and the
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two modified KK transforms had equal accuracy on average and Eq. (4.17) gave far
less numerical noise. The phase shifts recovered with Eq. (4.17) in this case were

about 80% of those with 7, = 2.35, and the errors in the recovered phase shifts were
about 2';' times smaller. Thus, the relative error in the phase shift is smaller with 7, =

3.5 than with n, = 2.38. Similarly, the percentage errors in the recovered real and
imaginary refractive indices were slightly smaller than for n, = 2.38.

Refractive index, phase shift, and pATR spectra were simulated, and phase
shift, and refractive index spectra were recovered, in the same way for simulated
benzene (Table 4.2) with the same qualitative results as for simulated methanol .
Quantitatively the errors in the recovered spectra for benrene were up to a factor of 2
smaller than for methanol.

It should be noted that these results are essentially the reverse of those of
Bardwell and Dignanf, who found that the normal KK transform of Eq. (4.3) with
constant phase shift correction was more accurate than the modified KK transform of
Plaskett and Schatz, Eq. (4.2), again with constant correction. As noted earlier, we
believe this is due to Bardwell and Dignam's use of tt:zir double Fourier transform
procedure to evaluate the integrals, because the singularity in Eq. (4.2) at 0 cm™
invalidates that procedure.

It is clear that Eqs. (4.2) and (4.17) with the constant phase correction of Egs.
(4.19) give optical constants that are more accurate than current experimental spectra

when n, is constant. Unfortunately, the real refractive index of the incident medium
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never is constant, as is shown in Fig. 4.5 for ZnSe and Si. To obtain a useful result it is
necessary to explore corrections for the case of n, values that change with
wavenumber.

Theoretically, the non-constancy of n, makes all existing KK transforms
approximate, whether they are modified or not. In practice, the constant phase shift
correction does not give satisfactory accuracy when used to recover optical constants
from ATR spectra. To determine this, the synthesized refractive index spectra of
benzene and methanol were used with the actual », spectra of ZnSe or Si to calculate
four synthesized pATR spectra, and Eq. (4.17) was used with constant phase shift
correction of Eqs. (4.19) to recover the 6, n, and k spectra. The results for simulated
methanol on silicon are shown in Fig. 4.8. The correct phase shifts, imaginary
refractive indices, and real refractive indices, are shown as curves C in the top, middle
and bottom box, respectively, and those recovered by Eqs. (4.17) and (4.19) are shown
as curves R. The errors in the recovered quantities are from 0 to +7% for k, 0 to -5%
for 7 and C to -0.01 rad for 8, where @ = 1.75 rad. Curves C and R in the three boxes
in Figure 4.9 show similar results for simulated benzene on silicon. These errors given
by the constant phase shift correction when n, is not constant are larger than the
probable errors in the experimental data, and a method was sought to reduce them.

4.3.2 Non-Constant Phase Shift Correction

A new, wavenumber-dependent, phase shift correction was based on the

constant phase shift correction of Eqs. (4.19). The only difference is to recognize that
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Figure 4 8. Results for the phase shift (top), imaginary refractive index (middle) and real
refractive index (bottom) of "methanol” with n(v) of Si, recovered with constant and with non-
constant phase correction. In each box, C indicates the correct (synthesized) spectrum, R

indicates recovery with Eqs. (4.17) ard (4.19), and M indicates recovery with Eqgs. (4.17) and
(4.20)
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Figure 4.9. Results for the phase shift (top), imaginary refractive index (middle) and real
refractive index (bottom) of "benzene" with n(v) of Si, recovered with constant and with non-
constant phase correction. In each box, C indicates the correct (synthesized) spectrum, R
indicates recovery with Eqs. (4.17) and (4.19), and M indicates recovery with Egs. (4.17) and
(4.20). All curves in the middle box, and curves C and M in the top and bottom boxes, overlap.
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the refractive index of the incident medium depends on wavenumber. Thus, the non-

constant correction is defined by Eqs. (4.20a) and (4.20b).

2
N \ [ (1, (V) sin’B, - n2(V) _
AQ(V) =& - 2 arctan 7o ¥) cosf, - & (v (4.20a)

&) = &(V) + A4 V) (4.20b)

The programs MREPH1.FOR, MREPH2.FOR and MREPH3 FOR calculate
the phase shift and optical constants from pATR spectra through Eqs. (4.3), (4.2) and
(4.17), respectively, each with the non-constant phase correction of Egs. (4.20).
Again, it was found that Egs. (4.2) and (4.17) are more accurate than Eq. (43)bya
factor of about 100, and that Eq. (4.17) gives less numerical noise than Eq. (4.2). The
spectra recovered by Eq. (4.17) with Egs. (4.20) (program MREPHS3) for synthesized
methanol on silicon incident medium are included in Fig. 4.8 as curves M. The use of
the new, non-constant, phase shift correction yields spectra that can not be
distinguished from the correct spectra, curves C, on the scale shown.

Figure 4.9 shows that results of the same quality were obtained for synthesized
benzene on silicon, and Fig. 4.10 shows, for synthesized methanol on Si, an expanded
view of the deviation of the calculated & spectrum from the correct one and the
percent error spectra for £ and #. The new transform with the non-constant phase shift
correction allows the phase shift and refractive indices to be recovered from pATR, or

R, spectra with an accuracy of better than 0.1%, as was sought.
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Figure 4.10. Error in the phase shift (top) and percent errors in the imaginary refractive index
(middle) and real refractive index (bottom) of "methanol® with n(v) of Si, recovered with non-
constant phase correction, Egs. (4.17) and (4.20). Top Box: Curve M minus Curve C from the
top box of Fig. 4.8. Middle box: % error in k from Egs. (4.17) and (4.20); (Curve M minus
Curve C) + Curve C) x100% from middle box of Fig. 4.8. Bottom box: % error in n from Egs.
(4.17) and (4.20); (Curve M minus Curve C) + Curve C) x100% from bottom box of Fig4.8..
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4.3.3 The Use of Experimental pATR Spectra.

It has been shown above that Eqs. (4.17) and (4.20) allow the accurate
recovery of 6, n, and k spectra, provided the reflection spectra run from ¥, to 2 cm™.
This is almost never the case, and pATR spectra in this laboratory have 700 cm™ as the
lowest wavenumber. To show the effect of this, the simulated » and & spectra of
methanol were used with the real 7, spectrum of ZnSe to calculate a phase shift
spectrum and a pATR spectrum (still for a single reflection in a CIRCLE cell) between
7800 and 700 cm™. These synthesized 6, k and » spectra are shown as curves C in Fig.
4.11. Eqgs. (4.17) and (20) were used to recover the 8, n, and & spectra from the PATR
spectrum,using linear extrapolation of In[R] between its value at 700 cm™ and zero at O
em”, The error in 6and the percent errors in k and » are shown as curves M in Fig.
4.11. The errors pass through a maximum or minimum near 1000 cm™ and have
maxifnum size at 700 cm™' where they are 0.015 rad in 8(8 ~ 2 rad), -3% in k and
+1% in n. These errors are much greater than those in Figs. 4.9 and 4.10, simply due
to the omission of part of the spectrum from the transform.

A similar error is present in all methods that use the KK transform or a
modification of it with truncated spectra. These methods include the use of the & to n
transform in the iterative .procedure used in this laboratory® and also the use of the

In[R] to & and k to » transforms used in Huang and Urban’s iterative procedure®. In

the present case, the error can be minimized by following the initial recovery of the 8
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Figure 4.11. The effect of a truncated reflectance spectrum on the recovered phase shift (top), imaginary
refractive index (middle) and real refractive index (bottom) spectrum of "methanol* on ZnSe. In each
box, Curve M shows the errors or percent errors in the spectrum recovered with Eqgs. (4.17) afid (4.20),
Curve PL shows smaller errors in the spectrum obtained from Curves M by refinement with the linear
extension of the k spectrum, and Curve PC shows the very small errors in the spectrum obtained from
Curves M by refinement with the exact extension of the & spectrum.
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and k spectra, as described above, by a modification of Huang and Urban's iterative

refinement.

In Huang and Urban’s refinement®, the &, spectrum is used to calculate the 2,
spectrum via the normal KK transformation of & to # '*, and these & and n spectra are
used to calculate the phase spectrum, ;. This phase spectrum and the experimental R
spectrum are used to calculate a second & spectrum, &, which yields a second »
spectrum, ny, via the KK transform. At this stage the error test is done, but Huang and
Urban’s test is unclear in their paper*. In our implementation of their method, the error
test is to calculate the pATR spectrum from the k; and », spectra and compare it with
the experimental spectrum. The calculation is stopped if the root-mean-squared-
percent-deviation and the sum of squared deviations have reduced to their pre-set
limits. If the limits have not been reached a second phase spectrum, &, is calculated
from the &, and n, spectra, and the “6 plus R to & to n to pATR” cycle is repeated until
the limits are reached.

The modification of Huang and Urban’s procedure is to minimize the truncation
error by extending the & spectrum to 0 cm™ in one of several ways before it is used to
calculate the 7 spectrum by the KK transform. The simplest extension has to be used
when there is absolutely no knowledge of the missing part of the & spectrum, and
consists of the linear extrapolation of the value of k from its value at the lowest
wavenumber to zero at 0 cm™. The converged results from use of this extension are

included in Fig. 4.11 as curves PL. The best extension consists of the correct &
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spectrum when this is known from other sources. The converged results of using this
extension are curves PC in Fig. 4.11. The errors in curves PC are essentially zero,
except for 1% at the strong sharp CO stretching band near 1000 cm™. Intermediate,
and quite helpful, extensions are qualitative estimates of the missing 4 spectrum when
the absorption spectrum is qualitatively known to low wavenumber of the ATR
spectrum.

Such procedures have been included in a FORTRAN program PKREF that
accepts the pATR spectrum from the CIRCLE cell and the phase shift spectrum
calculated by MREPHS3, i.e., by Eqs. (4.17) and (4.20), calculates the real and
imaginary refractive index spectra from the reflectance and phase shift, and then refines
the n and k spectra by Urban and Huang’s iterative procedure modified to include
extension of the k£ spectrum.

4.4 Conclusion

A simple procedure has been presented for the calculation of the infrared real
and imaginary refractive index spectra from s-polarized ATR spectra by a modified
Kramers-Kronig transform of the reflectance to the phase shift on reflection. The new
procedure consists of two parts, first a new modified Kramers-Kronig transform and
second, a new correction to the phase shift. The procedure has been applied to spectra
recorded at 45° incidence for m reflections with equal intensities of s- and p- polarized
light and retention of polarization between reflections. Such spectra are recorded in a

CIRCLE cell, and yield the R, spectrum through a simple equation.
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The procedure has been applied to the previously studied'*'*, but unreal, case
of constant refractive index of the incident medium r,. To allow for the fact that the
transforms are finite, not infinite, the phase shift at each wavenumber was corrected by
a constant which ensured that the correct phase shift was given at the highest
wavenumber in the transform, 7800 or 8000 cm™. In this case of constant »,, the new
transform gave better results than either of two previously studied procedures'>. It
also indicated that the normal KK transform is inferior for this purpose to the new
modified KK transform and also to a previous modified KK transform'. The new
modified KK transform has only the usual singularity of a KK transform and this makes
it numerically superior to the previous modified transform' which has an additional
singularity at 0 cm™. A previous study’ has reported the reverse, namely that the
normal KX transform is superior to the previous modified KK transform, and this is
believed to arise from their use’ of a double Fourier transform method to calculate the
modified KK transform.

For the real case, in which #n,, the refractive index of the incident medium, i.e.,
the ATR element, changes with wavenumber throughout the infrared, the new
transform was used with a new simple wavenumber dependent additive correction to
the phase shift. The new correction is initially determined at the highest wavenumber in
the transform, 7800 or 8000 cm™, but the use of the actual value of n.( V) at each
wavenumber yields the wavenumber dependent correction. It is shown that for
molecular liquids such as methanol and benzene the new transform is superior to the

previous two transforms. Further, with the new wavenumber dependent correction to
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the phase shift, the new transform yields real and imaginary refractive index values that
are accurate to better than 0.1%, provided the reflection spectrum is known down to 2
cm™. This is rarely the case, and the effect of the omission of low wavenumber bands
is illustrated. A method to reduce the impact of missing low-wavenumber parts of the
reflectance spectrum is described, and its effectiveness is illustrated.
4.5 Appendix

4.5.1 Conditions for the KK Transform

Consider the complex function f of 2 complex variable 3, f ( C) =fr( 3) +if
( 3), where fi is the real part and f is the imaginary part of f . The complex variable v

is defined as 3 = w +i u. Then, the KK transfo:y~ holds for f ( C) if the function has
3.11.12_

the following properties

1) The poles of f ( 3) are all below the real axis in the complex plane of 3
2) The integral of f ( 3)/ 3 vanishes when taken around an infinite semicircle in

the upper half of the complex v plane. It suffices that f ( 3) tends to zero as the

modulus of v tends to infinity;
3) fr(v) is even and fi (v) is odd with respect to .

Under these conditions, the Kramers-Kronig transforms are:

fa(va)=%P j:-:i;ﬁ% dv (A4.1)
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Figure 4.12. The integral contour on the compiex frequency plane

Slva) =~ :’ P I:-% dv (A4.2)

4.5.2 Derivation of a New Modified Kramers-Kronig Transform between
the Reflectance and the Phase Shift on Reflection.

On the complex frequency plane Cauchy's theorem insures that the integral

[222 ‘f‘z’(a’)f“’ =0 (A4.3)
C - mo

where the contour C is shown in Fig. 4.12, @ =®,+i®; is complex frequency
and coefficient of refiection 7 is defined by Eq. (4.92) and can be described by Fresnel's
equation (4.4).

We let the radius of the large circle go to infinity and the radius of the small

semicircle about @, go to zero, Eq. (A4.3) can be written as
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P]?col Inf(0))do; ininf(og) Ty I(zm 2)InF(ie2)d(in,)

3 2 7 2
o0 (©f-0p) 2 2 03 -0p

=0 (A4.4)

The first term is the integral along the real axis. The second and third terms are
the limits of the integrals along the small and large semicircles, respectively. The last
integral (real part) in Eq. (A4.4) is easy to evaluate if we note that along the imaginary
axis, the magnitude of reflectivity is constart

l Fliws) |=1 because n(i®; ) and constant ny are always real and the total internal
reflection condition is satisfied. We now take the real terms in Eq. (A4.4) and

reorganize them

T o Injr(w | }do
8(00) =B — npj ‘ml( :))ld‘ (A4.5)
1~%0

Or write it as

2, f v, ln]R(v, )|“2d‘7,

(v,)=6, (A4.6)

0 Vl —Va

For p-polarized light the same relation as (A4.6) can be derived by the same
procedure.
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Chapter S Infrared Intensities of Liquids XX: The intensity of the
OH stretching band of liquid water revisited, and the best

current values of the optical constants of H;O(?) at 25°C
between 15,000 and 1 cm™

S.1 Introduction

In 1989 optical constants of H,O(¢) at 22°C' were reported, based on calibrated
multiple ATR measurements in this laboratory. The reported values of the real, », and
imaginary, £, refractive indices of H,O covered the range 9000 to 1250 cm’’, although
above 5300 cm™ the reported & values were all zero, meaning <0.0003. The precision
of the k values was reported to be “within +1% of the value below 3300 cm™, +3.5% at
the peak of the OH stretching band, which is notoriously non-reproducible*?, and ~+5-
10% for k values between 0.002 and 0.009 in the region above 3700 cm™”. It was also
noted’ that k values less than 0.001 wefe only determined qualitatively.

The non-reproducibility of the OH stretching band was much greater than that
observed for other liquids, with methanol* being of particular relevance. This non-
reproducibitity of the k values had been observed and discussed previously>>**.
Differences of up to 30% have been reported since 1960 (Ref. 3 and citations therein)
and differences of up to 8% since 1969 (ref. 1-3, 5-7 and citations therein). Zolotarev
and Demin® have attempted to correlate the differences with the method of
measurement used, whether transmission, specular reflection from an air-water
interface, or attenuated total reflection (ATR), and have concluded that the three

methods yield the same results.
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To seek the origin of this non-reproducibility, a further study was made® in
1989 of the effect of impurities, and of dissolved N, O,, Ar, and CO; gases, in the
water. The result of this study was summarized® as “There is no effect greater than
+1.5% of either the gas content or the water purity on the intensity of the OH
stretching band of water”. Here “water”” means water with purity ranging from that of
Edmonton drinking water to that of water triply distilled from permanganate or
deionized water from a Millipore Super-Q system®.

Since !zt time several developments in this laboratory have made it desirable to
report additional findings about the optical constants and the integrated area under the
OH stretching band of liquid water. First, the experimental methods heve been
improved. Second, the accuracy of the computation of optical constants from ATR
spectra has been improved®. Third, several good sets of measurements by different
workers now exist in this laboratory, because water is the natural sample to use while
learning the technique. Fourth, as part of a study of acetonitrile-water mixtures last
year, the current authors measured & values for the OH stretching band that were 5%
lower than those measured as part of a study of methanol-water mixtures three years
ago. It was clearly necessary to resolve the difficulty, and this has been achieved. The
results obtained, and the best current values of the optical constants of the OH
stretching band of water are reported in this paper.

There have been four other significant studies of the optical constants of water
since 1990. Marechal'® has determined the dielectric constant spectra of liquid H-0,

D-0, and their mixtures, at temperatures between -5 and +80°C from ATR spectra
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between S000 and 750 cm™. Marechal presented an extensive analysis of his spectra,
but reported no numerical optical or dielectric constants.

Kou, Labrie and Chylek'' have determined the optical constants of H,O at 22°C
from transmission measurements between 4000 and 15000 cm™ at 16 cm™ resolution.
They also reported values for water at -8 °C and ice at -25°C, which will noi be
discussed further. They used long-path transmission cells because the absorption is
very weak in this region, and compared their results with those reported previously by
Palmer and Williams'?, Downing and Williams®, and Hale and Querry". Good
agreement was reported with the results of Palmer and Williams, who also used
transmission measurements with long-path cells. It should be noted that Downing and
Williams® reported the values of Palmer and Williams'? above ~3850 cm™ and those of
Robertson and Williams'* for those regions between 3850 and 1700 cm™ where the
absorption is weak.

Marley, Gaffney and Cunningham'’ used a combination of calibrated ATR
measurements and transmission measurements to re-examine the weak absorption
between 2300 cm™ and 934 cm™. They reported the Lambert absorption coefficients,
from which the & values can be obtained. It is of particular note that these workers
have found much smaller values of & near 2500 cm™ than any previous worker, in
particular, much smaller than those of Robertson and Williams'*, who also used
transmission cells with long path lengths.

Zelsmann!6 measured the transmission spectrum of H,O(¢) at temperatures

between -5.6 and +81.4 °C over the wavenumber range 450-25 cm™. He used a cell
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with thick silicon windows, and used ~2 cm™ resolution which is sufficiently low to
average over the interference fringes from multiple reflections within the windows. As
is done in this laboratory'’, he used the methods of Jones et al'® to compute the optical
constants from the transmission spectra. In order to compute the real refractive index
by Kramers-Kronig transformation, and to fit his & spectrum with four Gaussian bands,
he added values reported by Afsar and Hasted'? to the low-wavenumber end of his
measurements and those of Draegert, Stone, Curnutte and Williams® to extend the
high-wavenumber end to ~987 cm™. He tabulated values of & and n between 20 and
600 cm™. Unfortunately, the tabulated & values are the fitted values not the
experimental ones.

Water is such a fundamentally important liquid that it is desirable to present the
best results obtained in this laboratory over a period of ten years. This importance is
illustrated by the fact that much of the recent interest in its infrared optical constants
has been stimulated by the need for accurate calculation of radiative energy balances
through the atmosphere. Accordingly, this paper contains a brief account of our recent
ATR measurements and conclusions with respect to the OH stretching band. It also
contains an evaluation of the literature values of the real and imaginary refractive
indices of water between 15000 and 1 cm™, and presents the values that are believed to
be currently the most reliable. As part of the evaluation process, we have used
transmission methods to re-measure the weak absorption between 4000 and 3700 cm™,
as well as that between 3300 and 1700 cm™ where we sought to test the very small &

values reported by Marley et al’’.
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5.2 Methods and Results

The experimental and computational methods have been described in
detaill. 4,7.9,21-

5.2.1 Experimental and Computational Improvements

The most important improvement in the experimental method over that used
previously for water® is that a shorter sample holder was used. The ~6 mm sample
holder used previously yields a pATR value close to 2 at the peak of the OH stretching
band. Peak pATR values near 1 are less sensitive to noise and instability, and are now
obtained in a 3mm sample holder.

The most important improvement in the computational methods® over those’
used in the previous work on water"? lies in the calculation of the optical constants

79,21 iS to

from the ATR spectrum by an iterative procedure. Part of this procedur
calculate an estimate of the k¥ spectrum from the ATR spectrum and then to Kramers-
Kronig transform the & spectrum to obtain the » spectrum. Ideally, the KK transform
requires the & spectrum from O to infinite wave number. This is never available and,
more practically, the KK transform yields an erroneous # spectrum if strong absorption
is omitted to low wavenumber of the & spectrum that is available from the ATR
spectrum. This is always the case when H,O(¥) is measured with a ZnSe ATR rod,
because the latter only yields a spectrum above 700 cm’! and the intense band due to
rotational vibrations in water lies largely below 700 cm™. To overcome this difficulty it

is now possible to extend the & spectrum from ATR, solely for the purpose of the KK

transform, by adding the known & spectrum of water below 700 cm™. Even if the
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accuracy of this added & spectrum is uncertain, its addition reduces the error in the »
spectrum considerably, and this leads to reduced error in the final & spectrum. During
the calculation of the optical constant spectra from ATR spectra in the present work,
the & spectrum was always extended for the KK transform by adding the k£ spectrum of
Downing and Williams® between 700 cm™ and 10 cm™.

A second significant improvement over the computational methods used
previously is that the value of n at the high wave number limit of the data is no longer
taken to be constant. When, as in the present work, the KK integral includes all of the
strong infrared absorption, the value required for the calculation of 7 at wave number
Va is the value the real refractive index would have at v, if it were due solely to
electronic polarization.”? A simple dispersion equation that provides tkis value has
been determined for water’” and the appropriate value was used.

5.2.2 Exploration of the Non-Reproducibility of the OH Stretching Band

To explore the non-reproducibility of the OH stretching band of water in our
experiments, two factors were studied. First, the sample temperature and second the
reproducibility with which the cell was filled with water.

The temperature of the water samples was previousiy reported as 22°C. In fact,
the temperature of the samples when equilibrated with the sample compartment of our
Bruker IFS 113V spectrometer is 24.5 +1 °C, and we now quote 25°C as the sample
temperature. The temperature of the sample before it is injectec into the cell, which is

kept under vacuum in situ in the sample compartment, is room temperature, 21 to
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22°C. It was thought that the sample temperature may not reliably reach 25°C before
the spectra are recorded. This was thought to be a potentially more serious error for
water than for other liquids, because the hydrogen bonding is temperature dependent.

To explore this, samples were held at 4°C, 24.5°C or 38°C before use. The
initial sample temperature was measured and the sample was immediately injected into
the CIRCLE cell (through a 15 cm length of 1.5 mm diameter teflon tubing, 13 cm of
which passes through a vacuum). The interferogram collection was started right after
the cell was filled, and collection of 64 scans at 4 cm™ resolution took 1 minute. The
resulting k spectra and their areas are not reported in detail because the sample
temperature is not well known, but the k value at the peak of the OH stretching band,
and the area under the & band between 4000 and 2660 cm™ was always within 1.9%
and 1.5%, respectively, of those for the sample held at 24.5°C. Thus, an initial sample
temperature between 20 and 25°C can not influence the peak height and area by more
than 1%, and can not be responsible for non-reproducibility of the magnitude observed.
This conclusion was confirmed for samples with an initial temperature of 22°C, and is
consistent with the measured” temperature variation of k. It can be noted that the
effect on the molar absorption coefficients and imaginary molar polarizabilities®, is
even smaller, because the increase in the molar volume offsets the decrease in the &
values with increasing temperature.

