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ABSTRACT

This research consists of two independent low resolution spectro-
scopic studies. The first deals with an investigation into the charac-
teristics of theylongAwave length transition in various nitroso compounds;
The results imply that previous assignments of this transition as involv-
ing promotion of a nitrogen unshared electron to a w molecular orbital
are correct. Attempis to obtain fluorescence from various nitroso com-
pounds were unsuccessful under a great variety of experimental conditions;
Possible reasons for this are discussed.

The second study concerns the near ultraviolet and visible spectra
of the various triarylmethyl carbonium ions. The polarization of the A
absorptiéns relative to the fluorescence band were determined; An
assignment of the transitions wzs made, using as a basis simple moleculan
orbital calculations and expectations based on the structure representa-
tion method. These are compared .to the assignments made in earlier
investigations. The calculated intensities were found to agree
favorably with the observed values especially as considered from the
point of view of the .structure representation and the classical valence
picture used to describe these molecules. .Proton magnetic spectra for
these compounds were obtained but were too complex to give useful infor-

mation regarding the ground state wave functiqas.
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Page 1 INTRODUCTION

Spectroscopy is the study of absorption and emission of electro-
L 4
magnetic radiation by matter. The electromagnetic spectrum covers a

8

considerable diversity of wave lengths ranging from gamma rays (~— 10 ~cm.)
to radio Qaves (— 25 cm.) and depending on the wave lengths of the
radiation used to stimulate such matter, different spectroscopic pheno-
mena will occur. In the optical and udtraviolet region (2000 - 8000Z)¥
absorption and emission processes involve transitions between states which
differ mostly in their electronic distributions.

Among the many physical and chemical methods of studying molecular
structures and properties, gpectroscopy ranks high in importance. Apart
from its obvious application as an analytical tool, it can be used to
provide valuable information-of theoretical interest. For instance,
energy levels and electronic charge &istribution may be inferred from
the analysis of the absorption spectrum. Furthermore, spectroscopy
remains as the only direct method for the study of excited species.

Since excitation involves movement of electrons, absorption spectra can
also give data concerning the change of charge distribution in the
excited molecule. In favorable situations, the analysis of vibratiqnal
fine structure of an absorpti9n tand enables the geometry of an eicited
molecule to be determined. Whenever emission is possible, the measure-
ment of its decay reveals a wealth éf information concerning the
lifefqime'of the excited molecule, and the various energy transfer pro-
cesse; the molecule may undergo. Solvent interaction can also be studied

most effectively by spectroscopic methods., In simpler systemsy; notably

diatomic molecules, very accurate estimates of dissociation energies and
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of the ionization potentials can be obtained from an analysis of the
absorption spectrum. With larger molecules, the vibrational analysis
becomes exceedingly difficult due to the number of vibrational modes
and the fact that many overlapping excited electronic states may be
found before dissociation occurs. Even so, much information may be

obtai ned regarding the excited states by what might be called '"low

resolution spectroscopy".
The present work consists of two relatively disconnected low

resolution spectroscopic studies, concerning two different classes

of compounds. On one hand, the spectroscopic behavior of neutral
nitroso compounds has been investigated and on the other hand, the
spectroscopic behavior of a series of aromatic carbonium ions has been
studied. Although many of the underlying assumptions and techniques

are similar, there are sufficient differences in the nature of the

molecular energy levels to warrant separate discussion and treatment

of these subjects. Accordingly, this and the following sections will

be treated separately where it is found practical, and an attempt will

be made to show how molecular information may be obtained from the

relatively featureless spectra of these compounds. The reader may find it

advantageous to consider each of the two subjects serially throughout

this presentation.
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PART A: Nitrosobenzene

In a recent review article on the subject of nitroso compounds,
Gowenlock and Luttke (1) offered the following statement as a concluding

remark:
"The major .details ©of the structures of monomeric and
dimeric compounds having been solved, it appears to the
Reviewers thst apart from further confirmatory evidence
for the structures the major problems to be solved are
the related thermochemieal and kinetic investigations,
our knowledge of which is so scanty."
It is the purpose of this section to summarize these major details about
nitroso compounds in general and nitrosobenzene in particular, and to
point out the areas which involve neither thermodynamics nor kinetics,
but where further investigation might be profitable.

The electronic absorption spectra of a variety of aliphatic and
inorganic nitroso compounds consist of three characteristic bands; one
in the range 6300 - 79003 with a molar coefficient, ( éﬁax)’ between 1
and 60, one in the: range 2700 - 29003 with.a.'é.max of about 80, and a
third lying below 22002 and having an é%ax of about 5000. These transi-
tions are common to all nitroso monomers. However, the two higher energy
transitions are often obliterated by the strong aryl absorptions in the
aromatic series. The position of the long wave length absorption maximum
depends to some extent on the nature of the aromatic or aliphatic group
attached to the nitrogen.