The reproducibility with which the CIRCLE cell was filled with water was
explored. The inside diameter of the liquid holder is only 1.5 mm larger than outside

diameter of the rod, and air bubbles frequently form when the cell is filled with water if
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the liquid holder is significantly off center. The remedy, when an air bubble forms
regularly in the cell, is to dismantle the cell, clean the rod and polish it with jeweler's
rouge and alcohol, and reassemble the cell taking particular care to ensure that the
ATR rod and the cylindrical glass liquid holder are coaxial. Once the cell has been
assembled correctly, it can be repeatedly re-filled with water without bubble formation,
provided that it is dried with alcohol and benzene before it is refilled. When no bubbles
were visible, the & values and the area under the OH stretching band were reproducible
to ~1%. H. M. Heise and A. Bittner 25 have also identified the formation of bubbles in
the cell as an important limitation on the reproducibility of ATR spectra of aqueous
solutions.

5.2.3 Recent Spectra with Improved Methods

The improved experimental and computational methods have been used to
determine k and n spectra of water at 25°C that are independent of those reported
previously'. Five sets of pATR spectra of water in the short cell obtained in different
years by four different workers, were converted to optical constant spectra. In some
cases the set was a single pATR spectrum which was the average of several pATR
spectra. The average pATR spectrum was transformed in this work to a single pair of
n and k spectra. In other cases the set consisted of several pATR spectra, each of
which was converted to a pair of # and & spectra and the & spectra were then averaged.

Five k spectra resulted from the five sets of pATR spectra, and they were compared to

determine the precision of the k values obtained by the ATR method in this laboratory.
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The agreement was very good and the five k spectra were averaged, unweighted, to

give a single final k¥ spectrum.

The agreement between the & spectra is illustrated by the 95% confidence limits
of kmax , the k£ value at the peak of the OH stretching band, and of the area under the
OH stretching band. An.x was 0.312 with a 95% confidence limit of 0.003 and the area
under the & spectrum and above zero ordinate between 4000 and 2660 cm™ was 123.7
cm™ with a 95% confidence limit of 0.4 cm™. For the OH stretching band, the
precision of the imaginary refractive index is, thus, 1% and that of the area is 0.33%.

The precision of the other pronounced band, due to v, the HOH bending
vibration at 1640 cm™, was of the same order, 1.7% for the peak height and 0.9% for
the area. For the weaker absorption between 2660 and 1890 cm! the precision is
about 6% of the &k value. This is significantly worse than was estimated for the spectra
previously reported’, probably partly because of the use of the short cell but mainly
because the absorption in this region is too weak to be defined very well by ATR
measurements even with the long cell. Transmission measurements through long-path
cells should be much superior in this region.

§.2.4 Comparison with OQur Previous Spectra

The imaginary refractive index spectrum of water determined with the short
ATR cell in this work is plotted in Fig. 5.1 together with the spectra determined with
the long cell and reported in 1989"%. The agreement is generally very good. It is ~2%
at the peaks of the three bands above 1200 cm™, but is only ~20% near 2600 cm™

where & is only 0.003.
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Figure 5.1 Imaginary refractive index spectra of H;O(£) at 25 £ 1 *°C determined in this laboratory by
calibrated multiple attenuated total reflection spectroscopy. Three spectra are shown. Two extend from
4000 to 1250 cm’! and almost coincide. They were reported previously'® from measurements with the
long (6 cm) cell. The spectrum determined in this work with the short (3cm) cell extends from 4000 to
700 cm™ and is the highest curve at the peak ¢f the OH stretching band.
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Table 5.1 Peak Height and Integrated Intensity of the OH Stretching Band of H.O (£) at 25 °C

Peak Height® Area*®
Imaginary refractive index, k 0.312 (3) 123.7 (4)
Molar Absorption Coefficient, E. 104.9 (8)° 410 (1)
Imaginary Molar polarizability, a:: 0.787 (5)°
C,=| Vazdv 10.20 (3)

* The number in parentheses is the 95% confidence limit in the last digit.

® The integration limits are 4000 to 2660 cm™. The unit is cm™ for the area under the k spectrum and
km mol” for the other two areas. The area under E,, is equivalent to 410 x10? L mole”'cm™.

¢ The unit of E, is L mole™ cm™. The unit of a2 is cm® mole™

The new £ spectrum is about 2% higher at the OH stretching peak. This is
barely significant, but the new spectrum should be the most reliable because the
measurements near the peak were less sensitive to noise and instability because the
pATR values were near to 1 instead of 2. =

For the OH stretching band, the peak heights and areas in the imaginary
refractive index and molar absorption coefficient, E,, spectra are given in Table 5.1,
with the peak height in the imaginary molar polarizability***, &, spectrum and the area
C, under the Van, spectrum.

It should be noted that the integrated intensity of the OH stretching band was
previously given as the area under the molar conductivity spectrum, V. § ve” d ¥,
which was 194 +4 km mol™ between 4000 and 2500 cm™. In order to relate this
quantity to the molecular dipole transition moment, one has to use* the hypothetical

value of the real refractive index that would exist in the region of the band if the band
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were not present. This value can not be determined with accuracy™, and for this and
other reasons® the integrated intensity that is the most useful, and is now used in this
laboratory, is C, = | Vg dV, where the integration is over band j. The value of o
calculated from the previously reported’ spectra over the currently used integration
range, 4000 to 2660 cm’, is 10.2 + 0.2 km mol”. The value found in this work is the
same, with slightly higher precision, 10.20 + 0.03 km mol™ (Table 5.1).

The intensity of the OH stretching band is not very sensitive to the integration
limits used. The value 10.20 km mol™ for the range 4000 tc 2660 cm™ iz increased by

only 0.3% for the range 4000 to 2500 cm™ and decreased by only 0.4% for the range

3800 to 2700 cm™.

Based on considerations of our temperature control, precision of calibration,
and reproducibility of intensity measurements made with different instruments'”*, we
estimate that the uncertainty in the 10.2 km mol™ integrated intensity of the OH

stretching band of water is ~2%.
S.2.5 Dipole Moment Derivatives of H,O(¢)
The integrated intensity C; in km mol™ is multiplied by 1.8686 to convert it** ..

164/80Q;1% = 19.06 (D A™ amu™?)?, 1.5% smaller than reported previously. From: ‘he
previous analysis, this yields I S/6R | =3.00 D A", the same as the value 3.02 + 0.03
reported previously'. Here S/ 80 is the derivative of the molecular dipole moment

with respect to the normal coordinate and I Su/6R l is the derivative of the bond
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dipole moment with respect to the OH stretching internal coordinate and is assumed to
point along the bond.

Thus, the previous discussion' of the dipole moment derivative with respect to
OH bond displacement requires no change. It is clear from Fig. 5.1 that the previous
discussion’ for the HOH bending vibration also remains valid.

5.3 The Best Current Refractive Index Spectra of Water at 25°C

The imaginary refractive index values of HO(?) at 25°C reported in the
literature are evaluated region by region in this section. The values believed to be the
most reliable have been assembled into a single & spectrum which is recommended for
use. The likely errors in the values reported in the following sections are intentionally
conservative. They indicate the probable maximum percent differences between the
values recommended and the correct values. They are, of course, considerably larger
than the reproducibility with which the values can be measured in one laboratory.

5.3.1 The Region 15000 to 4060 cm-!

The k values of Kou, Labrie and Chylek'' ..:-: recommended for this region. The
error in the values is unlikely to exceed 4% below 13,500 cm’! or 20% above 13,500
cm™.

Numerical data has been tabulated for this region by Hale and Querry*® for

25°C, Palmer and Williams'? for 27°C and Kou, Labrie and Chylek'! for 22°C. Below

5000 cm™, Downing and Williams® also tabulated Palmer and Williams' values, and
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Figure $.2. Imaginary refractive index spectra of H,O(£) between 15,000 and 3000 cm™ determined by
different workers. Top two boxes: Dashed line, Kou et al'' (22 °C); dotted line, Palmer and Williams'?
(27°C), crosses x, Hale and Querry'* (25 °C), plus sign +, Zolotarev and Demin® ( 25 °C). Bottom
box, as in the other boxes except without Kou et al’s spectrum and with: dotted line, Downing and
Williams® (27 °C) instead of Palmer and Williams; dash-dotted line, this work by ATR (25 °C).
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values interpolated between them. The tabulated values are compared in the top two
boxes of Fig. 5.2.

Hale and Querry analysed the literature to the early 1970s, and tabulated the
optical constants at large wavelength intervals, as shown by the crosses, x, in Fig. 5.2.
Palmer and Williams measured the spectrum by transmission through long path cells,
and tabulated values at 100 cm™ intervals. Their spectrum is shown by the dotted line
in Fig. 5.2. Their values agreed fairly well with those of Hale and Querry, although
distinct differences exist. Kou et al have summarised this earlier literature in their
paper'!, which presents the most recent study. Kou et al'! used a Fourier transform
spectrometer. For the weakest absorption they used cells with path lengths up to 20
cm, significantly longer than the < 5 cm paths used by Palmer and Williams in their
study with a dispersive spectrometer. Both Palmer and Williams'? and Kou et al'!
removed the loss of light due to reflection at the window surfaces appropriately.
Neither group considered the muitiple reflection in the liquid layer between the
windows, but this can be ignored safely in cells with long pathlengths. The use by Kou
et al of a Fourier transform spectrometer enhances the value of their work, because
well aligned FT spectrometers have been shown to be reproducible between
laboratories and manufacturers to about 3% with a liquid cell in the beam'”?. Kou et
al's & values agree with those of Palmer and Williams to better than 5% between 4000
and 14,500 cm™, except in two regions. Their values are ~10% higher near the 5200
cm™ peak and near 12750 cm™. In the latter region, the longer paths used by Kou et al

were an improvement and the & values of Kou et all! are considered the most reliable.
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Kou et al reported the percent error of their measurements based on the uncertainty in
the path lengths and the standard deviation of their data''. The maximum probable
error reported above is approximately twice this reported percent error of their
measurements.

The existing data give no useful information about the effect of temperature
differences between 15 and 35 °C on the absorption intensities of H,O(¢).

5.3.2 The Region 4000 to 3715 cm-!

The k values obtained by transmission specroscopy in this work are
recommended for this region of weak absorption. The error in the values is unlikely to
exceed 5% above 3850 cm™ and 30% between 3850 and 3720 cm™.

In the first report on HO(£) from this laboratory', the imaginary refractive
indices reported by Downing and Williams® for .. / °C and by Zolotarev and Demin® for
25°C were considered to be the best in the literature. Those reported by Williams and
his coworkers were much preferred because th. ; were more consistent over time than
those from Zolotarev and his colleagues'. The values reported by Downing and
Williams are those of Palmer and Williams'? above 3800 cm™ and those of Robertson
and Williams'* below 3800 cm™, both obtained from transmission measurements
through thick films and both interpolated to 10 cm™ intervals. These spectra are shown
in the bottom box of Fig. 5.2 with those obtained from the current ATR study in this
laboratory. Hale and Querry’s values'® (25 °C) are included in the figure. It can be

seen that below ~3800 cm™ the earlier workers®*!? all obtained values about twice as
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large as those from our ATR work. Downing and Williams saw a plateau or shoulder
between ~3850 and 3720 cm™.

The absorption in this region is weak, and the best intensities should come from
transmission measurements through fairly thick liquid films. Transmission
measurements were therefore made in this laboratory in order to explore the differences
between Downing and Williams's values and our values from ATR.

The transmission methods have been described!”. Cells with CaF, windows
were use& with path lengths of 150, 125, 115, 100 and 85 um. The anchor points'’ are
at 4501 and 3727.7 cm’, where the linear absorption coefficients are 9.29 +0.3 cm™
and 130.9 +0.7 cm™, respectively. The k values obtained agree with our values from
ATR near 3715 cm™, where Downing and Williams' values are about 70% larger, and
agree with Downing and Williams' values within 3% above 3850 cm™ and within 1%
above 3900 cm™, where our values from ATR are about 30% lower. The difference
between our transmission results and our ATR results is unusually large, much better
agreement having been obtained for, inter alia, the isotopomers of methanol™*’.

Accordingly, the k values from our transmission measurements are
recommended. They connect extremely well at 4000 cm™ to the spectrum of Kou et al
11, The large possible error cited above for the lower part of the range reflects the
large disagreement with both the values from our ATR spectra and the values of

Downing and Williams.
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5.3.3 The Region 3715 to 2982 cm-!

The k& values determined by ATR measurements of H,O(¢) at 25 °C in this work
are recommended for this region. The error in these values is unlikely to exceed 4 %.

The region is shown in the bottom box of Fig. 5.2. For reasons discussed
previously' the values obtained from calibrated ATR measurements in this laboratory
are preferred to the values in the literature. Our 1989"® and 1995 spectra are
compared in Fig. 5.1 and have been discussed above. Our 1995 spectrum is included in
the bottom box of Fig. 5.2, and is the preferred spectrum in this region.

Two features are evident in the Figure and deserve comment. As noted
previously', Zolotarev and Demin’s spectrum® agrees quite well with ours in intensity,
to about 5% with our new spectrum, but is shifted markedly to low wavenumber. The
spectrum of Downing and Williams 6 is significantly less intense than ours, and has a
different shape. Thus, while the low-wavenumber end of their band coincides with
ours, their peak is at a lower wavenumber and the high wavenumber side of their band
is to low wavenumber of even that of Zolotarev and Demin. These differences are
undoubtedly due to the instrumental and computational limitations of the early 1970s.
Thus, the OH stretching band reported by Downing and Williams spectrum is strongly
influenced by that of Rusk, Williams and Querry® , which was calculated from a normal
incidence reflection spectrum. The percent reflection is less than 5% throughout, and
was very difficult to measure well with the dispersive instruments available in the early
1970s. Thus, their reflection spectrum was noisy and gave a noisy real refractive index

spectrum as the primary result. Their £ spectrum was calculated from the noisy »
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spectrum by Kramers-Kronig transformation. The accuracy claimed was of the order
of 10%, which is roughly consistent with the agreement with our new spectrum. The
agreement that is observed is a tribute to the work of Williams and his colleagues.

5.3.4 The Region 2982 to 2800 cm-1

The average of the k spectra from Downing and Williams® and from the ATR
measurements of this work is recommended for this region. The error in the values is
unlikely to exceed 10%.

This short region is shown in the top box of Fig. 5.3. The absorption intensity
is moderate, so both transmission and ATR methods can give good results. All spectra
agree well except those of Zolotarev and Demin® and of Marley, Gaffney and
Cunningham '*. Our transmission measurements between 2867 and 2800 cm™ gave k
values 6% below those of Downing and Williams® and 4% above those from our ATR
measurements. Thus the average of the latter two spectra is used.

5.3.5 The Region 2800 to 2320 cm-!

The & values of Downing and Williams® are recommended for this region. The
error in the values is unlikely to exceed 6%.

The region contains only weak absorption, as shown in the top box of Fig. 5.3.
Marley, Gaffhey and Cunningham'® (lower dashed curve) have recently reported &
values about a factor of ten lower than those of all previous workers (Fig. 5.3, top
box). Transmission measurements were undertaken in this laboratory to see if Marley
et al are correct. Cells with CaF, windows were used with path lengths of 125, 115,

100 and 85 um. The anchor points are at 2630 and 1885 cm’, where the linear
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Figure 5.3. Imaginary refractive index spectra of H;O(¢) between 3000 and 0 cm™ determined by
different workers. Top box: Dotted line, Downing and Williams® (27 °C), Crosses x, Hale and
Querry® (25°C); Plus sign +, Zolotarev and Demin® ( 25 °C); Dash-dotted line, this work by ATR (25
°C), upper dashed line, This work by transmission (25°C), Lower dashed line, Marley, Gaffney and
Cunnin, ' (no temperature given). Middle box: As top box except without this work by
transmission. Bottom box: As in middle box except without Marley, Gafiney and Cunningham and with:
dashed line, Zelsmann'® (25°C), Open circle o, Afsar and Hasted'® (19 °C);  Solid line, Afsar and
Hasted? (25 °C).
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absorption coefficients are 48.6 +0.3 cm™ and 103.8 £0.4 cm™', respectively. The
anchor point measurements used path lengths up to 325 um. Our results agree with
those of the previous workers, not with those of Marley et al. In fact our transmission
measurements agree with those of Downing and Williams to within 4% in this region.

5.3.6 The Region 2320 to 713 cm-1

The & values from our new ATR measurements are recommended in this region.
The error in their values is unlikely to exceed 5% above, and 10% below, 1000 cml.

This region is shown in Fig. 5.3. Again, the absorption is moderate and both
ATR and transmission measurements should be reliable. The k& values from the ATR
measurements in this work agree with those of Downing and Williams® within 2% for
most of this region, except near the 1640 cm’! peak where our measurements should be
better. Accordingly, the £ values from these ATR measurements are used throughout
the region. Our spectrum is higher than that of all workers except Zolotarev and
Demin® below ~1000 cm’}, but was reproducible and is considered reliable. To
illustrate this, the greatest difference occurs near 812 cm™', where our many ATR
spectra gave k= 0.262 with a maximum deviation o1 %%, svhile the values of Downing
and Williams and Zolotarev are 10% smaller, 0.237 and 0.249, respectively. A final
test of our & values from ATR was made at the end of this study. The calculation of
the & spectrum from the pATR spectrum was redone by exiending the & spectrum for
the KK transform by adding the final recommended % spectrum below 700 cm™ instead

of adding Downing and Williams' £ spectrum (vide infra). The resulting & value at 700
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cm’ was higher by 2%, but the difference decreased rapidly with increasing

wavenumber and was already virtually zero at 710 cm’".

5.3.7 The Region 713 to 590 cm-1

The average of the & values reported by Downing and Williams® and by
Zolotarev and Demin® are recommended in this region. These are the most recent sets
of measurements in this region and there is no way to judge between them. The

maximum deviation from the average is ~7%, and the error in the & values is unlikely to

exceed this.

5.3.8 The Region 590 to 30 cm-!

A k spectrum based on those reported by Zelsmann'® is recommended in this
region. He reported & spectra at 20.2 and 38.7 °C from which a spectrum at 25 °C was
calculated as described below. The error in the £ values is unlikely to exceed 12%

The several spectra reported for this region are shown in the bottom box of Fig.
5.3. They require some explanation.

Zelsmann tabulated his fitted values (See Introduction) at, inter alia, 20.2 and
38.7 °C. A k spectrum for 25 °C was calculated under the assumption that the & values
vary linearly with temperature. This svectrum is referred to below as Zelsmann's 25 °C
spectrum.

Hasted and his colleagues have published three papers relevant to this region'*
%2 In 1985 Hasted, Husain, Frescura and Birch” reported optical constants of
H,0(¢) at 20°C between 4 and 40 cm™. Although they only reported? the 20°C values,

they said they had obtained values between 4 and 44 °C with a new polarizing
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interferometer for dispersive FTS studies, and that the results above 15 cm™ agreed
with those of Afsar and Hasted"”.

Afsar and Hasted'? tabulated optical constants of water at 19°C between 6 and
450 cm’. This is referred to below as A&H's 19°C spectrum.

Orie year later, Afsar and Hasted”® tabulated optical constants of water at 4°C,
30°C and 57°C in two ranges, namely between 10 and 45 cm™, measured with a InSb
Rollin detector, and between 30 to 220 cm’’, measured with a Golay detector. To
obtain data for 25° C, we have interpolated between the 4 and 30 °C data, again under
the assumption that the imaginary refractive index changes linearly with temperature.
These interpolated 25°C spectra are referred to below as A&H's 25°C spectra, and they
agree rather well with A&H's 19°C spectrum'®. This is not surprising, because the
assumption on which our interpolation was based is unlikely to be valid between 4 and
30°C, but it does mean that the 25°C (interpolated) spectra and the 19°C spectrum are
the best that can be obtained from Afsar and Hasted for the present purpose.

Downing and Williams® and Zolotarev and Demin® have also tabulated optical
constants in this region for H,O(¢) at 27 °C and 25 °C, respectively.

Zelsmann’s 25°C spectrum, Zolotarev’s spectrum and A&H’s 19°C and 25°C
spectra agree within 6% at the peak near 165 cm™. Downing and Williams' spectrum is
about 17% more intense and is not considered further. Downing and Williams
estimated their errors to be up to 20%. Zelsmann’s spectrum is very nearly the average
of the remaining four spectra, so it is convenient to recommend its use even though it is

a fitted spectrum'®, not the experimental one. The <12% probable error in the k values
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is slightly larger than the maximum deviation of the remaining spectra from the

average.
5.3.9 The Region 30 to 10 cm-!
The average of Zolotarev’s spectrum’®, A&H’s 19°C spectrum'® and A&H's

25°C spectrum® is used in this region. Based on the agreement between them, the

error in the % values is unlikely to exceed 6%.

5.3.10 The Region 10 to 6 cm-!

In 1987, Hasted, Husain, Frescura and Birch®® published optical constants of
H;O(¢) at 10, 20, 30 and 40 °C between 6 and 14 cm™. They used their new polarizing
interferometer and estimated the errors in their values to be no larger than 3%. We
have taken the average of the 20 °C and 30 °C values to correspond to 25 °C and
recommend these values for this region. The error in the values is unlikely to exceed
5%.

5.3.11 The Region Sto 1 cm-!

Kaatze and Uhlendorf’! have reported the dielectric properties of HO(¢) at
several temperatures including 25°C between 0.5 and 100 GHz, i.e., 0.016 to 3.3 cm™.
They estimated the error in their values to be about 2%. Their data was well described
by the Debye relaxation function, and the Debye parameters were reported for each
temperature. The values of the imaginary refractive index recommended for this region
are those calculated from the dielectric constants calculated from the Debye function

for 25°C. The error in the & values is unlikely to exceed 5%.
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5.3.12 The Recommended k and n Spe. .ra

The recommended k spectrum was constructed by merging the spectra
recommended for the different regions. There were no significant discontinuities to be
smoothed. The recommended k spectrum is shown in Fig. 5.4 and is tabulated in
Compact Table format® in Table 5.2. The real refractive index spectrum was
calculated by s 1iers-Kronig transform of this recommended & spectrum. In the KK
transform i - _culate the real refractive index at wavenumber V,, the value of n_ was
replaced by n.(V,) calculated from the equation™

na(v,) = 1.32663 +2.439 x10™"! ¥,2 +3.74 x10?' ¥,

The recommended 7 spectrum is shown in Fig. 5.5 and is tabulated in the
Compact Table 5.3. The molar absorption coefficient, E,, spectrum was calculated
from the k spectrum as described previously*?*, and is shown in Fig. 5.6 and tabulated
in the Compact Table 5.4.

5.4 The Effect of Temperature

For many purposes it is necessary to know the small effect on band positions,
shapes and intensities of small changes in temperature near ambient, specifically
changes of one or two degrees at temperatures between 20 and 35°C. It has been
noted above that the existing data above 4000 cm™ give no useful information about
such effects. The same is essentially true for the mid-infrared region, and for all except
the extreme far infrared. Only Williams and his co-workers”~* have specifically

studied the effect of temperature on the mid-infrared optical constants of H,O(¢), with
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Table $.2. Imaginary refracuve indices between 4154 88 and ] cm’' of liquid water at 23 °C.*®°
om’

XE YE 0O 1 2 3 2 5 5 7 8 9 10 11 12 13 14 is 15
41548 5 -6 1006 1149 1311 1539 1776 1955 2053 2116 2150 2230 2439
384247 2 -6 2374 2515 2559 2605 2659 2709 2769 2830 2897 2965 3039 3119 3205 3289 3386 3386 3589
377690 2 6 3699 3819 3B U0 4236 4397 4570 4768 4979 5220 5389 S797 61343 6551 7016 7481 V946
371133 2 -5 882 985 1109 1253 1426 1627 1864 2135 2450 2803 3195 3623
356119 3 4 456 5SS 653 739 839 926 1012 1098 1186 1277 1370 1356 1565 1667 17 1873 1977
353006 3 4 2079 279 2277 237t 2463 2551 2635 2713 2790 2861 2925 2983 3031 3071 3098 3115 3120
339892 3 4 3111 3092 3063 3023 2978 2927 2872 2816 2758 2702 2645 2591 2538 2487 2437 2386 2335
326779 3 3 2283 2228 2168 2106 2038 1966 1890 1810 1729 1645 1561 1377 1396 1317 1239 1166 1095
313665 3 4 1028 964 503 BA6 T2 742 694 639 A0OT  S67 530 395 a63 433 304 377 352
300SSi 3 -5 3289 3072 2867 2678 2529 2388 2221 2083 1935 1816 1694 1588 1489 1395 1309 1230 1151
287438 3 -5 1081 1020 %53 R94  Ba5S 795 750 0l A65 436 606  STT 546 518 493 470 451
274324 3 6 4315 3156 4016 3890 3785 3694 3601 3542 3486 3426 3376 3348 3358 3354 3365 3394 3300
261211 3 -6 3361 3507 3536 3639 3695 3745 3821 3911 3990 4066 4160 43253 4330 3463 3593 4706 4804
238097 3 -6 3924 5063 5196 5347 5390 S642 STIO 5922 6103 6263 6344 6611 6773 6935 7140 7353 7548
234983 3 S 779 801 822 842 RB68 897 930 961 993 1029 1063 1099 1136 1173 1211 1250 1287
221870 3 -5 1326 1366 1403 1442 1479 1512 1545 1573 1600 1622 1639 1652 1660 1663 1662 1656 1645
208756 3 -5 1629 1609 1588 1562 1533 1502 1469 1433 1399 1363 1327 1291 1255 1221 1190 1160 1132
195643 3 -5 1105 1083 1064 1047 1034 1023 1016 1012 1011 1013 1018 1026 1038 1052 1073 1096 1125
182529 3 -5 1160 1200 1249 1307 1377 1462 1567 1692 1846 2035 2273 2574 2960 3455 4079 3862 5821
169416 3 4 696 823 958 1091 1213 1310 1368 1366 1295 1165 1013 871 753 662 593 541 501
156302 3 -5 4711 4473 4278 4120 3999 3901 3817 3752 3703 3664 3623 3600 3573 3554 3544 3535 3527
143188 3 -5 3518 3514 3509 3506 3508 3511 3516 3520 3527 3534 3543 3553 3562 3574 3584 3596 3604
130075 3 -5 3614 36Z2 3635 3634 3650 3650 3642 3632 3624 3632 3637 3657 3683 3696 3693 3704 3724
116961 3 -5 3743 3763 3797 3849 3853 3848 3863 3918 3972 J027 4085 4145 4210 32 4356 4441 4535
163848 3 4 464 476 490 504 521 S40 S61 S85 612 643 678 720 766 819 880 948 1024
90734 3 4 1108 1201 1302 1411 1527 1650 1778 1910 2045 2181 2317 2452 2583 27134 2839 2961 3077
77621 3 4 3196 3310 3419 3521 3608 3691 3756 3812 3868 3923 3980 <034 4085 3130 4172 4214 4259
63507 3 4 3301 3335 4362 4389 3307 4319 4325 325 0B 4376 4354 A3 3299 3266 3232 4195 3157
51393 3 4 4118 4078 3038 3997 3956 3916 3876 3836 3796 3757 3717 3678 3638 3598 3558 3518 3377
38280 3 -3 3437 3398 3358 3320 3283 3248 3217 3188 3164 3146 3134 3133 3143 3170 3215 3284 3378
25166 3 -3 3498 3644 3813 43000 4199 4403 4605 4798 4974 5127 5250 5339 5389 5398 5368 S300 5201
12053 3 4 5076 4937 4794 3663 4556 4491 4478 4531 4651 4845
4725 2 -3 497 512 530 552 S80 612 657 717 802 922 1180 1628 2819

Note: Footnotes follow Table 5.4

the second paper® superseding the first®>. In both cases the measurements were by
near-normal reflection from an air-water interface, and the results are valuable guides.
However, neither supplies reliable detailed information of the type noted above.

We recommend that this information be obtained by ATR or transmission, using
the analytical technique of eliminating as many sources of variation as possible in order
to obtain spectra of very high precision. Such spectra are of questionable accuracy,
because many variables are fixed so many systematic errors are likely to be fixed with
them, but the spectra can be calibrated with a factor determined by scaling the data at

25°C to the values reported in this paper. We believe that only in this way will data be
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Table 5.3. Real refractive indices between 15000 and 1 cm™ of liquid water at 25°C *°

en’ XE 0 1 2 3 3 5 6 7 8 9 10 i1 12 i3 14 15 16
1500066 5 13304 13303 13303 13303 13302 13302 13302 13301 13301 13301 13300 13300 13300 13299 13299 13299 13298
144760 5 13298 13298 13297 13297 13197 13296 13296 13296 13295 13295 13295 13295 13294 13293 13294 13293 13293
1395)S S 13293 13292 13292 13292 13291 13291 13291 13290 13290 13290 13289 13289 13289 13288 13288 13288 13287
134270 S 13287 13287 13286 13286 13286 13285 13285 13285 13284 13284 13284 13283 13283 13283 13282 13282 13282
129024 5 13281 13281 13281 13280 13280 13280 13279 13279 13279 13278 13278 13278 13277 13277 13277 13276 13276
123779 S 13276 13275 13275 13275 13274 13273 13274 13273 13273 13272 13272 13272 13271 13271 13271 13270 13270
118533 5 13270 13269 13269 13269 13268 13268 13267 13267 13267 13266 13266 13266 13265 13265 13264 13264 13264
113288 S 13263 13263 13263 13262 13262 13261 13261 13261 13260 13260 13260 13259 13259 13258 13258 13258 13257
108042 5 13257 13256 13256 13255 13255 13255 13254 13254 13253 13253 13253 13252 13252 13251 13251 13250 13250
102797 5 13250 13249 13249 13248 132348 13247 13247 13236 13246 13246 13245 13245 13234 13244 13243 13233 13242
975515 S 13242 13241 13241 13240 13240 13239 13239 13238 13238 13237 13237 13236 13236 13235 13235 13233 13234
923061 5 13233 13233 13232 13231 13231 13230 13230 13229 13229 13228 13227 13227 13226 13226 13225 13223 1322
870606 5 13223 13222 13222 13221 13221 13220 13219 13219 13218 13217 13217 13216 13215 13214 13214 13213 13212
818152 S 13211 13211 13210 13209 13208 13208 13207 13206 13205 13204 13204 13203 13202 13201 {3290 13199 13198
765698 5 13197 13196 13195 13194 13193 13192 13191 13190 13139 13188 13187 13186 13185 13183 13182 13181 13179
713243 S 13178 13177 13176 13176 13175 13174 13173 13172 13171 13170 13169 13168 13167 13166 13165 13153 13162
660789 S5 13160 13159 13157 13156 13153 13152 13151 13149 13147 13145 13144 13142 13140 13138 23135 13134 13132
608335 5 13130 13127 13125 13123 13120 13118 13116 13113 13110 13108 13105 13102 13099 13096 13033
563594 4 13092 13090 13089 13087 13085 13084 13082 13080 13078 13077 13075 13073 13071 13068 33746 13064 13061
537367 4 13059 13056 13053 13050 13046 13043 13041 13039 13039 13039
520397 5 13039 13039 13038 13037 13034 13030 13026 13021 13015 13010 13003 12997 12990 12983 1975 12968 12960
467942 5 12952 12943 12934 12924 12914 12903 12892 12880 12867 12854 12840 12825 12809 12792 12774 12755 12734
415488 5 12714 12690 12664 12635 12604 12571 12534 12491 12441 12382 12313
384247 2 12303 12294 12284 12273 12263 12252 12241 12230 12218 12206 12194 12181 12168 12155 12141 12127 12113
377690 2 12098 12082 12066 12050 12032 12015 11996 11977 11956 11935 11913 11890 11866 11841 11814 (1786 11756
371133 2 11722 11689 11654 11617 11580 11541 11502 11462 11423 11386 11350 11317
3661.19 3 11261 11221 11193 11177 11166 11158 11151 11145 11142 11141 11144 11150 11162 11181 11206 11238 11279
353006 3 11326 11381 11443 11511 11586 11666 11753 11845 11943 12049 2161 12279 12404 12531 12665 12802 12936
339892 3 13071 13201 13325 13442 13551 13652 13746 13831 13908 13979 14045 14107 13167 14224 14280 14338 14394
326779 3 14450 14508 14565 14620 14673 14723 14767 14807 14840 14867 14887 14900 14907 14909 14906 14898 14887
313665 3 14873 14855 14836 14814 14791 14766 14740 14714 14687 14660 14632 14604 14577 14549 14521 14494 14467
300551 3 14440 14413 14387 14361 14333 14311 14289 14265 14243 14221 14199 14177 14156 14136 14115 14096 14077
287438 3 14059 14041 14023 14006 13989 13973 13957 13941 13925 13910 13895 13881 13868 13854 13841 13828 13315
274324 3 13802 13790 13778 13766 13754 13743 13732 13721 13710 13700 13690 13679 13669 13660 13650 13641 13631
261211 3 13622 13614 13605 13596 13588 13580 13572 13564 13556 13548 13540 13533 13525 13518 13511 13504 13497
248097 3 13490 13483 13476 13469 13463 13456 13450 13443 13437 13431 13424 13418 13412 13406 13400 13394 13388
2349.83 3 13382 13376 13370 13364 13358 13352 13347 13341 13336 13331 13326 13321 13317 13313 13308 13305 13301
221870 3 13298 13295 13292 13290 13288 13286 13285 13284 13283 13282 13282 13281 13281 13281 13280 13280 13279
2087.56 3 13278 13277 13275 13273 13271 13267 13264 13260 13255 13250 13245 13239 13232 13225 13217 13208 13200
195543 3 13190 13181 13171 13160 13149 13138 13126 13114 13101 13088 13075 13060 13046 13030 13014 12998 12980
1825.29 3 12961 12941 12920 12898 12874 12848 12820 12790 12757 12722 12683 12642 12597 12552 12507 12466 12435
169416 3 12420 12429 12470 12545 12657 12807 12990 13193 13385 13531 13613 13638 13629 13601 13567 13530 13496
156302 3 13464 13434 13408 13382 13359 13338 13318 13299 13282 13266 13250 13236 13222 13209 13196 13184 13173
1431.88 3 13161 13150 13139 13128 13117 13107 13096 13086 13075 13065 13054 13044 13033 13023 13013 13003 12992
1300.75 3 12981 12971 12960 12949 12938 12927 12916 12902 12888 12873 12857 12842 12826 12813 12796 12778 12760
116961 3 12741 12722 12701 12683 12665 12643 12616 12590 12565 12539 12512 12484 12455 12424 12392 12359 12324
103848 3 12286 12247 12207 12164 12119 12072 12023 11971 11916 11859 11799 11737 11674 11609 11543 11478 11414

907.34 3 11351 11292 11239 11191 11150 11117 11094 11080 11076 11084 11102 11129 11163 11210 11263 11322 11385
77621 3 11454 11535 11626 11724 11829 11928 12040 12141 12235 12328 12421 12520 12619 12720 12819 12916 13016
64507 3 13125 13238 13350 13464 13584 13702 13823 13952 14066 14173 14275 14374 14470 14562 14650 14734 14814
51393 3 14890 14962 15032 15097 15159 15219 15276 15331 15384 15434 15483 15529 15573 15615 15654 15691 15725
38280 3 15755 15782 15804 15822 15836 15845 15847 15845 15836 15820 15796 15766 15727 15683 15634 15584 15540
25166 3 15506 15491 15500 15539 15614 15726 15876 16066 16292 16551 16840 17152 17479 17813 18145 18467 18769
12053 3 19045 19290 19501 19678 19827 19956 20082 20224 20406 20649
4725 2 20801 20976 21168 21396 21670 21986 22374 22879 23606 24609 25871 31053 48755

Note: Footnotes follow Table 5.4.
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Figure 5.6. The recommended molar absorption coefficient spectrum of H,O(£) between

15000 and 1 cm™. For the upper two curves in the top box the ordinate labels must be divided
by 100 or 3000 as shown.



- 151 -

Table 5.4. Molar absorption coefficients between 15000 and 1 cm™ of liquid water at 25 °C.2P¢

cm’ XE YE 0 1 2 3 4 5 6 7 L] 9 10 11 12 13 13 is 16
150006 5 -7 359 358 356 356 355 355 381 380 379 378 378 377 376 aN2 4l 40l 399
134760  § 7 426 424 350 449 474 500 498 523 S48 573 S99 623 647 672 T2 T 796
139515 5 -7 87Tt 920 995 1044 1118 1191 1264 1388 1510 1658 1779 1950 2020 2115 2159 2180 2200
134270 5 272219 2215 2209 2229 2223 2242 2237 2232 2227 2245 2241 2235 2230 2201 2196 2190 2162
12924 S -7 2156 2151 2123 2093 2066 2037 1985 1957 1929 1879 1851 1823 1795 1745 1730 1714 1709
123779 S 271705 1701 1719 1737 1755 1795 1836 1899 2005 2156 2350 2587 2779 2904 3005 3063 3121
118533 5 -7 379 3213 3270 3283 3318 3373 3429 34341 3517 3572 3626 3700 3775 3849 3943 3037 3I152
113288 S -7 4244 34358 4469 4aSBl 4692 4802 4891 5000 5129 5257 5404 S570 5776 6040 6364 6805 7363
TNgoa2 5 6 806 894 996 1108 1218 1375 1543 1729 1958 2262 2623 3027 3334 3532 3656 3728 3764

TS -6 3800 3815 3806 3762 3708 3628 3535 3430 3318 3202 3075 2950 2806 2662 2533 2405 2254
J475515 S 4 2116 1984 1850 1734 1624 1525 1434 1342 1280 1220 1178 1138 1120 1105 1103 1114 1131
23061 5 6 LI7T1 1225 1280 1346 1435 1522 1613 1715 1820 1866 2011 2188 2475 2963 3731 4823 6041
870606 S -5 725 830 89 924 938 948 965 966 976 985 994 10034 1002 995 986 977 967
818152 5 -5 951 939 929 913 905 889 874 863 859 849 B48 864 879 S12 938 984 104
165698 5 < 112122 133 148 164 183 204 226 239 267 286 313 351 418 537 736 1054
713243 S 4 1414 1734 2001 2173 2335 2443 2527 2555 2570 2559 2492 2375 2226 2072 1892 1746 1599
660789 S -4 1453 1325 1220 1130 1022 942 869 804 748 705 664 625 S94 569 545 525 506
608335 S -5 4925 43801 4698 4626 4578 3579 4592 1637 4732 4892 5095 5382 S786 6185 671l
563594 4 -5 6884 7034 7147 7207 7205 7182 7745 7236 7182 7217 7238 7320 7473 7682 7909 8505 9372
S37367 4 4 1066 1264 1613 2163 2960 4120 5597 7158 8499 9483
520397 S -3 1050 1071 1029 943 843 746 655 575 S08 4’6 395 351 310 277 249 225 206
467942 S 4 1904 1778 1693 1629 1583 1575 1584 1621 1683 1782 1920 2093 2315 2579 2936 3248 3652
415488 5 -4 4120 4672 5290 6166 7060 7713 80334 8216 8284 8526 9248
384247 2 -3 937 952 968 984 1003 1021 1043 1065 1089 1113 1140 168 1200 1230 1265 1301 1338
377690 2 -3 1377 1421 1467 1519 157t 1629 1691 1763 1839 1926 2023 1135 2260 2407 2575 2743 2911
371133 2 -2 323 360 405 457 520 592 678 776 889 1016 1157 1311
3661.19 3 -2 1647 1999 2349 2685 3003 3308 3607 3907 4210 4521 4841 5170 5508 5852 6200 6549 6895
353006 3 -1 723 757 789 820 850 878 905 930 95¢ 976 996 1013 1027 1039 1045 1049 1048
339892 3 -1 1043 1034 1022 1006 989 970 949 929 908 887 866 847 828 809 791 T2 758
326779 3 -2 7355 7160 6953 6738 6505 6260 6005 5737 5465 5187 4911 4637 4370 4113 3861 3623 3395
313665 3 -2 3179 2973 2780 2598 2426 2265 2114 1972 1839 1715 1599 1491 1390 1295 1206 1123 1046
300551 3 -3 9748 9079 8453 7875 7418 6986 63482 6062 5646 5258 4892 4574 4276 3996 3740 3504 3271
287438 3 -3 3065 2883 2687 2514 2371 2224 2092 1949 1844 1758 1672 1586 1497 1417 1344 1279 1224
274324 3 -3 1167 1121 1080 1043 1012 985 958 939 922 903 887 878 878 874 874 879 878
261211 3 -3 91 900 908 929 940 950 967 986 1003 1019 1040 1060 1076 1105 1134 1158 1179
248097 3 31205 1235 1263 1296 1326 1359 1385 1417 1456 1490 1527 1562 1595 1628 1670 1715 1755
234983 3 -3 1805 1849 1892 1931 1985 2045 2112 2176 2243 2313 2382 2455 2528 2601 2677 2753 2825
221870 3 -3 2900 2977 3048 3121 3191 3251 3309 3358 3403 3437 3461 3475 3480 3474 3459 3435 3398
2087.56 3 -3 3354 3300 3245 3180 3108 3035 2957 2874 2794 2712 2630 2549 2469 2393 2322 2255 2192
195643 3 -3 2132 2081 2036 1997 1962 1935 1913 1898 1880 1884 1886 1893 1908 1925 1955 1990 2033
182529 3 -3 2087 2151 2228 2322 2437 2575 2748 2955 3210 3523 3918 4417 5058 5876 6907 8195 9768
1694.16 3 -2 1162 1369 1586 1798 1989 2139 2223 2210 2084 1867 1615 1382 1190 1040 927 842 777
156302 3 -3 7260 6859 6529 6256 6041 5863 5709 5582 5482 5396 5309 5247 5181 5125 5085 5044 5007
143188 3 -3 4967 4934 4900 4870 4845 4824 4803 4783 4765 4748 4733 4719 4704 4693 4679 4666 4650
130075 3 -3 4635 4618 4606 4591 4570 4543 4505 4465 4428 4409 3388 4384 4388 4375 4343 4328 4323
116961 3 -3 4316 4311 4321 4351 4327 4292 4279 4310 4339 4369 3400 4433 4471 4510 4559 4615 4678
103848 3 -3 4751 4838 4939 5049 5176 5322 5486 5678 5897 6146 6428 6767 7149 7580 8071 8626 9235

90734 3 22 991 1065 1145 1230 1319 1414 1509 1607 1705 1802 1897 1988 2076 2160 2238 2311 2378
77621 3 -2 2446 2508 2565 2614 2651 2684 2703 2714 2725 2734 2743 2750 2753 2753 2749 2744 2741
64507 3 -2 2736 2724 2708 2692 2669 2642 2613 2579 2535 2484 2438 2391 2342 2291 2241 2190 2138
51393 3 -2 2087 2035 1985 1934 1885 1835 1787 1739 1693 1646 1601 1556 1512 1468 1424 1381 1339
38280 3 -2 1297 1257 1216 1177 1139 1103 1067 1034 1002 972 945 920 900 883 871 865 864
25166 3 -3 8680 8765 8882 9013 9143 9250 9326 9351 9316 9212 9035 8781 8453 8057 7604 7105 6576

12053 3 -3 6032 5492 4968 4478 4028 3629 3278 2972 2697 2441

4725 2 -3 2317 2190 2065 1942 1819 1687 1562 1432 1297 1139 1010 774 268

Footnotes to Tables 5.2, 5.3 and 5.4.

* The column headed cm™ contains the wavenumber of the first ordinate value in the row. The 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 1(0), the wavenumber corresponding to the ordinate indexed Jis W(J)= ®0) -
% J- 2.m . In Tables 5.2 and 5.4, the k(v) and En( V) values in that row are the ordinate value

shown times 10'E. In Table 5.3 the n( V') values are given directly with the decimal point implicitly after the
first digit. Thus the entry indexed 16 in the second row of Table 5.2 shows that at v = 3842.47 - 15798.002

16384
16 x 22 = 3780.76 cm"' the k value is 3589 x 10'6 =3589x 10'3; The entry indexed 16 in the second row of
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15798.002
eigs % 16x 2% =13982 3 ¢! the ordinate values are »n =

1.3292 and En =796 x 107 = 7.96 x 10° L mole™* cm™.
® The 4-point spline interpolation program TRECOVER? interpoiated the k( v') and En( ¥) values in the table to

the_f)rigiml wavenumber spacing, 0.964234 cm™, and yielded the original values accurate to 1%. The original
n( v) values were similarly recovered accurate to 0.1%.

¢ The unit of Eg, is L mole”! cm™. Multiply the values by 1000 to change the unit to cm® mole™*

Tables 5.3 and 5.4 show that at v= 14476.0 -

obtained with sufficient precision to show clearly the small spectral changes taused by
temperature changes of a few degrees near 25°C. Heise and Bittner”® have recently

published a graph which shows such effects between 2000 and 800 cm’ for a 5 degree

change in temperature.

5.5 Conclusions

It has been found that the previously reported nonreproducibility of the intensity
of the OH stretching band of water can be eliminated in measurements with the
CIRCLE multiple ATR cell by ensuring that the ATR rod is coaxial with the glass
liquid holder. Normal laboratory temperature variations of a few degrees change the
intensity by less than 1%. A new imaginary refractive index spectrum of water has
been determined between 4000 and 700 cm™ as the average of spectra calculated from
ATR spectra recorded by 4 workers in this laboratory over the past 7 years. It was
obtained under superior experimental and computational conditions to those used
previously, but is only marginally different from the spectra reported in 1989"%. In
particular, the integrated intensities of the fundamentals are not changed significantly

from those reported previously™®,
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The available imaginary refractive index, &, values between 15,000 and 1 cm™
have been compared. The values that appear to be the most reliable have been
combined into a recommended % spectrum of H,O(¢) at 25 °C between 15,000 and 1
cm’’, from which the real refractive index spectrum has been calculated by Kramers-
Kronig analysis. The recommended values of the real and imaginary refractive indices
and molar absorption coefficients of liquid water at 25 + 1°C are presented in graphs
and tables. The real and imaginary dielectric constants in this wavenumber range can,
of course, be calculated from the tabulated values. The probable absolute errors
associated with the recommended values are conservative. The relative errors between
regions are far smaller, and the recommended values should be of considerable value as
(tentative) standard intensities of liquid water, which will facilitate lab-to-lab transfer of
intensities.
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Chapter & The Absolute Intensities of Infrared Spectra of Water-
Acetonitrile Mixtures at 259C and their Application to
Investigate the Structure of the Mixtures.

6.1. Introduction

Binary solutions in which water is one of the components have been
investigated intensively due to their importance for many branches of chemistry. The
mixture of water with acetonitrile has a relatively simple structure because the
acetonitrile is a small molecule. In addition the C=N group of the acetonitrile is a good
sensor for its environment in the mixture. However, observations of this binary
solution still give controversial results about its microstructure. The molecular
dynamic simulation ! and dynamic properties 2 suggest that there exist clusters
consisting entirely of molecules of one type, either CH3CN or H,O, when the
acetonitrile concentration is high enough, and that the order in the water structure
increases at low acetonitrile concentration. Raman spectroscopy 3 and thermodynamic
studies 4> show no such structure-making functionality of acetonitrile at low
concentration but do support the formation of clusters at intermediate compositions. In
contrast, the IR study by Gorbunov and Naberukhin ¢ indicated non-existence of
clusters at any concentration. Two recent works still give inconsistent observations.
Huang and Wu 7 used nonlinear optical spectroscopic approach to study the
CH;CN+H,O system. They noticed the existence of microheterogeneity due to the
formation of clusters in the mixtures at intermediate acetonitrile concentrations, but

obtained no information at low acetonitrile concentration.
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Jamroz, Stangret and Lindgren ® investigated the CN stretching band of CD;CN
+ H,O mixtures and the OD stretching band of dilute HOD in CH;CN + H;O mixtures
by infrared transmission spectroscopy. They resolved the CN stretching band of pure
CDs;CN into three Lorentzian bands. They resolved the CN stretching band in the
mixtures into a single Lorentzian band due to the hydrogen-bonded CD;CN and the
group of three Lorentzian bands due to the non-bonded CD;CN that they found for the
pure liquid. In the fitting, they simply scaled the height of this latter group of three
bands and adjusted the single Lorentzian due to the bcnrded CD:CN to fit the
experimental spectrum. While their statement is not quite clear, it seems that they
calculated the concentration of non-bonded CD;CN in each mixture from the scaling
factor for the non-bonded group of bands required for that mixture, then calculated the
concentration of bonded CD3;CN by subtraction of this quantity from the total
concentration. They compared the nercentage of bonded CD3;CN with that calculated
from a ciose packing model. The model predicted far higher percentages of hydrogen
bonded CD;CN. They concluded that this comparison shows that the arrangement in
the mixture is remarkably non-random, and strong preferential solvation occurs in the
system.