The nature of the first visible transition has received far more
attention than have the higher energy transitions. On the basis of its
relatively low intensity, Lewis and Kasha (2) suggested that the long

wave length absorption was due to a singlet-triplet tramnsition. Current

belief is that this transition arises from the promotion of a lone pair
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electron of the nitrogen atom to an anti-bonding =n orbital and is clas-
sified as an n — 7 transition (3). Justification for this assignment
is provided by the observation that on dimerization or on oxidation,
the visible absorption disappears. The unshared electrons are now
participating in bond formation and are therefore unavailable for the
transition. The absorption band is alsco displaced to the blue when
the solvent medium is changed from non-polar to polar. This is an
experimental criterion that the transition involved is an n - W
process (4). Finally, analysis of the complex, diffuse vibrational
structure of this visible ébsorption band of nitrosyl fluoride (5)
shows that the N-O stretching frequency in the excited state is about
200 - 300cm-l less than in the ground state. According to Badger's
Rule, this decrease in frequency is associated with an increase in the
N-O bond length. Such is to be expected when the anti-bonding w orbital
is singly occupied,

The polarization of this transition was investigated by Nakamoto
and Suzuki by means of the dichroism of the absorption of meta-nitro
nitrosobenzene in the crystalline state (6), and was found to be perpen-
dicular to the molecular plane. A similar assertion was made by J. Mason
(5) on the basis of a gas phase vibrational analysis. However, neither
paper indicates conclusively the nature of the transition in liquid
solutionse.

It has also been noted that nitroso compounds are diamagnetic, and
this has been confirmed by a variety of nmeasurements (7). Only one X-ray
crystallographic examination of a monomeric nitroso compound has been
reported (8); p-iodo-nitrosobenzene is a planar molecule with a C-N-O

o [}
angle of 125°, C-N distance of 1.28A and a N-O distance of 1.24A., This
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implies considerable double character in the C-N and N-O bonds. Dimers
of p-bromonitrosobenzene and 2, 4, 6 - tribromonitrosobenzene have also
been studied by crystallographg; methods (9).

However, very little work has been reported concerning the emission
properties of theée compounds, especially in the aromatic series. One
of the main purposes of this research was, therefore, to carry out a
complete analysis of the nitrosobenzene absorption and emission spectra.

Cursory investigation indicates that the nitroso group is not
drastically affected by conjugation to aromatic systems. The effect is
similar to the observed shift in the weak carbonyl absorption of benz-
aldehyde related to that of formaldehyde, but is much smaller. This
seems to indicate that the nitroso group itself is only weakly coupled
to the remainder of the aromatic system and the presence of this group
acts only as a small perturbation to the existing w electronic transi-
tions of the aromatic molecules.

Since the polarizations.of aromatic transjitions are generally of
comsidemable.interest,,it was hoped that judicious substitution of a
nitroso group into an aromatic system would be of use in determining the
polarization of the major aromatic absorptions. This would be achieved
by comparing the relative orientation of the dipole transition for these
aromatic absorptions with that of -the we¢akly -coupled nitroso group. To
d§ this effectively, the polarization OFf the nitroso group transitions
and the seometrical orientation of the nitroso group to the plane of the
aromatic ring must be. known with certainty. This latter factor is not
necessarily determined from solid state experiments since the crystal
forces may be of sufficient magnitude to change the configuration of

the attached nitroso group from that ‘which is found in the liquid phase,
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This orientation in liquid solution has never been determined. The

fact that the coupling between the nitroso group and the rest of the

molecule is weak, and the fact that the nitroso group is ortho-para

directing rather than meta directing implies that the plane of the

nitroso group is tilted at a fairly large

angle to the aromatic plane.

Of course, this latter observation depends to some extent upon the

precise nature of the reaction conditions, and that, in fact, the

observation may be due to reaction of the
monomer, or due to formation of a complex
In any case, verification of the angle of
analysis of the fluorescent polarization;
nature warranrted a complete spectroscopic

especially since an emission spectrum had

dimer rather than the
before actual reactione.
twist may be obtained by an
Considerations of this
study of nitrosobenzene,

already been reported for

a nitroso compound by Lewis and Kasha (82).
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PART B: Carbonium Ions

In 1902, Walden (10) noted that when either triphenylmethyl chloride,
or any of its complex salts, was dissolved in liquid sulphur dioxide,
the conductivity of the resulting solution was comparable to that
obtained wHen potassium iodide was dissolved in the s;ame solvent. By
postulating the following jionization mechanism he became the first per-
son to conceive the idea of an ion where the electron deficiency was

associated with a carbon atom

(CgBs; )3 C » C1L == (C¢H)s  C' + cC1

+

(C¢Hs )3 » C » SnCly;, == (CgH;); ° C° + SnCly

Since then, the identity of these carbonium ions as a class has been
firmly established and in the following brief survey an account of the
present status of carbonium ion chemistry is presented.