These authors also studied the OD stretching band of dilute HDO in the
mixtures. They studied the difference spectra formed by subtracting the absorbance
spectrum of "reference solutions containing CH;CN and H,O" from those of CH;CN +
H,0 + HDO mixtures. They found for xu0<0.04 a single OD band at 2631 cm™. As

Xipo increased above 0.04 the band broadened and shifted to lower wavenumber, and 2
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broad band grew near 2540 cm™ and shifted to low wavenumber with increasing water
concentration. They assigned the 2631 cm™' peak to water H-bonded to CH:CN and
the 2540 cm™ band to HDO-H,O hydrogen bonding. The authors deconvoluted these
bands, and presented the deconvoluted and original spectra, but their method of
deconvolution was not stated.

From their band deconvolution, Jamroz et al were able to state that two types
of each component exist over a wide composition range. The one type consists of
molecules that are "in close contact with molecules of the same kind, and the
interactions among them are very similar to those in the pure solvent. Molecules of the
other type interact strongly through hydrogen bonds with molecules of the other
component”. Further, they concluded that the shift with concentration of the OD
stretching band due to water-water bonding shows that the water molecules form
dimers, trimers and other oligomers, because "the formation of spherical clusters of
water molecules would result in concentration-independent positions of the CN and
OD stretching bands".

In this work the infrared attenuated tota! internal reflection (ATR) spectra of
H,0+CH;CN mixtures were measured. This technique can supply reliable
spectroscopic information for regions with strong absorption ®. The ATR spectra were
converted to accurate absolute intensities in terins of real and imaginary refractive
indices. Tile refractive index spectra were then converted to the corresponding
complex molar polarizability spectra &,,(v)=a',, (V) +i ', (V). through the use of

the Lorentz local field in the mixtures. The absolute irtensities, not just the band
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positions and shapes, were examined to measure the interaction between the water and
acetonitrile molecules. In the O-H and C=N stretching regions, the areas under the
va'',, (V) spectrum were determined as functions of composition. Accordingly,
quantitative information about the structure of the mixtures was obtained and is
discussed.

6.2. Experimental

The spectra were recorded with the Bruker IFS 113V FT-IR spectrometer. A
DTGS detector was used to keep the phase correction small. A 10-mm aperture,
automatic gain selection, and an optical retardation velocity of 0.396 cm s-! were used
with a globar source. Ge-or-XBr anc “i-oi1-CaF, beam splitters were used, and each
transformed interferogram was the ave.age ¢:f 512 interferograms. The nominal
resolution was 2 cm-! for water rich mixtures with mole fraction of acetonitrile xcy3cn
less than 0.20 and 1 cm-! for the remainder. All averaged interferograms were Fourier
transformed with trapezoidal apodization and one level of zero-filling.

The CIRCLE cell used to contain the sample has beer: described before 10. The
ATR rod in the <ell was ZnSe. For xcp3cn<0.4, the spectra were measured in a short
cell with effective pumber of reﬂections (MNRF) ~ 3.3 because the O-H stretching band
is very strong. For xcp3cn~0.4, a long cell with effective numb r of reflections (NRF)
~ 6 was used. Both cells were used for xcp3cn= 0.4. Each ATR spectrum was

measured as tlie ratio of the spectrum of the CIRCLE cell full of the liquid under study
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Table 6.1 The volumes used ti make 50 grams of CH,CN+H,O mixture solution 2

XCH3CN Versen /mi Vio/ml
0.00 0.000 50.118
0.05 6.864 44.751
0.01 12.951 39.992
0.15 18.384 35.745
0.20 23.264 31.930
0.30 31.671 25.356
0.40 38.656 19.895
0.50 44 551 15.286
0.60 49.593 11.344
0.70 53.955 7.934
0.80 57.765 4955
0.90 61.122 2.330
1.00 64.103 0.00

*. The densities and molar weights used for the calculation are d . ,o=0-7800 g/cm’ (at 22.5°C) and
W non—=41.05 g/mole for liquid acetonitrile, and d,, =0.99765 g/em’ (at 22.5°C) and
W,,o=18.0153 g/mole for liquid water.

to the spectrum of the cell full of dry nitrogen gas. Its negative decadic logarithm, -

log10 (ATR), called the pATR spectrum, was calculated.
Spectra were obtained between 8000 and 700 cm™! by merging three spectra in

the following way: The pATR values in the region from 8000 cm-! to 6500 cm™! were
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set to zero; the spectrum recorded with the Si-on-CaF, beam splitter was used from
6500 to 4500 cm!; the average of the pATR spectra recorded with the two beam
splitters was used between 4500 and 1200 cm-!; and the spectrum recorded with the
Ge-on-KBr beam splitter was used from 1200 to 700 cm-!.

The liquid water was building distilled water passed through a Millipore water
system consisting of a SUPER-C carbon filter, two ION-EX ion-exchange cartridges,
and an ORGANEX-Q carbon filter. The acetonitrile used was analytical reagent grade
with 99.5% purity. The mixtures were made by volumetric method (Table 6.1). Each
mixture was kept in a closed glass bottle.

6.3. Intensity Quantities

The programs used to convert pATR spectra to real and imaginary refractive
index spectra have been described 10. The values of the real refractive index at 8000

cm-! at 25 °C were found to be 1.325% 0.003 for water and 1.325+0.01 for acetonitrile,

by fitting the reported values 11:12 at visible wavelengths to n?> = 4 + Bv? + Cv*, then
extrapolating to 8000 cm-!. There are no available values of the real refractive index at
several visible wavelengths for each mixture that allow the fitting procedure to be used
for the mixtures. However, the real -efractive indices listed in Table 6.2 for sodium D
light show that the variation of the real refractive index of the different mixtures ranges
from 1.3330 to 1.3479, not over 0.015. Therefore, the value n, =1.325 was used for

all mixtures.
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Table 6.2. Properties of H;O+CH:CN mixtures

XcHseN V' at25°C xcpzen np ' at 20°C XcH3CN  Qmix at 20°C

ml/mole cal/mole
0.00 18.0682 0.00 1.3330 0.00 0.00
0.05 19.4649 0.07 1.3414 0.019 -5.34
0.01 21.2077 0.10 1.3430 0.033 -3.94
0.15 22.8642 0.16 1.3459 0.056 +3.54
0.20 24,5611 0.31 1.3478 0.148 +67.60
0.30 28.0215 0.35 1.3479 0.198 +100.46
0.40 31.4983 0.42 1.3479 0.390 +169.83
0.50 35.0462 0.49 1.3478 0.450 +185.07
0.60 38.2440 0.60 1.3473 0.533 +198.63
0.70 42.234S 0.61 1.3472 0.618 +200.93
0.80 45.8561 0.69 1.3470 0.745 +197.4
0.90 49.443 0.79 1.3482 0.907 +125.16
1.00 53.016 1.00 1.3444 1.00 0.0009

*. Vpu is the molar volume of mixture.
®. np is the seal refractive index at Sodium-D line.
°. Qmix is the molar heat of mixing.

For each of the mixtures, at least four imaginary refractive index spectra were
obtained and averaged to give the final spectrum. The final real refractive index

spectrum was determined by Kramers-Kronig transform of the k spectrum with
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n, =1.325. Infigures 6.1 and 6.2 these two spectra are displayed for five mixtures,
xcusen= 0.0, 0.20, 0.50, 0.70, 1.00. The numerical values of the refractive indices of
pure liquid water have been reported °. The numerical values for acetonitrile and the
three mixtures are presented in tables 6.3 to 6.6 for the imaginary refractive index and
6.7 to 6.10 for the real refractive index.

From the real and imaginary refractive index spectra, the complex molar
polarizability spectra, &,,(v)=«a',(V)+ia",,(V), were determined for all the
mixtures under the Lorentz local field assumption ‘. The molar volumes used for the
calculation were calculated from the reported densities !°, and their values are listed in

Table 6.2.

The imagins -y snotar polarizability spectrum «,, (V), or the v, (V) spectrum
is the best spectruii 1> 1:3: tv obtain physico-chemical information, in spite of the fact
*¥:at it depends on the Lorentz local field approximation but quantities like the
aisorbance, A, molar absorption coefficient, E_, and imaginary refractive index, &, do
not ‘. There are sevesal facts which support this statement .

First, very strong bands are essentially symmetrical in the «,, spectrum and are

asymmetric with a high wavenumber tail, in 4, , E_and k spectra. Tis agrees with the

10?
prediction of simple theory  and indicates that the Lor=¢z local field is A very good
spproximation that corrects the dielectric effects in the liquid that distort the spectra of

macroscopic quantities, 4, £, and £.
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Figure 6.1. Imaginary refractive index spectra of five CH3;CN+H,0O mixiures a: 25 “C: a
XCH3CN=0.0; b XCH3CN=0.20', C XCH3CN=0.50; d XCH3CN=0.70', € XCH:;CN-"LOO.
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Figure 6.2. Real refractive index spectra of five CH3;CN+H,O mixtures at 25 °C: a
XcH3CN0-0; b XcH3eN=0-20: € XcH3eN=0.50: d XcH3eN=0.70; € XcH3eN=1.00.
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Table 6.3. Imaginary refractive indices between 8000.25 and 700 em™*

of liquid mixture water-azetonitrile wath

Xcuacn=0.20 at 25 °C.*®

em® XE YE O 1 2 3 3 s & 7 % 9 10 11 12 13 14 B lo
800025 7 0 0 0 [\] 0 0 2l 0 Q 0 Iy] I\ v &}

6488 33 5 -7 0 0 ] 3 O 2 3 ns (8 0 2948 O 222 [y o 1"
596378 S O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 v W
533924 5 -7 0 0 0 0 0 0 305 325 2083 2 0 0 N 0 N 0 0
491470 s 7 0 0 0 0 \] 0 0 Q V] Q 0 0 01874 0 2327 1o
339015 5§ -7 2690 2556 0 0 0 0 o 0 v 0 110 1550 2748 2200

398132 3 .7 3087 3439 259§ 1843 1489 1453 1154 1295 1274 1070 2307 73T o0 911 LISE 401 Sed
385018 3 -6 90 78 210 17 97 103 187 329 314 43 J9S a9l 731 918 1071 162 16Sd
371905 3 -5 206 269 369 S22 779 1089 1508 1978 2480 2948 33T 3TI9 w8 0 4718 4072 A8
358791 3 -5 5365 5669 S870 6016 6141 6256 6330 6378 6412 633 oS4 6479 G99 0509 6530 6545 6SsS
335678 3 -5 6557 6551 6529 6485 6317 6322 6207 60T S900 STIS SSI8 SIOR S1IT 4002 4TM 3840 4381
332564 3 -5 4235 4104 4002 3908 3827 3742 3671 3596 3516 3426 3R 3211 3077 2033 291 loSe 2SS
319450 3 -5 2316 2163 2053 2010 1901 1655 1517 1418 1327 12347 1175 110§ 1048 992 43 596 §S4
306723 2 6 8374 B176 8035 T8RO 7763 7653 7576 7TST0 7488 7539 7592 7734 ¥023  BIIS  EERK OIBY 9Sus
300166 2 -5 953 897 822 746 o684 628 S91  S67 549 S37T 528 S19 S5 o2 38 013 Mo
293609 2 -6 5741 4775 173 3746 3434 3209 3060 2913 2784 2616 2512 2302 2308 W 2100 2027 (U934
287052 2 -6 1836 1774 1691 1619 1530 1489 1318 1376 1327 1262 1175 1094 1027  9e8 90 865 819
280495 2 -7 7830 7090 6870 65234 6117 5780 5612 5274 SO19 4812 4460 4229 13T H2E ATI3 3AT6 dowd
273939 2 -7 3566 3636 3386 2887 2657 2387 2142 1963 1678 1702 1491 1505 1541 11 1800 1506 1008
267382 2 -7 1516 1324 1137 1045 922 1090 1265 1595 2520 4139 SB49 TH42 7809 e i 4222 2708 1797
260825 2 -7 1301 1026 1001 1084 838 842 862 916 907 1025 1224 1327

255811 3 .6 129 168 185 201 253 293 337 411 476 570 631 6390 638 67 770 914 LiMS
242698 3 -6 1201 1500 1827 1762 1457 1215 1121 1109 1143 1221 1390 551

234019 1 -6 1564 1599 1610 1635 1655 1692 1762 1836 1906 2012 2110 2243 2371 2525 2702 67 2%
230741 1 -5 377 450 556 728 978 1281 1515 1531 1335 1081 881 748 654 S97  Sa2  SS2 SS9
227463 1 -5 576 602 652 741 913 1246 1853 2862 3091 J881 5143 4B 3658 2614 1495 13BE 1034
224184 1 -6 7903 6261 5158 4408 13922 3602 3388 3290 3193 3102 3030 2977 2930 2892 I4%6 2918 3026
220906 1 -6 3148 3216 3248 13225 3080 2956 2884 2837 2809 2778 2769 2766 2770 2781 2R MY 2848
217627 1| -6 2868 2896 2901 2928 2040 2944 2975 3007 3033 3044

215120 3 -6 3166 3275 3392 3493 3601 3685 3790 3878 3971 4062 4267 4331 4120 39% 3870 3765 3672
202007 3 -6 3563 3457 3341 3218 3096 2961 2853 2762 <19 2517 2435 2334 2261 2183 2143 iRy 2037
188893 3 -6 2012 1999 2040 2029 2038 2100 2210 2336 <=+13 2296 2331 2380 2487

179444 1 -6 2510 2689 2639 2617 2637 2767 2724 2778 2786 2850 2902 2925 3070 3071 3118 3203 3268
176165 1 -6 3467 3418 3526 3587 3712 3795 3896 4072 4155 4318 3466 43615 4806 5001 5389 5321 Seln
172887 1 -5 586 613 640 669 698 T30 780 810 847 890 935 987 1043 1100 164 (247 1306
169609 1 -5 1397 1472 1562 1665 1767 1876 2006 2122 2253 2391 2542 2705 2855 13028 3714 3377 3s65
166330 1 .5 3755 3952 4l4l 4331 4522 4712 4882 5042 S191 5325 5403 5477 SSOT 5502 ~i7T SIN S249
163052 1 -5 5091 4895 3681 4443 4192 3040 3686 3443 3204 2986 2780 2596 2126 2249 2155 2009 18W9
159773 1 -5 1799 1711 1631 1560 1498 1441 1393 1349 1311 1276 1247 1226 1201 1180 1164 1154 1146
156495 1 -5 1140 1126 1123 1120 1135 1123 1119 1127 1132 1132 1136 1143 1166 1158 1161 1168 1188
153217 1 -5 1186 1196 1220 1215 1228 1253 1252 1267 1279 1297 1293 1315 1326 1353 1358 1367 1384
149938 1 .5 1401 1418 1445 1456 1476 1507 1525 1555 1592 1641 1665 1712 1773 1818 885 1956 2035
146660 1 -5 2130 2249 2351 2470 2602 2763 2896 3040 3176 3313 3390 3448 3476 3465 3434 3392 13319
143381 1 -5 3285 3245 3218 3197 3154 3204 3215 3195 3165 3126 3074 3005 2%32 2857 TT79 2693 2608
140103 1 -5 2533 2465 2396 2341 2304 2280 2285 2322 2386 2529 2794 3260 3983 3669 4337 3639 2827
136825 1 -5 2334 2035 1839 1694 1588 1513 1451 1409 1368 1341 1312 1295 1278 1256 1242 1225 1208
133546 1 -5 1189 1172 1162 1149 1135 1121 1116 1101 1090 1077 1069 1057 1047 1037 1025 1020 1015
130268 1 -5 1008 1006 994 990 982 978 969 970 966 962 956 954 95|

127182 3 -5 942 936 929 930 933 931 933 935 933 944 941 955 972 986 999 1010 1030
114647 1 -5 1030 1039 1042 1648 1052 1057 1060 1066 1075 1081 1089 1093 1104 1111 1124 1134 1147
111369 1 .5 1160 1173 1185 (199 1212 1226 1240 1256 1276 1289 1306 1324 1340 1357 1373 1392 14ll
108091 1 .5 1433 1454 1475 1500 1529 1562 1599 1634 1675 1727 1786 1847 1928 2018 2139 2287 2474
104812 1 -5 2702 2974 3271 3568 3747 3789 3675 3438 3154 2883 2640 2427 2253 2111 1995 1902 1826
101534 1 .5 1765 1717 1679 1648 1620 1600 1585 1572 1558 1548 1538 1530 1526 1519 1513 1511 Q308
08255 1 -5 1505 1502 1503 1503 1503 1507 1512 1513 1519 1521 1530 1533 1539 1550 1561 1574 |SHO
94977 1 -5 1604 1622 1640 1660 1682 1709 1747 1788 1843 1927 2056 2260 2569 3074 3401 4423 4185
916.99 1 -5 3338 2651 2355 2228 2155 2108 2085 2081 2080 2083 2091 2116 2140 2154 2192

88613 2 -5 2237 2286 2355 2432 2525 2607 2683 2764 2861 2964 3070 3169 3278 3398 3524 3642 1765
82056 2 -5 3896 4032 4183 4330 4478 4631 4785 4957 5114 5292 5461 5652 SHST 610l 6362 6698 T106
75499 2 .5 7513 7715 T3 7601 7571 7599 7655 7764 7882 8013 %120 ¥244 8366 8486 8386

Not2; Footnotes follow Table 6.10
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Table 6.4. Imaginary refractive indices between 8000.25 and 700.0 cm™ of liquid water-acetoni:rile with
Xcuaen=0.50 at 25 °C.**

cm' XE YE O 1 2 3 3 S 6 7 8 9 10 11 12 13 14 15 16
800025 7 O 0 (4] 0 0 0 0 0 0 0 0 0 o] 0
648833 5 -7 0 5] 0 0 0 0 0 0 65 0 0 2948 0 2622 0 0 ']
596378 5 0 0 4] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
543924 5 -7 (1] 0 0 0 0 0 305 325 2083 2 0 0 0 0 4] 0 0
491470 5 -7 0 0 0 1] 0 0 0 0 0 0 0 [ o 1574 0 2327 1659
439015 5 -7 2690 2556 0 0 0 0 0 0 0 0 119 1550 2748 2269 1843 1295 732
386561 S5 -5 4 2l 19 49 107 269 1089 2948 43420 5465 6141 6412 6499 6555 6485 6072 5308
335650 4 -5 4902 4s40 4235 4002 3827 3671 3516 3328 3077 2791 2505
320029 1 -5 2455 2409 2360 2316 2273 2232 2196 2163 2131 2099 2076 2054 2037 2026 2019 2010 2000
316751 1 -5 1984 1956 1901 1828 1758 1701 1655 1615 1582 1546 1517 1493 {464 1442 1418 1393 1374
313472 1 -5 1350 1327 1307 1284 1264 1247 1227 1212 1192 1175 1155 1138 1123 1105 1089 1073 1059
310194 1 -5 1045 1033 1018 1005 992 980 968 956 943 931 920 08 896 886 873 864 854
306915 1 -6 8445 8374 8265 8176 8100 8035 7959 7889 7823 7763 7723 7653 7613 7576 7550 7570 7483
303637 1 -6 7488 7501 7539 7548 7592 7669 7734 7876 8023 8132 8345 8569 8888 9048 9289 9480 9596
300339 1 5 9660 9532 9279 8972 8616 8225 7823 7463 7113 6835 6553 6282 6099 S9Il 5792 5669 5593
297080 I -5 S49 541 537 529 528 527 529 539 S54 S81 629 717 851 990 1013 888 746
293802 1 -6 6444 5741 5174 4715 4417 4173 3924 3746 3567 3434 3307 3209 3134 3060 2996 2913 2834
290331 2 -6 2654 2582 2468 2358 2262 2169 2053 1970 1882 1819 1738 1660 1574 1526 1454 1407 1348
283774 2 6 1295 1221 1143 1069 1002 946 881 829 Bl10 750 695 659 640 S8 ST1 556 528
277217 2 -7 4858 4563 4289 4064 3997 3783 3536 3569 3706 3689 3511 3274 2798 2373 2269 2186 1805
270660 2 -7 1691 1674 1720 1466 1479 1268 1193 1486 1587 1491 1156 1134 1035 1046 1048 1329
264682 1 -7 1595 1928 2520 3104 4139 5060 5849 6972 7842 B8IS55S 7899 6704 S653 4573 4222 3092 2708
261404 ° -7 2244 1747 1632 1301 1091 1026 1069 1001 808 1084 783 838 777 842 762 862 884
258125 1 -7 916 1079 907 1032 1025 1108 1224 1375 1327
255811 3 -6 129 168 185 201 253 293 337 411 476 570 631 639 638 679 770 914 1045
242698 3 -6 1201 1500 1827 1762 1457 1215 1121 1109 1144 1221 1390 1551
234116 0 -6 1577 1564 1585 .37 1602 1610 1619 1635 1637 1655 1676 1692 1729 1762 1794 1836 1865
232477 0 -6 1906 1958 2012 2057 2110 2175 2243 2278 2371 2415 2525 2590 2702 2815 2967 3107 3290
230837 0 -5 351 377 408 450 495 556 633 728 844 978 1128 1281 1419 1515 1556 1531 1451
229198 0 -5 1335 1206 1081 976 881 806 748 695 654 622 597 STB 562 554 552 552 559
227559 0 5 566 576 S8 602 625 652 689 741 8la 913 1056 1246 1505 1853 2304 2862 3487
225920 O -5 3091 4572 4881 5055 5143 5112 4844 297 3658 3087 2614 2223 1895 1618 1388 1184 1034
224281 0 -6 8985 7903 7015 6261 5658 5158 4744 4408 4136 3922 3751 3602 3489 3388 3338 3290 3236
222641 0 -6 3193 3130 3102 3046 3030 3014 2977 2539 2930 2909 2892 2885 2896 2892 2918 2975 3026
221002 0 6 3113 3148 3199 3216 3239 3248 3253 3225 3163 3080 3024 2056 2915 2884 2850 2837 2807
219363 O -6 2809 2772 2778 2771 2769 2743 2766 2767 2770 2778 2781 2796 2804 2819 2829 2835 2848
217724 0 -6 2857 2868 2874 2896 2898 2901 2912 2928 2941 2940 2943 2944 2973 2975 2985 3007 3010
215410 3 6 3119 3226 3335 3457 3552 3658 3745 3850 3936 4011 4150 4359 4192 4030 3901 3793 3712
202296 3 -6 3610 3494 3390 3264 3151 3033 2896 2788 2685 2565 2457 2367 2294 2237 2145 2094 2051
189183 3 -6 2020 2005 2021 2037 2034 2056 2189 2271 2495 2348 2293 2357 2497
179733 1 -6 2474 2515 2525 2553 2597 2623 2643 2688 2735 2770 2811 2853 2898 3034 2994 3150 3161
176455 1 -6 3227 3303 3380 3490 3643 3659 3755 4011 3989 4105 4226 4414 4525 4815 4903 5128 5334
173176 1 -5 554 582 600 626 654 683 713 754 782 822 865 912 962 1016 1074 1130 1213
169898 1 -5 1267 1348 1431 1516 1610 1712 1819 1935 2064 2185 2324 2465 2616 2774 2937 3109 3290
1666.19 1 -5 3470 3662 3856 4042 4237 4428 4630 4801 4964 S122 5253 5360 5445 5497 5506 5491 5434
1633 4t I -5 5319 5169 4997 4800 4564 4325 4066 3810 3565 3320 3092 2879 2684 2507 2336 2201 2070
160063 1 -5 1952 1845 1752 1670 1595 1528 1470 1415 1368 1329 1293 1262 1238 1209 1191 1170 1169
156784 1 -5 1146 1136 1129 1127 1137 1132 1121 1139 1125 1131 1133 1134 1145 1143 1151 1172 1166
153506 1 -5 1175 1188 1195 1202 1226 1235 1235 1254 1264 1279 1280 1322 1314 1324 1342 1343 1360
150228 1 -5 1376 1391 1425 1433 1440 1465 1494 1514 1542 1574 1610 1650 1700 1735 1791 1862 1917
146949 1 -5 1995 2082 2176 2316 2407 253t 2679 2814 2970 3111 3245 3348 3424 3468 3476 3453 3416
43671 1 -5 3392 3329 3267 3228 3205 3196 3195 3200 3211 3199 3160 3105 3039 2972 2900 2818 2732
1403.92 1 -5 2648 2568 2492 2424 2367 2326 2286 2276 2294 2340 2442 2640 2997 13591 4381 4753 4123
137114 1 -5 3198 2550 2165 1928 1769 1639 1551 1480 1429 1385 1353 1327 1303 1282 1267 1249 1235
133836 1 -5 1217 1198 1179 1165 1152 1140 1131 1119 1112 1100 1089 1078 1065 1053 1044 1036 1025
130557 1 -5 1018 1011 1005 996 990 987 977 974 968 967 963 960 954 953
127279 3 -5 946 932 930 933 931 935 933 935 934 948 939 950 970 987 999 1011 1026
114744 1 -5 1031 1037 1041 1044 1050 1055 1059 1065 1070 1076 1083 1088 1098 1109 1121 1130 1143
111465 1 -5 1155 1166 1179 1191 1206 1220 1234 1250 1261 1281 1298 1315 1330 1348 1366 1380 1400
1081.87 1 -5 1420 1490 1464 1493 1516 1546 1583 1614 1656 1706 1753 1811 1251 1972 2076 2214 2376
104909 1 -5 2582 2836 3125 3421 3562 3790 3747 3567 3293 3018 2756 2530 2346 2179 2049 1947 1861
10163 1 -5 1795 1739 1699 1665 1635 1613 1595 1576 1563 1554 1545 153: 1530 1526 1517 1519 1508
98352 1 -5 1503 1503 1500 1503 1503 1506 1511 1513 1518 1521 1522 1531 539 1545 1557 1570 1584
95170 0 -5 1589 1599 1604 1611 1622 1628 1640 1650 1660 1668 1682 1693 1709 1722 1747 1761 1788
93331 0 -5 1811 1843 18B6 1927 1987 2056 2146 2260 2392 2565 2792 3074 3411 3801 4185 4424 4423
91891 0 -5 4185 3795 3338 2930 2651 2468 2355 2282 2228 2190 2155 2129 2108 2094 2085 2082 2081
90252 0 -5 2076 2080 2078 2083 2086 2091 2103 2116 2124 2140 2152 2164 2175 2192
88613 2 -5 2237 2286 2355 2432 2525 2607 2683 2764 2861 2964 3070 3169 3278 3398 13524 3642 3765
82056 2 -5 3896 4032 4183 4330 4478 4631 4785 4957 SI114 5292 5461 5652 5857 6101 6362 6698 7106
75499 2 -5 7513 715 7713 7601 7571 7599 7655 7164 7832 8013 8120 8244 8366 8486 8586

Note: Footnotes follow Table 6.10



Table 6.5. Imaginary refractive indices between 8000.25 and 700.0 cm™
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of liquid water-acetonitrile with

Xcraen=0.70 at 25 °C.*°
cm’ XE YE O 1 2 3 4 5 6 7 8 9 10 i1 12 13 14 18 16
800025 7 O 0 0 0 0 0 0 0 0 ) Q 0 0 )
648833 5 -7 0 3948 98 0 0 463 0 1849 1758 v 1383 0 01274 0 2856 1264
5963.78 5 -7 623 0 902 305 0 22 438 vov 708 ) U123 a7 17 0 34 0
543924 5 .7 0 2 0 0 63 416 1574 1293 S61 495 SO0 00 3RS S63 VI T A ) |
491470 5 -7 454 305 220 359 38 395 459 30 46 202 147 227 250 1828 S97 32§7  2493
439015 S -7 4780 6899 2597 286 310 316 0 0 84 223 603 1233 33K 2228 1800 1KY 48
386561 5 -5 3 16 38 3! 53 167 761 2008 2826 3229 3362 3266 070 91T 2719 24 1976
335650 4 -5 1771 1604 1472 1375 1314 1263 1214 1149 1058 0S8 881
320029 1 -6 8654 B3Il BIS3 7931 7723 7877 7336 732 72T TI9 IO THIS TIST 7270 TS 7697 R002
316751 1 -6 8301 8481 8175 7499 6827 6366 6029 S792 SS89 S0 5291 S107 S008  S031 4031 4928 4Ke3
313472 1 -6 4802 4771 43691 4624 4593 4551 4538 3513 4458 4452 41l 402 4362 4309 4269 4261 4221
310194 1 6 4215 4184 4171 S174 4169 4147 4081 109 4099 4100 JO80 J0S2 S039  JUSY 4009 4027 4019
3069.15 1 -6 42 3061 4013 4036 4033 d046 4039 4037 4093 4101 2163 4167 4196 4248 4203 SI08 4199
303637 1 -6 4A3Y J518 3650 4732 4847 S009 S1S2 5364 SS30 SHOO o048 6384 6843 7041 TIOR 7T 7966
3003.59 1 6 8117 8033 7862 7563 7197 6809 6404 6030 S702 S406 S122 4919 4720 4590 439 3366 2284
297080 1 6 3220 <4189 4178 4161 167 41834 4214 A360 4540 4810 5290 6131 7375 RIG9 9163 ROES 6704
293802 1 6 5735 5017 4512 4064 3744 3470 3268 3075 2920 2776 2682 2582 252 2474 2398 2310 2297
290331 2 -6 2155 2061 1964 1888 1807 1713 1655 1585 1493 1448 1385 1310 1261 1210 1174 1131 oW
283774 2 6 1051 994 924 BSO 789 731 691 659 630 S55 S32 S22 486 469 444 418 414
277217 2 -7 3991 3730 3517 3378 3404 3243 3111 3224 3302 3423 3425 2957 2500 217% 206U 1881 1762
270660 2 -7 1438 1392 1480 1381 1343 1187 1287 1498 1594 1S77 1282 944 1084 1045 1084 1384
264682 1 6 164 191 227 288 373 460 585 737 925 1070 1060 893 765 641 S23 43 350
261404 1 .7 2768 2443 2013 1724 1414 1106 1092 1252 972 742 712 1095 B86 1178 1075 7SO, 1164
258125 1 -7 736 742 1221 645 778 847 927 982 1045
2558.11 3 -7 1075 1260 1460 1579 1902 229¢ 2828 3569 43197 S128 5467 S603 S$307 S684 G518 T8S9 9170
242698 3 -6 1061 1385 1753 1613 1195 908 769 T22 733 793 923 1067
234116 O 6 1u8l 1082 1092 1084 1107 1097 1107 1119 (116 1140 1132 1170 1191 1209 1236 1270 129
232477 O -6 1342 1382 1425 1472 1514 1561 1619 1684 1737 1803 1879 1975 2061 2175 22906 2440 2624
230837 O -5 282 306 336 373 416 472 S4l 626 732 856 1000 1351 1305 14290 1500 1528 1478
220198 O -5 1380 1255 1121 999 891 803 732 671 621 42 546 S22 500 J4HB 479 477 47H
227559 0 -5 480 488 495 SO7 523 5342 S67 602 654 729 827 963 1148 1404 1736 2194 2741
225920 0 -5 3348 3948 198 5006 5479 ST9T 5692 5106 4333 3643 3076 2607 2204 1859 1570 1329 1126
224281 O 6 9595 %217 7081 6156 5384 4750 4218 3780 3427 3136 2889 2695 2538 2416 2335 2260 219%
222641 O -6 2124 2047 1994 1947 1912 1865 1828 1786 1756 1711 1692 1676 1644 1638 1645 1658 1699
221002 O 6 1745 1788 1849 1901 1939 2006 2052 2045 1936 1820 1734 1645 1590 1541 1502 1456 (1413
219363 O -6 1391 1370 1356 1313 1307 1300 1290 1278 1266 1270 1274 1260 1265 1270 1269 1276 1279
217724 0 -6 1279 1275 1296 1281 1292 1295 1294 1292 1307 1295 1306 1293 1294 1305 1296 1308 1306
215410 3 6 1359 1432 1491 1563 1628 1693 1792 1876 1989 2093 2265 2537 2393 2238 2174 2118 2079
202296 3 -6 2035 2017 1951 1896 1850 1772 1727 1658 1600 1537 1484 1421 1353 1313 1273 1248 1219
189183 3 -6 1178 1182 1236 1217 1207 1237 1323 14i9 1633 1457 1346 1329 1366
179733 1 6 1365 1374 1382 1376 1409 1416 1433 1426 1442 1447 1459 1467 1476 1543 1513 1573 1579
176455 1 6 1598 1624 1652 1690 1782 1776 1811 1932 1905 1958 1978 2074 2125 2255 2285 2371 2476
173176 1 -6 2580 2675 2716 2814 2933 3031 3160 3332 3440 3583 3770 3938 4132 4379 4612 4837 5204
169898 1 -5 542 579 616 655 697 743 795 850 913 975 1047 1123 §203 1290 1383 1483 1593
1666.19 1 .5 1706 1827 1953 ° .~ *MIS7 2505 2 2783 2912 3039 3149 3245 3323 3372 3393 1388
163341 1 -5 3336 3261 3152 2712 2532 2355 2185 2021 1867 1723 1595 1477 1374 1282 119y
160063 1 -5 1128 1068 1011 886 854 826 805 78S 769 760 747 738 134 70 736
156784 1 6 T292 7324 7383 7 7642 7711 7960 783G 8030 8110 8223 8344 3434 8597 BT8O H83I4
153506 ' .5 900 914 925 943 968 975 586 1006 10206 1038 1045 1104 1081 1098 1117 1125 1144
150228 i -5 1158 1179 1219 1225 1241 1265 1297 1320 1353 1389 1437 1476 1544 1583 1648 1719 1791
146949 1 -5 1887 1987 2101 2279 2375 2523 2696 2861 3042 3210 3364 3474 3561 3608 3601 13570 3520
143671 1 -5 3461 3408 3314 3265 3229 3215 3213 3222 3239 3214 3180 3123 3052 2971 2887 2796 2684
140392 1 .5 2595 2502 2422 2338 2273 2236 2183 2185 2207 2272 2405 2647 07T 3769 4609 3I88S 3126
1371.14 1 -5 3123 2431 2007 1737 1551 1408 1304 1224 1164 1110 1070 1039 1011 985 962 %41 921
133836 1 6 8987 8765 8529 8315 8193 8015 7866 7725 7589 7414 7251 7103 6949 6831 6679 654% 631Y
130557 1 -6 6336 6257 6148 6046 5944 S865 5766 5694 5635 SST0 SSI3 5456 S400 S352
127279 3 -6 5145 4985 4892 4842 4812 4792 4751 4778 4705 4851 4BBl 4960 5120 270 S3IBA S4BT $62S
114744 1 -6 S671 5704 5744 5796 SBI8 5882 5928 5980 6046 6079 6180 6253 6329 6425 6531 6628 6746
111465 1 -6 6864 6990 7104 7237 7360 7521 7654 7818 7999 8151 8308 8509 8686 €869 9065 9223 9429
1081.87 1 .5 963 985 1009 1041 1067 1099 1140 1174 1219 1273 1325 1393 1484 1571 1686 1848 2036
1049.09 1 -5 2276 2575 2910 3254 3528 3660 3594 3361 3032 2718 2417 2153 1946 1747 1597 1479 1376
10163 1 -5 1298 1231 1178 1135 1101 1069 1048 1022 1005 987 972 961 948 93¢ 924 917 906
98352 1 6 8953 8879 B797 8702 8663 8627 8600 8601 8568 8522 8487 38431 8453 H#489 8514 H#S6H R616
95170 0 6 8664 8698 8733 8786 8797 8858 8900 8987 9023 9097 9162 9273 9347 9485 9SB6 YISY  YAHP
93531 0 -5 1010 1038 1070 1107 1158 1216 1297 1396 1521 1682 1882 2134 2440 2811 3228 3607 3840
91891 0 .5 3821 3537 3001 2432 2008 1736 1558 1442 1364 1304 1255 1208 1169 1135 1115 1095 1083
90252 0 -5 1072 1063 1049 1037 1028 1027 1024 1023 1021 1028 1025 1030 1034 1036
88613 2 -5 1041 1043 1053 1081 1113 1138 1156 1177 1203 1232 1268 298 1331 1369 1407 1452 1498
82056 2 -5 1539 1589 1638 1692 1748 1811 1873 1934 2005 2085 2162 2262 2375 2506 2689 2943 3300
J5499 2 -5 3701 3928 3836 3618 3433 3334 3308 3332 3379 3439 3495 3574 3649 3735 3805

Note: Footnotes follow Table 6.10



-169 -

dices between 8000.25 and 700.0 cm’' of liquid acetonitrile at 25 °C.*®

Table 6.6. Imaginary refractive in
T

cm XE YE O 1 2 3 4 S 6 7 ] 9 10 11 12 13 id 15 16
800025 7 O [} ] 0 /] 0 /] 0 0 ¢l 0 0 7] 0
648833 5 .7 o 3216 0 /] ] 0 0 0 0 n ] 8] 0 0 0 0 0
596378 S5 0 0 0 0 n 0 0 0 [y} 0 0 0 0 0 0 0 0 9
3431924 5 0 [¢] 0 ‘J o ¢ 0 o] g & o] 0 Q 0 "] 0 0 0
491370 s -7 0 0 0 0 0 0 0 4] 0 0 0 0 0 0 33 2978 1702
4390.15 5 -7 5334 5980 733 0 0 4] 0 (] 0 0 0 0 905 0 0 0 0
386561 S5 -7 o} 1] v} 0 0 0 0 347 316 4438 227 77 56 0 64 276 860
335650 4 -6 105 123 226 197 254 241 297 354 477 10 1487
320029 1 -6 1500 1427 1302 1221 1176 1130 1129 1110 1079 1116 1156 1292 1362 1482 1700 2050 2646
316751 1 6 3527 4467 4634 3870 2948 2347 1983 1737 1391 1505 1442 1382 1340 1314 1321 1336 1381
313472 1 6 1419 1444 1463 1473 1479 1500 : 1763 1783 1773 1801 1822
310194 I -6 1880 1863 1911 1921 1981 2003 22 2266 2254 2313 2327
306915 1 -6 2392 2489 2462 2484 2542 2593 2927 3000 3068 3369 3199
303637 1 -6 3311 3411 3569 3685 3822 3968 : 6103 6142 6556 6895 7173
300359 1 -6 7421 7284 7109 6827 6510 6092 5692 5346 5033 4779 4506 4332 4190 J076 3976 3909 3853
297080 1 -6 3834 3827 3824 3781 3316 3842 3912 4029 4205 J4sT2 IB22 S438 6336 7282 7526 <783 581§
293802 1 -6 5082 4488 4078 3727 3458 3212 3003 2841 2718 512 2513 2401 2371 2276 2233 2167 26
290331 2 -6 2019 1898 1806 1738 1650 1612 1559 1478 1399 '387 1290 1237 11S3 1086 1059 1035 1034
283774 2 .7 9934 9175 8184 T7I18 6925 46250 5909 5595 5345 4833 4433 4302 3999 3926 3478 3419 3169
277217 2 -7 3117 2910 2811 2597 2768 2566 2419 2510 2514 2546 2515 2532 2211 1721 1616 1378 1385
270660 2 -7 1124 1019 855 902 688 641 883 954 1176 1173 1009 1041 622 481 564 738
264682 1 -6 101 9% 114 154 174 245 393 603 974 1415 1561 1314 1091 898 759 623 476
261404 1 -7 3860 3130 2600 2068 1469 1180 1104 711 773 662 09 535 425 547 507 400 396
258125 1 -7 525 390 386 S12 486 605 738 823 660
255811 3 .7 620 696 1000 953 1291 1833 2477 3072 3814 4687 <i27 4937 3650 4756 35653 7178 8304
242698 3 -6 991 1340 1713 1516 1024 701 542 471 460 478 589 733
234116 O -7 7675 7440 7748 7586 7747 7777 7760 7786 7697 7741 TR27 8147 8143 8322 B498 8824 8998
232477 0 6 926 952 999 1018 1085 1094 1146 1205 1245 1308 1357 1432 1484 1583 1676 1772 1918
230837 0 -5 208 229 251 281 311 349 400 460 5334 625 734 859 997 1136 1262 1356 1390
229198 0 -5 1359 1274 1153 1021 901 800 714 644 588 537 495 462 433 413 396 385 378
227559 0 -5 373 374 376 381 386 393 398 407 425 448 480 517 S71 646 759 925 ils58
225920 O -5 1501 1998 2733 3792 5153 6370 6683 6029 5086 4288 3659 3122 2638 2211 1854 1550 1.7
224281 0 -5 1086 911 771 653 559 480 414 358 311 274 241 24 192 176 166 158 149
222641 0 -6 1436 1302 1225 1168 1140 1082 1054 1022 972 941 881 349 808 760 714 706 679
221002 0 -6 682 701 737 788 933 1115 1285 1303 1165 1022 89¢ 900 744 677 611 550 501
219363 0 -7 4520 4393 3922 3656 3437 3175 3051 2737 2558 2434 2255 2101 2014 2138 1799 1951 1869
217724 0 .7 1921 1B28 1846 1791 1669 1689 1613 1509 1597 1342 134) 1322 1217 1228 1068 1024 941
215410 3 -7 658 492 266 197 315 224 124 375 955 1513 3176 <5455 3687 1766 908 566 298
202296 3 -7 191 279 236 245 157 145 442 497 570 460 555 705 816 1116 1185 1279 1516
189183 3 .7 1636 1915 3027 3175 3042 3564 4545 6234 7701 7267 5087 4574 4378
179733 1 -7 43% 4452 4478 4533 4539 4515 4468 4469 4287 4104 4000 4025 3998 3954 3731 3901 3896
176455 1 -7 3903 3868 3880 4035 4065 4222 4135 4268 4389 4226 4391 4279 4606 4503 4834 4952 4990
1731.76 1 -7 4852 4552 4585 4097 4089 3762 3725 3677 3658 3676 3756 3679 3643 3676 3798 3784 3950
1698.98 1 -7 4038 4198 4538 4488 4869 4910 5267 5440 5820 5968 6i55 6399 6724 6883 7083 7378 7587
166619 1 -6 764 792 809 838 868 851 911 904 932 930 943 1008 10SC 106: 1121 1142 118
163341 1 -6 1230 1264 1303 1334 1378 1412 1417 1434 1489 1541 158C 1627 1706 1775 1840 1941 2003
160063 1 -6 2117 2170 2292 2382 2495 2579 2721 2795 2929 3063 3180 3396 3438 3572 3721 3867 4052
1567.84 1 -6 4241 4417 4682 4843 5052 5266 5461 S909 S892 6152 6% A311 €4vy 688G 7139 7283 7513
153506 1 -5 768 790 806 840 88l 873 B899 913 940 954 970 (T8 1007 1032 1055 1068 1086
150228 1 -5 1108 1129 1185 1175 1187 1224 1250 1280 1319 1357 1422 14%F 1555 1572 1654 1718 i805
146949 | -5 1918 2031 2169 2433 2482 2641 2842 3046 3253 3443 3437 3753 3841 3899 3868 3120 3751
143671 1 -5 3655 3617 3461 133% 3331 3305 23CS5 3321 3372 3313 3299 3242 3172 3083 2993 2902 2769
140392 1 .5 2671 2567 242 1< 2326 1272 2235 2233 2267 2349 2507 2796 3293 4058 4927 5073 4196
37114 1 -5 3141 2410 361 '~ 1463 1302 1188 1097 1024 959 912 879 834 806 780 751 722
133836 1 -6 6964 6729 0378 6130 5908 5715 5498 S318 S173 4889 4727 4497 4331 4110 3964 3812 3597
130557 1 -6 3469 7347 3210 W75 2925 2814 2690 2570 2486 2369 2311 2189 21456 2035 - -- --
127279 '3 -6 1756 1359 126 1137 i019 930 893 860 303 797 797 838 905 99 1084 1144 1193
14744 1 6 1240 1236 1357 1277 1313 1353 1387 1319 1471 1541 1591 1622 1692 1778 1864 1659 2073
11465 1 -« 2182 2287 2386 2541 2673 2765 2912 3082 3231 3417 3559 3735 3903 4075 4281 4456 4664
108187 1 -5 487 507 §S31 572 S92 625 669 700 743 810 - 859 926 1037 1119 1246 1424 1626
104909 1 -5 1894 2227 2614 3011 3319 3462 3359 3083 2718 2351 2003 1710 1492 1257 1090 961 841
10163 1 6 7515 6751 6147 5651 S236 4855 4594 4272 4032 3795 3596 3416 3256 3084 2895 2778 2585
98352 1 -6 2460 2321 2208 2091 1972 1860 1790 1721 1648 1561 1496 13416 1357 1310 1289 1314 1316
95170 O -6 1327 1349 1370 1368 1393 1408 1428 1450 1502 1526 1590 1661 1716 1773 1856 1956 2062
93551 0 -5 221 238 259 287 324 371 430 505 597 716 867 1061 1290 1546 1822 2157 2633
91891 0 -5 3182 3498 3145 2370 1698 1247 964 T79 660 S82 524 466 409 356 316 282 263
90252 0 -6 2468 2361 2220 1999 1832 1687 1553 1475 1396 1373 1325 1282 1265 1222
88613 2 -6 1178 968 818 803 852 B47 778 752 7I2 651 00 668 odd 611 649 654 653
82056 2 -6 699 694 7334 702 717 795 860 903 988 1057 1219 1429 1726 3216 3033 4419 7059
75499 2 -5 1158 1596 1564 1213 R0 s34 358 253 186 154 136 122 107 105 103

Note: Footnotes follow Table 6.10



Table 6.7. Real refractive indices between 8000.25

Xcnien=0.20 at 25°C P

-170 -

and 700 em’ of hiqud nusture water -acetonitnle with

am’ XE O 1 2 3 4 5 3 7 s 9 10 13 12 13 14 is 1o
800025 7 13211 13209 13208 13206 13204 13203 13200 13198 13196 13193 13190 1387 13182
63188 33 S 13180 13183 13181 13183 13178 13178 13173 13173 13179 131K 13181 13181 (376 1317% 1317 13173 170
5§963.78 513171 13169 13167 13166 13165 13165 13162 13160 13139 13187 13180 13160 13158 13I8 13182 13149 11147
5339.24 5 13145 13143 13141 13138 13136 13132 13131 13128 13128 13128 13126 13123 13120 108 13118 13012 130w
4914.70 5 13104 13100 13096 13093 13090 13086 130 13078 13074 13070 13006 1306l 13058 13084 13047 13039 13041
439015 5 13023 13015 13007 12997 12988 12977 12966 12953 12040 12925 12908 12890 1287) 12840
3981.32 3 12843 12838 12832 12826 12819 12813 12808 12797 12790 12781 12774 12763 127588 12740 12730 12728 1214
3850.18 3 12702 12690 12678 12665 12650 12634 12619 12604 12585 12565 12545 12524 10801 13470 12447 13417 12382
371905 3 12345 12302 12253 12201 12145 12087 12036 11994 11066 11952 119SU 1I0SE 11970 L1983 12000 12056 2047
358791 3 12059 12082 12111 12142 12176 12216 1 .07 12304 12350 12397 12446 1240 12850 12om 17659 12718 12780
3456 78 3 12844 12910 12981 13053 13129 13205 13279 13383 13420 13484 13643 13808 1iodd 1168S (3720 13780 13776
332564 3 13800 13822 13841 13863 13883 13905 13924 13952 13978 1dixM LWAY 3047 13081 14104 FI22 14130 14182
3194.50 3 14059 13162 14161 13164 13163 14154 14143 14132 14119 14108 1091 14076 14061 1446 Ldoto 1H1S | oo
3067.23 2 13991 13983 13975 13967 13959 13951 13043 [3935 13927 13019 911 13003 11406 [I8O° [IRS 13INND | IR79
3001 66 2 13877 13874 13869 13863 13856 13849 {3841 13N3I3 13825 (351! O3 BRSO 13TV 13T 1A e VAT RO
2936.09 2 13793 13786 13778 13770 13763 13755 13748 13711 12736 31374 Y 4l.. 3719 13703 13708 13704 - om {3e0d
2870.52 2 13688 13634 13679 13674 13669 13665 13660 13655 13650 Llir.n 1'nd2 13638 13533 13629 11628 ii6>] 1i6l7
2804.95 2 13613 13609 13605 13601 13597 13593 13590 13580 13582 1+ 372 1350 13505 1380 1ASSE 134sS
2739.39 2 13551 13548 13545 13542 13539 13535 13532 13529 13526 |» VU L3SET 13SE4 1351 13so8 13508 13802
2673.82 2 13500 13497 13494 13491 13488 13486 13482 13479 1347+ |32 TRV 1347 13470 13467 11465 1ided 134
2608.25 2 13457 13453 13451 13449 13446 13444 13341 13430 13437 13433 1is31 13429
2558.11 3 13425 13420 13415 13411 13406 13401 13397 13393 13388 -~ @380 13376 13372 13367 13362 133SK 13154
242698 3 13350 13345 13343 13341 13338 13333 13328 13322 1317 Lo 13305 13299
2340.19 1 13297 13295 13294 13291 13289 13287 13284 13282 13279 277 13274 13271 13267 13264 13260 13286 13280
2307.41 1 13244 13236 13228 13223 13224 13239 13267 13291 1330 “3u 13294 13288 13279 13271 13263 13254 13249
2274.63 1 13234 13221 13204 13181 13154 13123 13103 13128 1?2%F (3387 13439 13481 3492 13483 13467 13450 13434
2241.84 1 13419 13406 13394 13384 13376 13368 13363 13358 (3353 11350 13346 13342 13339 13336 13333 13330 13328
220906 1 13327 13327 13326 13324 13323 13321 13320 1331% 1350 13315 13314 13313 13312 13311 13310 13309 {3308
217627 1 13307 13306 13306 13305 13304 13304 13303 13302 t3%: 13301
2151.20 3 13299 13298 13297 13296 13295 13294 13294 13294 13293 13293 13292 13294 13294 13292 13291 13289 13247
202007 3 13285 13282 13279 13276 13272 13268 13263 13258 13253 13248 13242 13236 13230 13223 13216 13200 13202
188893 3 13194 13186 13177 13169 13160 13151 13141 13131 13120 13109 13096 13083 13068
1794.44 1 13065 13061 13057 13053 13049 13045 13040 13036 13032 13027 13022 13017 13013 13008 13003 12997 (2992
1761.65 1 12986 12981 12975 12969 12963 12957 12951 12944 12938 12931 12924 12917 12909 12902 12894 12887 12479
1728.87 1 12871 12863 12855 12847 12839 12830 12821 12813 12805 12796 12788 12780 12772 12764 12757 12750 12743
1696.09 112738 12733 12729 12725 12723 12722 12723 12724 12728 12733 12740 12748 12759 12771 12785 12802 12822
1663.30 1 12843 12868 12894 12924 12955 12990 13027 13067 13108 13152 13197 13243 13290 13335 13380 13424 13464
1630.52 1 13503 13537 13568 13594 13615 13632 13645 13653 13658 13660 13660 13656 13652 13646 13638 13630 1302l
1597.73 1 13612 13602 13592 13582 13572 13563 13553 13544 13535 13525 13517 13508 13500 13492 13484 13477 13469
1564.95 1 13463 13455 13449 13443 13437 13431 13425 13420 13415 13409 13404 13399 13394 13389 13343 13378 13374
1532.17 1 13369 13366 13362 13358 13354 13349 13346 13342 13339 13335 13332 13328 13325 13321 13318 13314 13311
149938 1 13308 13304 13301 13297 13294 13290 13287 13284 13280 13276 13273 13268 13265 13262 3258 13254 13251
1466.60 1 13248 13245 13242 13241 13239 13239 13240 13242 13245 13250 13256 13263 13271 13278 13284 13200 13294
1433.81 1 13297 13300 13302 13304 13306 13308 13312 13316 13320 13324 13327 13330 13332 13334 1333$ 13334 13334
1401.03 1 13332 13331 13327 13324 13319 13314 13308 13300 13291 13280 13268 13256 13256 13291 13371 13427 13431
1368.25 1 13418 13405 13354 13383 13375 13367 13360 13354 13349 13334 13340 13336 13332 13329 13326 13324 13321
1335.46 1 13318 13315 13313 13310 13308 13305 13303 13300 13298 13296 13295 13293 13291 13289 13287 13285 13283
1302.68 1 13281 13280 13277 13276 13274 13272 13269 1326R 13266 13264 13262 13261 13259
1271.82 3 13252 13245 13239 13233 13226 13220 13214 13206 13200 13194 13186 13179 13170 13163 13155 13146 13138
1146.47 1 13136 13134 13132 13130 13128 13125 13123 13120 13118 13115 13113 13110 13107 13104 13100 13098 13096
1113.69 1 13093 13090 13087 13084 13081 13078 13075 13073 13069 13067 13064 13061 13058 13055 13052 13049 13045
1080.91 1 13042 13038 13034 13031 13026 13022 13018 13013 13008 13004 12999 12994 12989 12983 12978 (2973 12969
1048.12 1 12966 12965 12970 12980 12997 13017 13037 13051 13060 13064 13063 13060 13054 13048 13042 13035 13028
1015.34 1 13021 13014 13008 13001 12995 12989 12983 12976 12971 12965 12959 12953 12947 12941 12934 12928 12922
982.55 1 12916 12910 12904 12898 12891 12885 12878 12872 12865 12858 12851 12844 12837 12829 12821 128.4 }2805
949.77 1 12798 12789 12781 12772 12763 12753 12742 12731 12718 12704 12688 12671 12657 12656 12691 12762 12794
916 99 1 12782 12761 12744 12729 12716 12704 12693 12683 12673 12665 12656 12647 12640 12632 12625

886.13 2 12609 12595 12580 12569 12558 12550 12543 12533 12527 12522 12518 12514 12512 125i2 12514 12514 12524
820.56 2 12528 12535 12545 12556 12566 12579 12592 12607 12627 12649 12666 12687 12712 12738 12764 12796 12829
75499 2 12879 12935 12978 13021 13060 13099 13141 13182 13223 13262 13298 13341 13392 13450 13501

Note: Footnotes follow Table 6.10.



Table 6.8. Real refractive indices between 8000.23

-171 -

and 700.0 em™ of liquid water-acetomitnile with Xepen=0.50

at 25 °C.*°
cn? XE O 1 3 3 3 5 [3 7 3 9 10 11 12 13 14 1S 1o
800025 7 13234 13233 13232 13232 13231 13230 13239 13229 13228 13227 153320 13233 13223
648833 S 13223 13222 13223 13222 13221 13221 13221 13221 13220 13220 13219 13219 13219 13218 1308 13218 13237
S$963.78 S 13216 13216 13215 13215 13214 13214 13213 13212 13213 13211 13208 13213 13211 13310 13209 11208 13307
543924 S5 13206 13205 13205 13204 13203 13202 13201 13199 13207 13199 13198 13197 13196 13195 13193 1319) 13191
491470 S 13189 1318S 13187 13185 13183 13182 3180 1,178 13176 13174 13172 13170 13167 13167 13162 13188 13187
4390.15 S 13154 13155 13149 13145 13130 13136 13131 13125 13120 13113 13108 13097 13091 13081 13077 13089 13034
386561 5 13025 13005 12976 12940 12892 12815 12695 12657 12722 12813 12920 13031 13120 1320S 13303 13404 13478
335650 4 13495 13504 13509 13510 13515 13S21 13533 13547 13561 13569 13S7s
320029 1 13576 13576 13576 13573 13573 13572 13571 13569 13568 13506 13564 13563 13501 13500 13560 13sew) 1340l
3167.51 1 13564 13567 13571 13572 13571 13568 13566 13563 13561 13558 13656 13553 [3SS1 13549 13537 13838 13%43
313472 1 13542 13540 13538 13536 13534 13532 13530 13528 13527 1352§ 13823 3521 [3S20 13818 13816 13818 13818
310194 1 13511 13508 13507 13506 13504 13503 13501 13499 13498 1339 13493 13493 13491 13400 (338K | dNe 13488
3069.15 1 13483 13481 13480 13478 13476 13475 13473 13371 13470 13368 13366 13365 13463 1346l 13459 1333% 13480
303637 1 13454 13452 13450 13449 13447 13445 13445 13342 13341 13430 13339 13438 13438 13439 1341 13443 (3o
300359 1 13450 13453 13458 13460 13462 13463 13463 13463 13462 13460 13459 13457 13485 13452 13450 13448 {isde
297080 i 13444 13442 13439 13437 13435 13427 13429 13426 13422 13418 13313 13410 13411 13423 133348 1330l 13408
203802 1 13364 13462 13359 13456 13453 13351 13438 13346 13433 13331 13439 13438 13336 13433 13332 13431 13329
290331 2 13427 13424 13422 13419 13417 13415 13313 13411 13408 13406 13305 13302 13401 13399 13397 13395 13393
283774 2 13392 13390 13388 13387 13385 13383 13381 13380 13378 13376 13374 13373 13371 13370 13368 13366 :1l0%
277217 2 13363 13362 13360 13359 13357 13356 13355 13353 13352 13350 13349 13348 13347 13346 13334 13343 13342
2706.60 2 13340 13339 13337 13336 13335 13333 13332 13331 13330 13320 13327 13326 13325 13323 13322 12320
264682 1 13319 13318 13317 13316 13316 13315 13315 13315 13316 13317 13318 13319 13319 13319 13318 13318 13317
261404 1 13316 13315 13314 13314 13313 13312 13311 13311 13310 13309 13309 13308 13307 13307 13306 13306 13305
258125 1 13304 13304 13303 13302 13302 13301 13301 13300 13299
2558.11 3 13297 13295 13293 13290 13288 13286 13283 13281 13279 13277 13275 13273 13271 13268 11265 13263 131260
242698 3 13257 13255 13256 13258 13257 13254 13249 13244 13239 13233 13229 13223
2341.16 0 13222 13222 13221 13220 13219 13218 13217 13216 13215 13214 13213 13212 13210 13209 13208 13206 13208
232477 0 13204 13202 13201 13199 13157 13196 13194 13192 13190 13188 13186 13183 13181 13178 15175 13172 13169
230837 O 12165 13161 13157 13152 13148 13143 13138 13134 13131 13131 13134 13141 13154 13170 13190 13209 13228
229198 O 13237 13243 13246 13246 13243 13240 13236 13231 13226 13221 13216 13210 13205 13199 13193 13187 :31%0
227559 0 13174 13167 13160 13152 13143 13133 13121 12108 13094 13077 13059 13040 13020 13001 12938 12988 13000
225920 0 13035 13088 13151 13214 13279 13352 13429 13490 13523 13533 13535 13530 13522 1351) 13500 13338 1347
224281 O 13463 13452 13441 13431 13421 13412 13404 13356 13389 13382 13376 13371 13365 13361 13356 13352 13349
222641 0 13346 13343 13339 13337 13334 13332 13329 13327 13325 13322 13320 13318 13316 13314 13312 13311 13309
221002 O 13308 13307 13306 13305 13305 13304 13304 13304 13303 13303 13302 13301 13300 13299 13298 13297 13298
2193.63 O 13295 13294 13293 13292 13291 13290 13289 13288 13287 13286 13286 13285 13284 13283 13283 13282 132K2
217724 0 13281 13280 13280 13279 13279 13278 13278 13277 13277 13276 13276 13275 13275 13274 13273 13273 1273
215410 3 13269 13266 13264 13262 13260 13259 13257 13256 13255 13254 13253 13254 13256 13256 13255 13233 13253
202296 3 13251 13250 13249 13247 13246 13244 13242 13240 13237 13235 13232 13225 13226 13223 1321v 13216 13212
189183 3 13208 13204 13200 13197 13192 13187 13182 13177 13173 13170 13163 13157 1315y
179733 1 13148 13146 13144 13143 13141 13139 13137 13135 13133 13131 13129 13126 13124 13123 13120 13116 13114
176455 1 13112 13109 13107 13104 13101 13098 13095 13092 13089 13086 13082 13079 13075 13072 13068 13064 1306}
173176 1 13057 13053 13049 13045 13040 13036 13031 15028 13022 13018 13013 3007 13002 12997 1299% 12987 12980
169898 1 12977 12971 12967 12961 12956 12951 12947 12942 12939 12936 12934 12932 12930 12931 12931 12933 12937
166619 1 12941 12947 12956 12965 12976 12990 13005 13024 13044 13066 13093 13120 13149 13179 13211 13243 13275
1633.41 1 13306 13335 13361 13386 13406 13422 13436 13445 13451 13455 13455 13453 13449 13445 13438 13432 13428
1600.63 1 13418 1341C 13403 13395 13388 1338C 13373 13366 13358 12352 13345 13339 13332 13327 13321 13315 13309
1567.84 1 13304 13299 13294 13289 13284 13281 13277 13272 13269 13245 13262 13258 13255 13251 13248 13245 13242
153506 1 13239 13236 13233 13229 13229 13225 13222 13218 13218 13214 13212 13210 13209 13204 13203 13200 13197
1502.28 1 13194 13191 13190 13184 13183 13179 13176 13172 1369 13164 13159 13157 13151 13148 13144 13140 13136
146949 1 13131 13127 13123 13118 13121 13120 13122 13126 13132 13141 13152 13167 13183 13199 13216 13230 13242
1436.71 1 13252 13261 13267 13271 13275 13279 13284 13290 13297 13306 13315 13324 13331 13337 13342 13345 13349
140392 1 13349 13349 13347 13343 13338 13332 13324 13315 13304 13291 13276 13258 13.43 13242 13288 13405 12514
1371.14 1 13545 13532 13512 13493 13476 13462 13450 13439 13429 13421 13413 13407 13401 13396 13391 13387 13384
133836 1 13380 13377 13373 13370 13367 13364 13361 13358 13356 13354 13351 13349 13347 13344 13342 13340 13337
130557 1 13335 13333 13241 13329 13327 13325 13323 13321 13319 13317 13315 13313 13311 13310
127279 3 13303 13297 13290 13284 13279 13274 13268 13263 13258 13252 13246 13240 13234 13229 13224 13218 13212
114744 1 13211 13209 13207 13206 13204 13203 13201 13199 13197 13195 13193 13191 13189 13187 13185 13:23 13181
111465 1 13179 13178 13175 13173 13171 13170 13167 13165 13163 13161 13159 13157 13155 13153 13181 1::2 13146
1081.87 1 13143 13141 13138 13134 13132 13128 13124 1312] 13117 13112 13108 13103 13098 13091 (3085 1,40 13078
1049.09 1 13072 13074 13082 13102 13135 1313G 13220 13257 13283 13297 13303 13304 13300 $3296 13289 13283 13278
1016.3 1 13268 13262 13255 13249 13244 13239 13234 13229 13225 13220 13216 13212 13208 13205 1320} 13198 13194
983.52 1 13191 13187 13183 13179 13176 13172 13168 13165 13161 13157 13153 13149 13144 13140 13135 13131 13126
95170 0 13124 13121 13118 13116 13113 13110 13108 13105 131CZ 13098 13095 13091 13087 13083 13079 13074 13070
93531 0 13064 13058 13052 13044 13037 13029 13020 13011 13003 12994 12988 12985 12988 13004 13037 13089 13149
91891 0 13201 13238 13254 13251 13238 13224 13211 13200 13190 13182 13175 13169 13163 13156 13151 13144 13142
902.52 0 13138 13133 13130 13126 13122 13118 13114 131]1 13109 13106 13103 13100 13008 13095
886.13 2 13086 13077 13067 13058 130S! 13045 13039 13032 13025 13019 13013 13008 13003 12998 12994 12990 12987
S2°56 2 12983 12980 12977 12974 12974 12973 12972 12971 12972 12972 12973 12973 12973 12972 12972 12977 12993
75499 2 13025 13073 13112 13135 13148 13157 13166 13178 13191 13207 13224 13239 13263 13285 13319

Note: Footnotes follow Table 6.10
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Table 6.9; Real refractive indices between £000.25 and 700.0 cm™ of liquid water-acetonitrile with Xci3 ~=0.70
at 25 °C.*~

an’ XE 0O 1 2 3 4 5 6 7 8 9 10 11 i2 13 13 15 16
300025 7 13231 13241 1324) 1324C 13240 13239 13239 13239 13238 13237 13237 13236 13235

4488 33 13236 13234 13237 13238 13035 13234 13234 13234 13235 13235 13234 13234 13233 13232 13233 13233 13232
5963 78 13231 13232 13233 13232 1323) 13231 ;3232 13231 132sC 13229 13226 13233 1323) 13230 13229 13229 13228
5439 24 13228 13227 13227 13226 13225 13225 13225 13225 13225 13225 13223 13222 13222 13222 13221 13221 13220
4914 70 13219 13218 13217 13217 13216 13215 13214 13213 13212 13211 13210 13208 13208 13205 13203 13200 132C3
439015 13202 13204 13201 13200 13197 13194 13191 13188 13185 13181 13177 13172 13171 13165 13162 13154 13147
3865.61 13136 13125 13110 13089 13061 13015 12931 12940 13003 1°078 13149 13213 13255 13291 13329 13362 13380
335¢ 59 13381 13378 13374 13369 13366 13364 13365 13368 13371 13369 13370

320029 13371 13271 13370 13370 13368 13367 13365 13364 13362 13360 13359 13357 13355 13354 13352 13352 13353
3167.51 13356 13362 13369 13373 13373 13371 13369 13367 13364 13362 13361 13359 13357 13356 13353 13353 13352
313472 13350 13349 13348 13347 13346 13345 13334 13343 13342 1334] 13340 13339 13339 13337 13337 13336 13335
3101.94 13334 13333 13332 13331 13330 13330 13329 13328 13328 13327 13326 13325 13325 13323 13323 13322 13321
3069.15 13321 13319 13319 13318 13317 13317 13316 13315 13314 13313 13312 13311 13310 13309 13308 13308 13307
3036.37 13306 133C4 13303 13303 13301 13300 13300 13298 13298 13298 13297 13297 13298 13300 13303 13306 13310
3003.59 13316 13321 13326 13331 13334 13337 13338 13338 13338 13337 13336 13335 13333 13332 13330 13329 13327
2970 80 13326 13324 13322 1321 13319 13317 3315 13313 13310 13307 13303 13301 13302 13313 13334 13351 13357
2938.02 13357 13356 13354 13352 13350 13348 13346 13344 13342 13341 13339 13338 13336 13335 13334 13333 13333
2903.31 13331 13329 13328 13327 13325 13324 13323 13322 13320 13319 13318 13317 13317 13315 13314 13313 13312
2837.74 13312 13311 13310 13309 13309 13307 13306 13305 13304 13303 13302 13301 13300 13299 13298 13297 13297
21217 13296 13295 13294 13293 13292 13292 13291 13290 13289 13289 13282 13288 13287 13286 13285 13235 13284
2706.60 13283 13282 13281 13281 13280 13279 13278 13277 13277 13276 13276 1327< 13274 13273 13272 13270
2646.82 13270 13269 13268 13267 13267 13266 13266 13266 13267 13269 13271 13273 13273 13274 13273 13273 13273
261404 13272 13271 13271 13270 13270 13269 13268 13268 13267 13267 13266 13266 13266 13265 13265 13264 13264
258125 13263 13263 13263 13262 13262 13261 13261 13261 13266

2558 11 13259 13257 13256 13254 13252 13251 13249 13248 13246 13245 13244 13244 13242 13239 13237 13235 13234
2426.98 13232 13230 13232 13236 13236 13233 13229 13225 i3720 13217 13210 13205

234116 13205 13204 13203 13203 13202 13201 13200 13199 131v8 13197 13196 13195 13194 131952 13191 13190 13189
2328.77 13187 13186 13184 13183 13181 13180 13178 13176 13174 12172 13170 131€8 13166 13163 13160 1357 13153
2308.37 13150 13146 13142 13138 13133 13129 13124 13120 13116 13115 13115 13120 13130 13144 13162 13132 13201
229198 13217 13227 13232 13234 13233 13230 13227 13220 13218 13213 13208 13202 13197 13191 13185 13179 13173
2275.59 13166 13160 13153 13146 13137 13129 13118 13106 13093 13077 13061 13042 13022 13001 12382 12967 12962
225920 12972 12999 13038 13090 13159 13254 13368 13462 13513 13535 13541 13540 13535 13527 13515 13503 13390
2242 8i 13477 13464 13452 13441 13330 13420 13411 13402 13394 13387 13380 13374 13368 13363 13358 13353 13349
2226.41 13346 13342 13339 13336 13333 13330 13328 13325 13323 13321 13319 13316 13314 13312 13310 13308 13306
2193.63 13292 13291 13290 13288 13288 13287 ;3286 13285 13284 13283 13282 13282 13281 13280 13279 13279 13273
2177.24

13277 13277 13276 13276 13275 13274 13274 13273 13273 13272 13272 13271 13271 13270 13270 13269 13268
13265 13262 13259 13256 13254 13252 13250 13249 13247 13246 13245 13245 13248 13247 13246 13246 13245
13244 13243 13242 13241 13240 13239 13238 13236 13235 13233 13232 13230 13228 13226 13224 13222 13220
13217 13215 13212 13211 13208 13204 13201 13199 13197 13196 13193 13189 13185
13184 13182 13181 13180 13179 13178 13177 13176 13175 13174 13172 13171 13170 13169 13167 13165 13164
13163 13161 13160 13158 13156 13155 13153 13152 13150 13148 13146 13144 13142 13140 13138 13136 13134
13132 13130 13127 13125 13122 13120 13117 13115 13112 13109 13106 13102 13099 13096 13052 13089 13085
13082 13078 13075 13071 13067 13063 13059 13055 13052 13048 13045 13041 13038 13036 13033 13031 13030
13030 13030 13032 13034 13037 13042 13048 13057 13068 13079 13054 13110 13128 13148 13169 13192 13214
13236 13258 13277 13296 13311 13323 13332 13339 13343 13345 13344 13343 13339 13335 13331 13325 13320
13315 13309 13303 13208 13292 13287 13282 13277 13271 13266 13262 13257 13253 13249 13244 13240 13236
13232 13228 13225 13221 13218 13215 13212 13209 13207 13204 13202 13199 13197 13154 13193 13190 13189
13186 13184 13182 13179 13181 13177 13174 13172 13171 13169 13167 13166 13165 13162 13160 13158 13156
13153 13150 13150 13144 13143 13139 13137 13133 13129 13125 13120 13117 13112 13110 13105 13101 13096
13091 13087 13083 13077 12083 13082 13084 13090 13098 13110 13124 13145 13163 13183 13203 13220 13235
13247 13258 13265 13270 13274 13278 13283 13289 13298 13309 12319 13330 13339 13346 13352 13357 13361
1336 13361 13359 13355 13350 13343 13334 13323 13311 13297 13281 13262 13247 13252 13315 13448 13560
13590 13576 13554 13533 13515 13500 13487 13475 13464 13455 13447 13440 13434 13428 13423 13419 13414
13411 13408 13404 13400 13397 13394 12339} 13388 1386 13383 13381 13378 13376 13373 13371 13369 13367
13364 13362 13360 13358 13356 13353 13352 13349 13347 13345 13343 13341 13340 13338
13331 13324 13317 13311 13306 13301 13296 13291 13286 13280 13276 13270 13266 13261 13257 13252 13247
13245 13244 13243 13242 13240 13239 13237 13235 13234 13232 13231 13229 13227 13225 13224 13222 13220
13218 13217 13215 13213 13212 13210 13208 13206 13204 13203 13201 13199 13198 13196 13194 13192 13190
13187 13185 13182 13179 13176 13173 13170 13166 13162 13158 13153 13147 13143 13136 13130 13124 13119
13116 13120 13131 13156 13196 13246 13298 13341 13370 13385 13394 13395 13392 13387 13380 13374 13366
13359 13353 13346 13340 13335 13330 13326 13321 13317 13314 13310 13307 13304 13301 13298 13295 13292
i3289 13287 13284 13281 13278 13275 13272 13269 13267 13264 13261 13258 13255 13251 13247 13244 13240
13238 1325c 13235 13233 13230 13228 13226 13223 13221 13218 13215 13212 13209 13205 13202 13197 13193
13188 13183 13177 13171 13164 13156 13147 13139 13130 13122 13114 13109 13109 13117 13137 13178 13236
13303 13366 13408 13417 13408 13392 13377 13364 13354 13345 13338 13331 13326 13320 13314 13309 13305
13301 13297 13294 13291 13287 13284 13281 13278 13275 13273 13271 13269 13267 13265
886.13 13259 13253 13245 13240 13235 13231 13228 13223 13219 13214 13211 13208 13204 13200 13196 13193 13190
820.56 13186 13183 13179 13176 13173 13169 13166 13163 13160 13156 13152 13146 13141 13135 13127 13122 13124
75499 2 13147 13194 13237 13260 13267 13265 13263 13262 13261 13264 13268 13273 13279 13290 13303
Note: Footnotes foliow Table 6.10

2154.10
2022.96
1891.83
179733
1764.55
1731.76
1698.98
1666.19
1633.41
1600.63
1567.84
1535.06
1502.28
14969 49
1426.71
1403.92
1371.14
1338.36
1305.57
127279
1147.44
1114.65
1081.87
1049.09

10163
933.52

951.70
935.31
918.91

5
5
5
h]
H
S
4
1
i
1
1
1
I
1
1
3
2
2
2
2
1
1
1
3
3
b)
0
0
o
0
0
0
[
221002 O 13305 13304 13302 13301 13301 13300 13300 13300 13300 13300 13299 13298 13297 13296 13295 13294 13293
0
0
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
i
1
1
1
3
1
1
1
1
1
1
0
0
¢
90252 ©
2
2




-173-

Table 6.1¢. Real refractive indices between 8000.25 and 700.0 cm™ of liquid acetonitrile at 25 °C A°
' XE_ O 1 z 3 3 B & 7 3 9 10 11 12 13 14 18 16
800025 7 13248 13248 13248 13238 13247 13237 13237 13247 13247 13247 13247 13237 13330
648833 5§ 13247 13247 13247 13247 13247 13237 13247 13287 13247 13247 13247 13240 13246 13246 13240 1120 13246
S963.78 5 13246 13246 13246 13246 1323 13236 13246 13246 13245 13245 13243 13247 13247 13246 13340 13246 3246
543924 S 13246 13245 13245 13245 13345 13235 13245 13245 13235 13245 13245 13245 13248 13348 13244 13233 13242
401470 5 13244 13244 13244 13244 13234 13244 13233 13233 13243 13243 13243 13242 13242 13242 13241 13237 (1343
439015 5 13242 13247 13245 13244 13243 13243 13233 13242 13242 13242 13231 13241 13242 (3240 13241 13240 13340
386561 5 13240 13239 13239 13239 13238 13238 13237 13237 13236 13236 13235 13235 13334 13233 13232 13230 13229
335650 4 13228 13227 13227 13226 13226 13225 13223 13271 13219 13216 13218
320020 1 13217 13219 13219 13219 13218 13218 13217 13216 13218 13213 13213 13241 13210 13208 13200 13204 11202
3167.51 1 13203 13211 13225 13236 13238 13237 1323% 13333 §2°00 13230 13229 13278 13227 13236 13238 13224 134204
313472 1 13223 13223 13222 13222 13222 13221 13231 13321 13220 13220 13220 1320 13220 13230 13219 1329 13249
310194 1 13219 13219 13219 13218 13218 13218 13218 13218 13218 13218 13217 132/ 13217 13217 13217 13217 13217
3069.15 1 13216 13216 13216 13216 13216 13215 13216 13215 13215 13219 13214 13214 13214 13213 13212 13214 18212
303637 1 13212 13211 13210 13211 13210 13209 13209 13208 13209 13209 13209 13209 13210 13213 13200 13219 13224
3003.59 1 13232 13237 13243 13247 13251 13253 13255 13256 13256 13255 13256 13234 13283 13282 13131 13281 132%0
2970.80 1 13249 13248 13247 13247 13245 13243 13243 13242 13239 13230 13136 13238 133138 13247 13262 13274 132M
293802 1 13280 13280 13279 13278 (3277 13276 13275 13274 13273 13272 13271 13270 13269 13269 13268 13268 13267
290331 2 13:36 13266 13265 13263 13264 13263 13262 13262 13262 13261 13261 13261 13260 13249 13259 13158 13298
283774 2 13258 2258 13258 13258 13257 13256 13256 13255 13255 13254 13254 13253 13253 13252 13251 13281 13251
277217 2 13250 13250 13249 13249 13248 13248 13248 1327 13247 13247 13246 13246 13246 13246 13243 13245 13248
270660 2 13244 13244 13243 13243 13242 13242 13241 13241 13240 13240 13240 13739 13239 13238 13237 13237
264682 1 13236 13236 13235 13234 13233 13232 13231 13230 13229 13232 13237 1324) 13242 13243 13243 13243 1324}
261404 1 13243 13242 13242 13241 13241 13240 13240 13239 13239 13238 13238 13238 13237 13237 13237 13236 132)6
258125 1 13236 13236 13235 13235 13235 13234 13234 13234 13234
2558.11 3 13233 13232 13231 13230 13229 13228 13227 13226 13225 13225 13225 13224 13224 13222 13220 13219 13218
242698 3 13216 13216 13219 13224 13225 13222 13219 13215 13212 13208 13204 13199
2341.16 O 13199 13198 13198 13197 13197 13196 13195 13195 13193 13193 13192 13191 13190 13189 13148 13187 13186
232477 0 13185 13184 13182 13181 13180 13178 13177 13176 13174 13172 13171 13169 13167 13165 13162 13160 13157
230837 O 13154 13151 13147 13143 13140 13136 13132 13128 13124 13121 13119 13120 13123 1313i 13132 13159 13178
2291.98 O 13197 13213 13224 13230 13232 13231 13229 13226 13222 13218 13214 13210 13205 13200 1319% 13{90 13188
227559 O 13179 13174 13168 13163 13157 13iS1 13143 13135 13126 13115 13105 13091 13076 13058 13036 13012 12983
225920 0 12952 12920 12891 12881 12923 13050 13234 13384 13463 13498 13516 13526 13529 13525 1317 13507 13495
224281 O 13482 13469 13456 13444 13433 13923 13413 13404 13396 13388 13381 13374 13367 13361 13356 13351 13347
222641 O 13344 13340 13337 13333 13330 13328 13325 13323 13321 13318 13316 13314 13313 13311 13309 13307 13308
221002 O 13303 13301 13299 13297 13295 13205 13295 13297 13298 13298 13297 13296 13295 13294 13293 13292 1329t
219363 O 13290 13290 13289 13288 13287 13286 13285 13284 13284 13283 13282 13281 13280 13280 13279 13278 13278
217724 0 13277 13277 13276 13276 13275 13275 13274 13274 13273 13273 13272 13272 13271 13271 13271 13270 13270
215410 3 13266 13264 13261 13259 13257 13255 13253 13251 13249 13248 13246 13247 13249 13248 13246 13243 13244
202296 3 13242 13241 13240 13239 13238 13237 13236 13235 13234 13233 13232 13231 13230 13229 13228 13227 13226
1891.83 3 13225 13224 13223 13222 13221 13220 13216 13218 13218 13221 13220 13218 13216
179733 1 13216 13216 13216 13215 13215 13215 13215 13214 13214 13214 13213 13213 13213 13212 13212 13211 43211
176455 1 13211 13210 13209 13209 13209 13209 13208 13208 13207 13207 13207 13206 13206 13205 13205 13205 13205
173176 1 13205 13204 13204 13203 13203 13202 13202 13201 13200 13200 13199 13198 13198 13197 13196 13196 13193
169898 1 13194 13194 13193 13192 13192 13191 13190 13190 13189 13188 13188 13187 13186 13186 13185 13184 '3184
166619 1 13183 13182 13182 13181 13180 13180 13179 13178 13177 13176 13175 131738 13174 13173 13172 13171 13170
163341 1 13169 13168 13167 13166 13165 13164 13163 13162 13161 13159 13158 13157 13135 13154 13153 13151 13130
160063 1 13149 13147 13146 13145 13143 13142 13141 13139 13138 13137 13135 13134 13133 13131 13130 13128 13126
156784 1 13124 13124 13123 13122 13121 13119 13118 13117 13117 13117 13116 13115 13114 13113 13115 13112 13111
153506 1 13110 13110 13109 13107 13114 13108 13106 13107 13105 13105 13103 13104 13105 13103 13102 13100 13099
150228 1 13097 13095 13097 13091 13091 13088 13085 13081 13078 13073 13067 13067 13061 13061 13035 13031 13046
1460.49 1 13041 13037 13033 13021 13038 13035 13038 13044 13054 13069 13087 131i6 13136 13160 13185 13206 13223
143671 1 13237 13251 13260 13264 13267 13270 13273 13278 13288 13302 13312 13325 13335 13344 13352 13357 13363
140392 1 13364 13363 13362 13358 13352 13345 13337 13325 13312 13297 13280 13262 13250 13261 1334) 13486 13398
137114 1 13625 13610 13587 13565 13547 13531 13516 13503 13492 13483 13474 13467 13460 13454 13449 13445 13440
133836 1 13436 13434 13430 13426 13423 13420 13416 13413 13411 13408 13406 13403 13401 13399 13396 13393 13391
130557 1 13388 13386 13384 13382 13380 13378 13375 13374 13371 13369 13367 13365 13364 13362
127279 3 13355 13348 13341 13335 13320 13324 13319 13314 13309 13304 13300 13295 13290 13286 13282 13278 13274
114744 1 13273 13271 13270 13269 13267 13266 13265 13263 13262 13260 13259 13257 13255 13254 13252 13250 13249
111465 1 13247 13246 13244 13242 13241 13239 13237 13235 13234 13232 13231 13229 13227 13225 13224 13222 13219
1081.87 1 13217 13215 13212 13209 13207 13203 13200 13196 13192 13188 13183 13177 13173 13165 13158 13152 13145
104909 1 13142 13147 13158 13187 13236 13293 13352 13400 13432 13449 13458 13459 13455 13450 13443 13437 13429
10163 1 13421 13414 13408 13401 13396 13391 13387 13382 13378 13375 13372 13368 13365 13363 13360 13357 13338
983.52 1 13352 13350 13347 13345 13342 13339 13337 13334 13332 13329 13326 13324 13321 13318 13314 13311 13308
951.70 O 13306 13304 13303 13301 13299 13297 13295 13293 13290 13288 13286 13283 1328) 13278 13275 13271 13267
93531 O 13263 13258 13253 13247 13241 13234 13227 13219 13211 13203 13194 13188 13185 13186 13189 13196 13212
91851 O 13258 13350 13450 13501 13505 12491 13475 13459 13445 13435 13427 13421 13416 13410 13404 13398 13393
90252 O 13389 13386 13383 13381 13377 13374 13372 13369 13366 13364 13362 13360 13358 13356
886.13 2 13351 13347 13342 13337 13334 13332 13330 13328 13325 13323 13320 13319 13317 1331 13312 13311 13309
$20.56 2 13307 13305 13303 13301 13299 13296 13294 13291 13288 13284 13280 13274 13268 13260 13250 13238 13226
75499 2 13230 13276 13340 13381 13392 13387 13377 13367 13359 13332 13346 13342 13338 13335 13332
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Footnotes to Tables 6.3 t0 6.10.

* The columx headed cm™ contains the wavenumber of the first ordinate value in the row. The 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 whica starts with (0), the wavenumber corresponding to the ordinate indexed Jis  WJ)= «0) -
!'5776258'%'2' J- ZXE . In Tables 6.3, 6.5, 6.7 and 6.9, the k( v, values in that row are the ordirate value shown

times 10'E. In Table 6.4, 6.6, 6.8, 6.10, the n( v) values are given directly with the decimal point implicitly
after the first digit. Thus the entry indexed 16 in the fifth row of Table 6.3 shows that at v=4914.70 -
-'—51;—'63;-%%03 x 16 x 2% = 4421.01 cm” the k value is 1659 x 10” = 1.659 x 10" The entry indexed 16 in the

~ 798.
fifth row of Table 6.10 shows that at v =4914.70 - 1—57393882—02x 16 x 2° = 4421.01 cm™' cm! the ordinate value

is n = 1.3243.
® The 4-point spline interpolation program TRECOVER? interpolated the &{ v') values in the table to the

original wavenumber spacing, 0.482117 cm’', and yielded the original values accurate to 1%. The original
n( v) values were similarly recovered accurate to 0.1%.

Second, the simple Classical Damped Harmonic Oscillator theory of dielectric

properties indicates that the a,, spectrum is simply the sum of the contributions from

each vibration. Thus the a”,, spectrum of a mixture is simply the sum of the a",,
spectra of the components multiplied by the mole fraction of the component. This is not

true for 4,q, £, and k spectra, in which the contributions from the different vibrations

interact.
Third, under the CDHO model, the peak wavenumbers in the Va,, spectrum,

which almost equal those in the «,, spectrum, are the wavenumbers of the mechanical

oscillators. The wavenumber of a peak in the 4,4, £, and k spectra depends also on

the intensity of the peak.

Fourth, the area C; under an absorption band j in the Va,, spectrum is related

to the transition moment, |Rj| , of the corresponding transition by '*



i~ e e N oL =2
C; = va, (vddv = ——g.v_ [R. .
g bw!dj n¥) 3hcg’ ’I " 6.0

Where N is Avogadro’s number, N,, for a pure liquid, and Avogadrc’s number
times the mole fraction of the absorbing compound i, N,x;, for a mixture. g, is the
degeneracy of vibration j, and c is the velocity of light in vacuum.

Therefore, the interaction between the water and acetonitrile molecules in the
mixtures was studied quantitatively by examining the Ve, (V) spectrum as a tunction
of composition.

6.4. Results and Discussion

6.4.1.The band shapes and peak positions in the T/a:,, spectra

The Va:,, spectra are presented in figure 6.3 for the five compositions shown in

figs. 6.1 and 6.2. The bands due to the O-H stretching vibration near 3500 cm’l, C=N
stretching vibration near 2267 cm and H-O-H bending vibration near 1600 cm  bands
clearly change shape and peak wavenumber with concentration, while the bands due to
the CH, vibrations, such as the CH, s and d-deformations near 1385 cm and 1448
cm’, respectively, and the CH, rock near 1041 cm'l, and the C-C stretching vibration
band near 920 cm’’ may not be affected by the presence of the water. An increase in
the acetonitrile concentration causes a high-wavenumber shift of the O-H stretching
peak, a low-wavenumber shift of the C=N stretching peak and slight low-wavenumber

shift of the H-O-H bending peak. This is consistent with the independent observations
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Figure 6.3. VOL.,,(V) spectra of five CH3CN+H,O mixtures at 25 °C: a xcy3cn=0.0; b
XCH3CN=0-20; ¢ XcH3eN=0.50: d xc3¢eN=0.70; e Xcp3en=1.00.
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of the O-H stretching band by Narvor, Gentric and Saumagne " and of the O-D and C

=N stretching bands by Jamroz, Stangret and Lindgren y

6.4.2 Area Cj under bands in the Vo, spectrum
The area C, under the band due to vibration in the Va,, spectrum of a mixture
is the intensity per mole of mixture. As noted above, the «,, spectrum of a mixture is

simply the mole-fraction-weighted sum of the &, spectra of the components, if the

intensity and wavenumber of each vibration are not affected by the nature of the
neighbouring molecules and the same as is true of the shape and width of the
corresponding band. If this is the case, the area C,under band j due to one of the
components is linear in the mole fraction of the component. Thus, it is non-linearities
in the plots of C; versus mole fraction that must be interpreted to provide information
about the intermolecular interactions.

To observe the effect of composition on the intensity of a particular band, the
area under that band must be measured over the same wavenumber range for all
compositions. Ideally these measurements are all relative to the same baseline, and this
baseline is zero ordinate. Again ideally, each band is separated from its neighbors by
curve fitting for each composition, and the area of each separated band is measured.
Unfortunately, the spectra of the acetonitrile-water mixtures do not allow such an ideal
treatment. The band shapes are unusual and to date have not allowed band separation
to be achieved with any confidence in the significance of the results. Thus the areas

under groups of bands have to be measured. Even this can not be done ideally, because
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the relatively strong baseline absorption by water causes uncertainty in the significance
of areas measured relative to zero ordinate, or even to the same baseline, in several
regions.

To illustrate this point, note in Fig. 6.3 that the spectral baseline between 2350
and 2200 cm! is higher in the spectrum of pure water than in the spectra of mixtures
and of pure acetonitrile. Changes with concentration in the areas measured relative to
the same baseline contain offsetting effects of decrease in the absorption by acetonitrile
and increase in the absorption by water, which makes their interpretation ambiguous.
This is even more pronounced for the regions 1650 to 1200 cm-! and 1200 to 900 or
800 cmrl. To overcome these difficulties the areas were measured in non-ideal ways
that are described in the following sub-sections together with the estimated significance
of the resulting areas.

6.4.3 The Methyl Group Vibrations of Acetonitrile

The C-H stretching bands are too weak to be measurable in the water rich
mixtures and are not discussed further. The CH; deformation bands near 1400 cm-! and
the CH; rocking band near 1040 cm-! were measured relative to the baseline
determined by the water absorption. In practical calculation, the baseline was taken as
the straight line connecting the ordinate values at the integration limits. This seems
useful because the bands are relatively sharp and their shapes and wavenumbers do not
change with composition, which suggests that the water absorption is essentially
independent of the acetonitrile absorption in these two cases. :f that is the case, 2 linear

plot of area versus mole fraction of acetonitrile is expected.
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Gigure 6.4. The areas under the Va;;, (V) spectra in the CHj; deformation (top box) and CH3
rocking (bottom box) regions for thirteen CH3CN+H,O mixtures at 25 °C. The baseline was a
straight line through the curve at the integration limits. The integration limits are shown and

the error bars show the maximum deviations. The straight lines show the behavior expected for
an ideal solution.
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For the deformation vibrations, the area was measured between 1510 and 1350
cm-1, clearly omitting the high-wavenumber tail of the CH; deformation band. These
wavenumbers were chosen to give ordinate values above or on all curves with more
than 5 mole % of acetonitrile. The areas were measured above the linear baseline. The
upper box of Fig 6.4 shows that the areas C; so measured increase nearly linearly with
the mole fraction of acetonitrile, confirming the near independence of the water
vibrations and the CH; deformation vibrations.

For the CHj; rocking vibrations, the area was measured between 1130 and 996
cm-! above the linear baseline. The areas are not quite linear in mole fraction, and they
increase more rapidly at low concentrations and less rapidly at high concentration of
acetonitrile.

6.4.4 The Areas under the Vo, Spectra in the G-F Stretching Region

In the O-H stretching region 4000-2660 cm-!, the C-H stretching band can not
be simply separated, especially for xcp3cn<0.8. However, there are two facts which
can be used to obtain the area resulting from the O-H stretching band with good
accuracy. One is that the area of the C-H stretching band is much smaller than that of
the O-H stretching band. Even for pure acetonitrile the area under Ve, spectrum
between 4000 and 2660 cm'l is only 0.247 km/mole, about 2% of the area under the O-
H stretching band for pure water. The other fact is that the presence of water probably
does not affect the vibrations of the CHj group in water-acetonitrile mixtures. This has

been demonstrated above for the CH;3 deformation and rocking modes, and also



-181-
observed for the C-H stretching vibration in H;O+CH;OH system !7. In those cases
the area under the methyl band is linear in mole traction ot the methanol concentration.
Therefore, the area of the OH band was calculated as

C;~(Area between 4000 and 2660 cm'l) -Xcpscen (Area for pure acetonitrile
between 4000 and 2660 cm ).

The resulting areas under the OH stretching band, (', are presented as a
function of x,, ., in figure 6.5, and their values are listed in Table 6.11. At low
acetonitrile concentrations, X_,;; <010, the C,, are on or very slightly above the
straight line which corresponds to the ideal soiution, i.e. to constant intensity per mole
of water. As the acetonitrile concentration increases, the areas decrease and stay
markedly below the straight line, clearly demonstrating non-ideal behavior due to the
expected interaction between the CH3CN and the OH groups of the water.

6.4.5 The areas under the Va,, spectra in the C=N stretching region

The absorption between 2275 and 2210 cmr! is mainly by the C=N stretching
vibration 8. The total area above zero ordinate is shown by the triangles in Fig. 6.6
plotted against mole fraction of acetonitrile. For the mixtures it is clearly well above
the straight line between the end points (not drawn) that corresponds to constant
intensity per mole.

Water also contributes to the area in this region. Two methods were used to
obtain the intensity Ccy between 2275 and 2210 cm™ due to the acetonitrile alone. The

first method follows that used for the OH stretching band. The area under the
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Figure 6.5. The areas under the Vocln', (V) spectra of thirteen CH3CN+H,O mixtures at 25 °C
in the O-H stretching region between 4000 and 2660 cm-l. The C-H streiching contribution
has been removed as described in the text. The error bars are the 95% confidence limits. The
straight line shows the behavior expected for an ideal solution..
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Figure 6.6. The areas under the '\701.’,,'1 (V) spectra of thirteen CH3CH+H0 imixtures at 25 °C
in the C=N stretching region 2275-2210 cm-! : (A) indicates the total area, (x) indicates the
area corrected for the water contribution by the first method described in the text, (o) indicates
the area corrected for the water contribution by the second method described in the text, (e) the
final areas used. The error bars are the 95% confidence limits. The straight line shows the
behavior expected for an ideal solution..
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Table 6.11. The areas under the OH and CN stretching bands and the fractions of H-
bonded CN groups and of O-H...O bonded and non bonded OH groups.

XCHICN Con* Cen® x'oxu® x'ono* x'on’
km/mole km/mole

0.cO 10.08(5) 0.000(2) 1.000 0.855 0.145
0.05 9.64(6) 0.0099(26) 0.900 0.839 0.138
0.10 9.09(4) 0.0188(15) 0.799 0814 0.142
0.15 8.34(6) 0.0270(21) 0.703 0.770 0.168
0.20 7.6%(7) 0.0339(20) 0578  0.741 0.187
0.30 6.50(12) 0.0489(25) 0.503 0.677 0.215
0.415 5.25(6) 0.0635(12) 0454  0.585 0.264
0.5) 4.20(9) 0.0760(18) 0375 0517 0295
0.60 3.23(5) 0.0878(14) 0.309 0.445 0.323
0.70 2.28(3) 0.0986(5) 0.245 0.348 0.366
0.80 1.397(2) 0.1079(7) 0.176 0.228 0.421
0.90 0.612(2) 0.1149(5) 0.091 0.092 0.499
1.00 . 0.000(2) 0.1198(5) 0.000 0.000 0.55

®. The area undei the Va',; spectrum between 4000 and 2660 cm™ with the acetonitrile contribution

removed as Coy=(Area between 4000 and 2660 cm-‘) -XCH3CN (0-247 m/mole)
where 0.247 km/mole is the area between 4000 and 2660 cm’ for pure acetonitrile.
The number in the brackets is the 95% confidence limit in the last digit.
. The intensity under the Va:, spectrum between 2275 and 2210 cm™. At the concentrations

Xcaen<s0.2, the value shown is the area under the mixture minus the mole fraction of water times
0.04182 kmv/mole, which is the area under the spectrum of pure water. For xcusen>0.2, the value
shown is the area between 2275 and 2210 cm™ measured above a straight line through the ordinate
values at 2590.8 and 2150.2 cm™. The number in the brackets is the 95% confidence limit in the
last digit

. The fraction of H-bonded CN groups determined by Eqs. (6.2) with the intensity parameters Cen

= 0.1198 km/moie and C a4y = 0.206 km/mole.
. The fractions of water-bonded and free OH groups determined from Egs. (6.3), x oy, and Con

= 0.41 km/mole, C oyo= 5.82 km/mole and C 5= 5.67 km/mole.
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spectrum of pure water was multiplied by the mole fraction of water in the mixture and
subtracted from the total area under the spectrum of the mixture. The intensities ('ox
so obtained are shown for the mixtures in Fig. 6.6 by the crossc« The second method
used a baseline drawn between the ordir:ate values at 2590.8 and 215C . .m', and the
area between 2275 and 2210 cm™' was measured above this baseline. The intensities
Ccn measured by the second method are shown for the mixtures in Fig. 6.6 by the open
circles. They are about 3% larger than those from the first method for xci3ex > 0.2 and
are smaller for xcizen < 0.2.

For the higher concentrations of acetonitrile, xcizcn > 0.2, the Vay, spectrum of
water multiplied by the mole fraction of water is slightiy higher than the baseline of the
spectrum of the mixture, so the first method clearly overestimates the water absorption.
For xcusen < 0.2, the second method gives a distorted spectrum after the baseline is
subtracted, clearly because it overestimates the water absorption at these high water
concentrations.

Thus the final intensities Ccn are those from the first method for xcp3ens0.2
and those from the second method for the remaining solutions. They are shown in
Fig.6.6 by the filled circles. The error bars show the maximum observed deviation
from the mean. The Cy; all lie on a curve well above the straight line. Their values
are listed in Table 6.11.

6.4.6 The population of hydrogen bonded acetonitrile

The nonlinear curves in figures 6.5 and 6.6 indicate that the O-H and C=N

groups are involved in the interaction between the water and acetonitrile molecules in



-186-
the mixtures. The interaction is undoubtedly hydrogen bonding between the lone pair
electrons on the C=N group and the proton of the O-H group. This is expressed as
CH3CN..H-O-H, or CNH for short. Thus, the CN group can be taken to be either
bonded or not. The area under the C=N stretching band in one mole of mixture at

concentration x ., .. can be related to the extent of hydrogen bonding through

Con=™*cen ®'ox Con ' Credd (6.2)
with Xyt Xy =1 (6.2a)

Here x’j (=CN or CNH) is the fraction of free (CN) or hydrogen bonded (CNH) C=N
groups, and C’; (j=CN or CNH) is the area contributed by one mole of free (CN) or
hydrogen bonded (HCN) C=N groups.

In order to obtain the values of x'_,, and x'_, for the mixtures, the intensity
parameters C'_, and C’_., in equation (6.2) were assumed to be independent of
composition. In pure acetonitrile, the C=N group is not hydrogen bonded.
Consequently, its area Ccy =0.1198 km/mole, was taken as the value for C .

Jamroz et al 8 found that the C=N stretching band of free CD;CN appeared
only as a shoulder when the mole fraction of CD;CN was less than 0.14. This
indicated that nearly all of the CD;CN is H-bonded to water at that low concentration.
It was therefore assumed that at infinitely low concentration all of the acetonitrile in the
water is hydrogen bonded. The intensity per mole cf the hydrogen bonded CN
stretching vibration is then given by the slope of the intensity versus mole fraction

curve at the limit x_,.. .. > 0. This slope was found by fitting the intensities at xcyscn
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= 0.05, 0.10, 0.15 to the quadratic equation C = bx_, . .+ o’ ctzewe Tom which the
desired slope, which equals C’_,, is given by b. It was found that (”'_,,,=0.206
km/mole.

The fractions of acetonitrile molecules that are hydrogen-bonded, x'cxy, were
calculated for each mixture from Eqs. 6.2 and 6.2a and t._-ir values are listed in Table
6.11. They, and the fraction of free acetonitrile molecules, are plotted as percentages
in Fig. 6.7 against mole fraction of acetonitrile. They are also plotted, in the lower box
in Fig. 6.7, against the number of water molecules per 100 acetonitrile molecules. This
inconvenient abscissa quantity is included to allow visual comparison with Fig. 6.3 of
Jamroz et al's paper ®, which shows the same quantities calculated from fits of the
absorbance spectra from their transmission study and from a close packed model.
Their experimental values agree well with ours. Specifically, the two curves have the
same general shape, the maximum percentage of hydrogen bonded CH3;CN molecules
agrees at 79% and 78%, and the only significant differences are at x_,, .~ 0.20 and
0.30, 400 and 230 molecules of water per 100 CH;CN, respectively, where our values
are 56 % and 50 % compared with their 68 % and 59 %.

6.4.7 The Population of Water and Acetonitrile Bonded O-H Groups

In the O-H stretching region, the intensities of the mixtures result from free O-
H groups and two types of hydrogen bonded O-H groups: OH groups bonded to

CH;CN, O-H..NCCH;, abbreviated to OHN, and OH groups bonded to water, O-

H..OH,, abbreviated to OHO. Acce3ingly, the area Cqy is expressed as
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Figure 6.7. The percentages of acetonitrile molecules in water-acetonitrile mixtures that are
free (0) and H-bonded (o).



-189-
Con™ X0 X'y C o X010 Conio ™ *'or Clon) (6.3)

where X't Xopo T Xog=1 (6.3a)
Here x; (=OHN, OHO, OH) is the fraction of OH groups that are of the type OHN or
OHO, or free OH. C f (G=OHN, OHO, OH) is the area contributed by one mole of such
OH groups.

The molar intensities C’; =OHN, OHO, OH) were taken to be independent of
composition. To find their values, information from the literature had to be used with
the data from this work.

In pure liquid water at room temperature, not all of the O-H groups are
hydrogen bonded (OHO). Luck et al !8 determined the concentration of OHO groups
as 1.73 mole per mole water. Accordingly, the value of C’gyq 1s calculated from the
C,y value for pure water as 10.08/ 1.73=5.82 km/mole.

To find C’_,,, it was noted that the integrated intensity of the O-H stretching
vibrations in the gas phase is about 7% of that in the liquid 21 . Therefore, the value of
C’,, Was taken to be 0.07C’ = 0.41 km/mole.

C’oun was found in the following way from the OH stretching intensities at high
CH;CN concentrations. The slope of the graph of Coy against xcusen (Fig. 6.5) as
Xcusen —> 0 was determined from a quadratic function fitted to the values at xciseny =
0.70, 0.80 and 0.90, as described earlier for Cony. Its value is 5.55 £ 0.14 km/mole of
water. To translate this into the intensity per mole of bonds, the fraction of the OH

bonds in a water molecule that are hydrogen bonded to acetonitrile at infinite dilution is

required. This was obtained from the previous determination of x'cyn, the fraction of
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the acetonitrile molecules that are hydrogen bonded. The number of H-bonded
CH:CN molecules per mole of mixture is given by xcisen X'cnas. Thus, the number of
H-bonded CH3;CN molecules per mole of water molecules is given by XcusenX'cnu <
xm0, which is the slope of the graph of xcuscn x'cnu versus mole fraction of water. This
is the same as the number of OHN hydrogen bonds per mole of water molecules, the
number that is sought for infinite dilution. To find this quantity at infinite dilution the
product quantity of xcusen and x'cusen was calculated for xcysen = 0.70, 0.80 and 0.90,
i.e. for xiz0 = 0.30, 0.20 and 0.10, and fitted to a quadratic function in xy20 which
passes through the origin, as described previously for Ceny.  The slope was 0.90 at xi20
= 0.0. Consideration of the difficulty of separating the HO and CH3CN absorptions,
and the fact that the fit includes data for water mole fractions as high as 0.30, yielded
an estimated error in this slope of +0.2. Thus, the number of OHN bonds per mole of
water molecules was found to be 0.90 £ 0.2. Half of this value, 0.45 +0.1 is ideally the
fraction of OH groups that are hydrogen bonded to acetonitrile at infinitely dilute water
concentration.

It may seemn anomalous that about half of the OH groups of dilute water in
acetonitrile are not hydrogen bonded. This idea is not new, although the evidence that
has been cited in the past is not convincing. Bonner and Choi ?° studied the water
overtone band, v, + v; near 5250 cm™ for various water-acetonitrile mixtures. The

band they assigned to the free bonds provided 28% of the total area at 5 ole % of
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water. However the detailed significance for this work of their results and conclusions
is very much in doubt.

At very low water concentration, there is little doubt that all water molecules
are isolated and no water-water hydrogen bonding occurs in the solution. Therefore,
the derivative of the area Cqy; at x1,0=0.0 was derived from Eq. 6.3 as

dCon/dxy0= 2( x'orn C'ount*'ono C'ono * X'on Clon) (6.4)
with dCoy/dx0=5.55 km/mole, x’gy =0.45, x'go =0.0, C'opo =5.82 km/mole,
x'01 =0.55, and C’'q;=0.41 km/mole. Accordingly the value of C'oun is 5.67
" km/mole. The possible error in the number of OH bond per mole of water molecule,
0.90 £ 0.2, allows C'oun to be as large as 7.3 km/mole and as small as 4.63 km/mole.

Eqgs. (6.3) were then used with these values of the parameters C'on, C'ono, C'onn
to calculate the fractions of non-bonded and GHO bonded OH bonds at the different
concentrations. The fractions of OHN bonds, x'oun, are needed for this and were
calculated from the fractions of acetonitrile molecules that are hydrogen bonded which
were calculated above from the ON stretching band. Specifically the number of
hydrogen-bonded CH;CN molecules per mole of solution is x’cn Xcusen. This equals
the number of OHN bonds per mole of solution, which is given by 2x’oun xu20. Hence,

x x
X'omy = —-CNH XcH3CN

(6.5)
2xX420

In view of Eq. 6.3a, Eq. 6.3 now contains one unknown at each concentration

and the values of the fraction of OHO, OHN and OH bonds were calculated. They are
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Figure 6.8. The percentage of free (0), water bonded (M), acetonitrile bonded (A), and total
hydrogen bonded O-H groups (e) as functions of composition.
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plotted against mole fraction of acetonitrile in Fig. 6.8 and the values of x'ono and x'on
are tabuiated in Table 6.11 with the previously obtained values of x’cau.

6.4.8 Discussion

The numerical structural results of this work can be summarized as follows.
At very low mole fraction of acetonitrile, where acetonitrile and water mix
exothermically, the CH3;CN is all hydrogen bonded, The fraction that is bonded drops
to 50% by Xcuscn ~ 0.3 and then drops more slowly but uniformly to zero in pure
acetonitrile

The fraction of OH bonds that form OH--N bonds is zero in pure water and
rises uniformly to 0.45 in slightly wet CH3;CN. At Xcusen = 0.3, 0.5 and 0.7 this
fraction is ~0.10, 0.18 and 0.30.

The fraction of OH bonds that form OH--O bonds is ~ 0.86 in pure water and
decreases monotonically to zero in pure CH3CN. From xcuscny = 0.1 it decreases
roughly linearly in mole fraction to xcuscn ~ 0.6 then decreases more rapidly to pure
CH;CN. At xcpsen = 0.3, 0.5 and 0.7 this fraction is ~ 0.68, 0.52 and 0.35

The fraction of OH bonds that form hydrogen bonds of both types rises slightly
or is constant from pure water to 10% CH;CN then drops steadily to 0.45 in wet
CH:CN.

The fraction of OH bonds that are not hydrogen-bonded decreases slightly or
remains constant at ~13% from pure water to xczcn ~ 0.10, then climbs steadily to

0.55 in wet CH3CN. At xcusen = 0.3, 0.5 and 0.7 this fraction is ~0.22, 0.30 and 0.37
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Thus, in the equimolar mixture, the fractions of OH that form OH--O bonds,
form OH--N bonds, and are not bonded, are about 0.52, 0.18 and 0.30 .

These results must be compared with the large body of literature which reports
studies of the CH3CN - H,O system by a variety of methods. Marcus and Migron '
made a detailed experimental and theoretical study of this system and their 1990 paper
makes a convenient starting point. They measured Kamit and Taft’s ? 7* and 8
which reflect the polarity, hydrogen bond donor ability, and hydrogen-bond acceptor
ability of mixtures of water and acetonitrile, and analyzed thermodynamic data from the
literature by the inverse Kirkwood-Buff (IKBI) integrals ** and the quasi-lattice
quasi-chemical (QLQC) m:ethod?*. From their results and an extensive survey of the
previous literature they presented the following picture of the structure of these
solutions.

At low CH;CN concentrations the CH3;CN enters cavities in the water
structure. Solvation by the water is generally agreed, but different methods disagree on
the importance of water structure-making or structure-breaking to this process.

Beyond xcusen ~0.15 (0.10 to 0.33 by various methods) the CH;CN can not be
accommodated in the cavities. Beyond this limit microheterogeneify sets in, wherein
the hydrogen-bonded structure in the water clusters is enhanced relative to that in neat
water. More specifically, microheterogeneity means a preference for neighbors of the
same kind that extends over several concentric shells around a given molecule. Thus
the mole fraction of the water is greater near a water molecule than the bulk value, and

the mole fraction of CH;CN is greater near a CH;CN molecule than the bulk value.
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The weight of evidence is in favor of microheterogeneity existing in th. middle range of
compositiorns.

At Xcrsen >0.7 the water clusters are so few and far apart that new kinds of
interactions occur. Water-CH;CN interactions that could be discounted in the middle
range are now important. Marcus and Migron view this region as containing discrete
water-CH;CN complexes surrounded by a rather inert CHiCN solvent. The complexes
were taken to be CH;CN--HOH and CH;CN--HOH--NCCH ;.

At Xcusen = 0.95 another change is indicated by some methods. The 1:1 H-
bonded structure may still exist, but the CH3CN "has a weakly manifested structure as
in the neat liquid".

Three significant studies since Marcus and Migron's work should be noted.

D. Zhang et al. *° studied CHsCN in the gas-liquid surface of CH;CN - H,O
mixtures by Infrared-visible sum frequency generation, IVSFG. They found that at
xcusen < 0.07 the CH3;CN molecules in the surface are hydrogen-bonded to the water
and are inclined at 40° to the normal, but at Xxciusen = 0.07 a sharp transition occurs in
the surface, and at xcuzen™>0.07 the CHsCN molecules are not hydrogen bonded and are
inclined at 70° to the normal. The relation between these findings and the bulk
properties is not clear.

Huang et al.” studied CH:CN - H,O mixtures by measuring the third harmonic
susceptibility, which sensitively reflects the microstructure of the liquid. Their results

clearly indicated the existence of microheterogeneity when the mole fraction of CH;CN

is >0.3.
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Jamroz et al. ® have studied infrared spectra of CH;CN - H,O mixtures as
outlined in the introduction. Of relevance here are the following points. The fraction
of hydrogen-bonded CH;CN they found is in excellent agreement with that found in
this work by a different method. Their comparison of these numbers with the much
greater fractions they obtained from a random close-packing model led them to
conclude that the arrangement in the mixture is remarkably non-random and strong
preferential solvation of H,O by H,O and CH3;CN by CH;CN occurs in the mixtures.
Their study of dilute OD bonds in CH3CN - H,O mixtures led them to conclude that
two types of water and two types of acetonitrile exist over a wide composition range,
H,0 (CH3CN) in close contact with either H,O (CH3CN) or CH;CN (H,0). The CN
stretching band and the bands assigned to OD--O bonds shifted steadily with mole
fraction of CH3;CN, from which they concluded that the water molecules form dimers,
trimers and other oligomers, because the formation of clusters would result in
concentration-independent peak positions.

An important feature of the mixing of water and acetonitrile is that it is
exothermic only below Xcizen = 0.04 and is endothermic elsewhere. The present
results (Fig. 6.8) show a slight increase in the total number of hydrogen bonded OH
bonds roughly in this range, with the number returning to its value in pure water near
Xcusen = 0.1. The increase is achieved by forming OH--N bonds instead of OH--O
bonds. Thus, the acceptance of CH;CN into the lattice is not accompanied by
enhancement of the water structure, the fraction of OH--O bonds decreasing steadily

with increasing CH3CN content. It can be noted that the ability of water to fully
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surround an acetonitrile molecule must end at higher xciien than about 0.08, namely |
CH:CN to 12 waters.

The rapid decrease in the fraction of hydrogen-bonded CHiCN molecules with
increasing CH3;CN content ends at 50%, near Xcuacn = 0.3. This rapid decrease is
consistent with the establishment of microheterogeneity, at least through formation of’
clusters of acetonitrile molecules, and the wide composition range reported tor the
onset may reflect the sensitivity of the different methods to the phenomenon. There is
general agreement that microheterogeneity exists at Xcusen = 0.33, which is where the
fraction of hydrogen-bonded CH3CN molecules is ~ 0.5 and starts to decrease more
slowly. At this point, the fractions of OH bonds that form OH--N bonds, OH--O
bonds, and are not bonded are about 0.1, 0.7 and 0.22. Thus, the present results do
not support the proposal noted above that the water structure is enhanced by the
microheterogeneity.

The fractions of OH bonds that are OH--O bonded show that the region of
microheterogeneity can not extend much beyond xcuscn = 0.50. This can be seen by
considering the fraction of OH bonds that must be hydrogen bonded in various water
clusters. In H;O(H,0)4, i.e. a water molecule solvated by four others, the fraction of
bonded OH bonds is 0.40. It increases to 0.47 in H,O(H;O0)14, 0.50 in H20 chains and
ice-like hexagonal rings, 0.67 in isolated dodecahedra, and 0.74 in a 39-molecule piece
of ice Ih. Thus, the type of cluster that can form is severely limited when the fraction
of the OH bonds that form OH--O bonds is 0.5 or less. This fraction is 0.5 in the

equimolar mixture and is only 0.35 at xciscn = 0.7, where the fraction that form OH--N
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bonds is nearly the same, 0.30, and about 35% of the OH bonds are not hydrogen
bonded.

These considerations lead to broad agreement with Jamroz et al. with respect to
the acetonitrile-rich mixtures, namely that the system changes from a
microheterogeneous structure at Xciscn < ~0.5 to one in which H>O is bonded to
CH;CN and H,O, probably with short water chains and rings as well as some isolated
water molecules, to a structure at Xcmscen > ~ 0.85 in which there are enough CH;CN
molecules to surround each water molecule, which forms a single hydrogen bond to
one of the CH3CN molecules.

6.4.9 The bond moments

The dipole moment derivatives with respect to the normal coordinates were
calculated through equation 6.1 for the O-H and C=N stretching vibrations in the
mixtures. Specifically, under the approximation of electrical and mechanical

harmonicity the equation

2

Nax |
c, =24 ‘_l 6.1
¥, ©1

7 24xc* 7Y

2
was used from which 1.8686C, gives g—‘ in (DA 'amu™?)? if C; is in km/mole *7".
J

The bond moments were then calculated from d/8Q); values under the diatomic
OH or CN oscillator model. In Table 6.12, the values determined are given. Note that
the bond dipole moments for the OH bands are for the O-H...O or O-H...N bonds not

for the free O-H. Both O-H...O and O-H...N have about the same bond dipole
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Table 6.12. The integrated Intensities and Dipole Moment Derivatives of the O-H and
C=N Stretching Vibrations in CH;CN+H,0 mixture at 25 °C

Stretching C = (B/BQ)R |awer| b
Vibration km/mole (Debye A-1 amu-1/2)2 Debye A-!
O-H..O 5.82 10.88 321¢
O-H...N 5.67 10.60 3.174
C=N 0.120 0.22 1.21
C=N.. H 0.206 0.38 1.58

*. The areas under the spectrum Va:,, ('!") . per mole of O-H or C=N bonds.

b. The magnitude of the bond dipole moment derivative evaluated from the diatomic OH or CN
oscillation model.

“ From the simple bond dipole moment model with the molecular structure used in the reference 28,
the value is 3.20 Debye A .

° From the simple bond dipole moment model with the molecule structure used in reference 28, the
value is 3.16 Debye A"

moment. For the O-H stretching vibration in pure liquid water, the same (6/0Q))* was
determined previously from the area under the molar conductivity spectrum without
considering the existence of the 15 % of non H-bonded O-H groups. Consequently,
the reported value 28, 3.04 D/ A is smaller than 3.21 D/ A, the value obtained in this
work. The previous intensities and these from this work give the same value of
| 6,u/6Q,-| if the same assumption is applied to both sets.

The bond dipole moment of the H-bonded CN bond is larger than that of the

free bond by about 15%. No values that can be used for comparison with this results

are known.
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6.5. Conclusions
The results of this study are generally supportive of the current picture of the
structure of acetonitrile - water mixtures, and provide the following specific details for
the first time. The fraction of hydrogen - bonded OH groups increases slightly in the
‘region below xcizen ~ 0.05, where the mixing process is exothermic. This largely
arises from the formation of rather more OH--N bonds than the OH--O bonds that are
destroyed. The fraction of hydrogen - bonded CH3CN molecules decreases rapidly as
Xcusen increases to 0.3, which supponts the existence of microheterogeneity in mixtures
with xcien near 0.3. The water structure is not, however, enhanced by the
microheterogeneity since the fraction of OH bonds that are OH--O bonded decreases
monotonically with increasing CH;CN content. The microheterogeneity can not exist
far into the region with xcuscn > 0.5, because there are insufficient OH--O bonds tb
support larger units than short chains or small rings of water molecules. At very high
acetonitrile mole fractions, 90% of the water molecules bond to one CH3CN molecule
and are presumably solvated by other CH:CN molecules.
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Chapter 7 Conclusion

The previous chapters present the work done to measure absolute intensities in
the IR spectra of liquid samples by transmission and attenuated total reflection (ATR)
methods, and to apply the intensities to investigate the hydrogen bending interaction in
water solutions. The accomplishments are summarized in this chapter.

The infrared optical constant, £ and », spectra are fundamental spectra for
absolute intensities. In Chapter 2 the effect of the infrared imaginary refractive index
spectrum on the visible real refractive index of colorless liquids is investigated through
the Kramers-Kronig transform. For ten common liquids, the IR contributions to the
visible refractive indices have been determined. Their values are <0.001 except for the
four hydrogen-bonded liquids. From these resuits, a proper function can be selected
for a fitting procedure to determine the electronic contribution to the real refractive
index at visit!: and infrared wavenumbers from the reported values of the real
refractive index in the visible region. The obtained electronic contribution is described
by the function n (v )=a, +a,Vv *ra v ‘. For the liquids examined, the best equations to
use to revise the reported values of the real .efractive index in the IR region have been
determined. The known errors indicate that this revision gives the n.; spectrum in the
IR region with errors of 0.001 or less.

Liquid dichloromethane was measured by the transmission method. Its optical
constant spectra, k(v ) and n(v), and molar absorption coefficient spectrum, E (Vv ),

between 6500 and 800 cm” have been determined as described in Chapter 3. Their
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accuracy was estimated from the agreement between intensities measured by five
operators in four different laboratory. The peak heights of 36 measured bands of the
imaginary refractive index and molar absorption coefficient spectra are believed to be
accurate to +2.3%. The baseline k values are believed to be accurate to ~8% below
6000 cm”, ~1% below 4500 cm” and ~25% above 6500 cm” where the absorption is
extremely weak. The integrated intensities over 25 measured band groups are believed
to be accurate to +1.5%. Nine of the bands have been accepted as secondary infrared
absorption intensity standards for liquids by the International Union of Pure and
Applied Chemistry.

One approach to refine ATR spectra is to use the phase shift on reflection and
the reflectance to calculate the optical constants in the IR region. In Chapter 4, this is
explored. Two reasons that have made this approach less accurate than that used in
our laboratory have been found to be the use of an inaccurate KK transform and
failure to allow for the variation with wavenumber of the real refractive index of the
incident medium. Accordingly, a new modified Kramers-Kronig (KK) transform with
a non-constant correction to the phase shift has been developed to calculate the phase
shift from the measured reflectance. The optical constants, X( v) and n( v ), recovered
from the simulated methanol ATR spectrum (7800-2 cm’') with silicon as the
transparent phase are in error by less than 0.04% and 0.02% respectively. The results
indicate that the new transform is more accurate than those previously used, and it

makes this approach of comparable accuracy to the iterative procedure developed in
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this laboratory previously, in much less calculation time and with no divergence
problem.

Measurement of the OH stretching band of liquid water by the ATR method is
examined in Chapter 5. The cause of the reported non-reproducibility of the ATR
spectra has been found to be difficulty in filling the cell, and not inadequate temperature
control. Several precise spectra have been obtained under superior experimental and
computational conditions than previously available in this laboratory. The precision of
the k¥ spectrum is now 0.8% for the peak height and 0.3% for the area in the region
4000-2660 cm”, and 1.7% for the peak height and 0.9% for the area in the region
2660-1390 cm”. In addition, the available imaginary refractive index values between
15000 and 1 cm” for liquid water at 24.5+1 °C have been compared, and
recommended £ and » spectra are presented with the probable limits to their accuracy.

As a second application of the ATR method, water and acetonitrile mixtures
over the full composition range are investigated in Chapter 6. The real and imaginary
refractive index and polarizability spectra between 6500-700 cm” were determined for
the mixtures at 24.5+1 °C. The areas under the va'',, (V) spectra in the OH and CN
stretching vibration regions were calculated and examined as functions of composition
to investigate the structure of the mixtures and the hydrogen bonding interaction
between the water and acetonitrile molecules. The results of this study are generally
supportive of the current picture of the structure of acetonitrile - water mixtures, and

provic: the following specific details for the first time. The fraction of hydrogen -



-206 -

bonded OH groups increases slightly in the region below xcicex ~ 0.05, where the
mixing process is exothermic. The fraction of hydrogen - bonded CH;CN molecules
decreases rapidly as xcuscn increases to 0.3, which supports the existence of
microheterogeneity in mixtures with xcuscn near 0.3. The water structure is not,
however, enhanced by the microheterogeneity since the fraction of OH bonds that are
OH--0O bonded decreases monotonically with increasing CH3CN content. The
microheterogeneity can not exist far into the region with xcmen > 0.5, because there
are insufficient OH--O bonds to support larger units than short chains or small rings of
water molecules. At very high acetonitrile mole fractions, 90% of the water molecules
bond to one CH3CN molecule and are presumably solvated by other CHsCN molecules.

The methodologies developed in this work, especially the ATR method, are
not limited to the samples which have been examined. The application of the ATR
method to mixtures of water with other liquids such as acids, ketones, amides and
peptides can be investigated. This will lead to a better understanding of the role water

plays in nature.