The original concept of the carbonium ion as envisaged by Walden
has been extended considerably. Kinetic studies which suggest that
SNl type reactions pass through such an intermediate and mass spectro-
metric investigations of alkyl halides in the gas phase (11l) support
this view. Further attémpts have been made to obtain more direct evi-
dence for the existence of these species and/ in this respect, Symons
(12) has suggested that the U.V, absorption at 293mp which occurs when
t-butgnol is di=msolved in 98 % sulphuric acid is caused by the t-butyl
carbonium ion. Deno (13), however, has repudiated this assignment and
ascribed the absorption to a cyclopentenyl cation., Allylic carbonium
ion absorption at 273mp has also been suggested (14).

Of more interest to spectroscopists are the carbonium ions derived

from aromatic hydrocarbons. Frequently, these may be genefated by
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dissolving the parent compound in a strongly acidic medium, when a& color
developse An investigation by Dallinga (15) of the optical spectra
produced from a series of aromatic hydrocarbons dissolved in oxygen
free, anhydrous;HF and HF - BF; mixtures has suggested that this color
is due to a protonated species such as, for example, in the case of

anthracene

Although'this conclusion is supported by an analysis of the nuclear
magnetic resonance spectra'ofhthe solutions (16), non-protonated carbon-
ium ic us are producéd when anthracene, tetraéene and perylene are dis-
solved in concentrated sulphuric acid. The spectroscopic behavior of
these ions has been fully investigated by Weijland (17). The diphenyl
polyene series has also been studied by Van Der Meij (18) who found that
in sulphuric acid, measurements of the absorption spectra revealed that
the color was due to the divalent positiﬁe ions but no monopositive ions
were found. It is also interesting to note that the electron spin
resonance spectrum of tetracene in sulpﬁuric acid has been measured (19),
and foints ¢o an oxidized,bht not protonatedﬁcarbonium radical cation.
In the triphenylmethyl series, triphenylmethyl carbonium ion itself
has received the most attention. Since our research concerns principally
carbonium ions of this type, work done on this will be reviewed more
closely. Triphenylmethyl carboniumions may be prepared in two different

wayse In concentrated sulphuric acid, triphenylmethyl carbinol ionizes
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according to the equation

(CgH; )5 COH + 2H,S0, —>» (CgH;)sC" + H;O' + 2HSO, ~
This mode of ionization has been demonstrated by the fact that the solu-
tion is conducting; that cryoscopic measurements give a Van't Hoff i
factor of four (20); and that the absorption spectrum of the solution
is very similar to that of triphenylmethyl chloride in sulphur dioxide
(21). Apparently, the ionization is COmpléte. The second way to prepare
the ion is to dissolve triphenylmethyl chloride, perchlorate or fluoro-
borate in an ionizing solvent. However, conductivity measurements of
triphenylmethyl chloride in liquid sulphur dioxide (D = 16) indicated
that this compound is only partly ionized and that the conductance data
can be analysed in terms of two discrete processes; ionization to ion

pairs, and a dissociation to free ions (22):
(CG H5)3 C_c]- o< — (C6 I‘IJ; C+Cl- —— (06 @3 C+ + Cl_

In nitromethane (D = 37) triphenylmethyl chloride jonizes to a smaller
extent than in liquid sulphur dioxide, but the ionized portion appears
to be entirely in the form of free jions (23). It is therefore very
important in discussing "ionizing solvents" to differentiate between
their capacity to assist ionization and their capacity to sustain
dissociation. It is not surprising, therefore, that triphenylmethyl
chloride which gives rise to significant concentrations of free ions
in liquid sulphur dioxide does not appear to do so in acetic acid

(D = 62), even in the presence of Friedel-Crafts catalysts (24).
However, Gatzke and Stewart (25) speculated that the lowering in the
apparent degree of ionization of triphenylmethyl salts in organic

solvents may be due to the rapid hydrolysis of the carbonium ion by the
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small amaunts of water present in these solvents;
The exceptional stability of this ion has also been the subject
of considerable interest. Undoubtedly resonance stabilization of the
jon is to a large extent responsible. However, Deno (26) has provided
experimental results in support of his view that resonance, if impor--
tant at all, involves only one or at the most two of the aromatic ringse

His line of reasoning is based on two observations. The first was that

C

CH, CH,

CH OH

CHj CH; CH;

(D (1T
(I) and (II) have approximately the same ionization constant in concen-
trated sulphuric acid. This similarity in the tendency to ionige sug-
gested that the o-methyl groups in (II) were not inhibiting the resonance

stabilization of the carbonium ion. The second cbservation was that

1

0
+$

Ci Cl Ccl Cl

(III) (xv)
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(III) and (IV) have the same absorption peak at 450 mp. This he inter-—
preted in two ways:
(a) the third phenyl ring contributes very little to the resonance

e

stabilization, L
(b) each of the three ring;iin (III) makes an equal contribution but
that this contribution is small because of the angle of twist
of the ringse.
On the other hand, it has been known that a regular relationship
exists between the ionization constant of a series of triarylmethyl
chlorides measured in liquid sulphur dioxide at 0°C and the difference
of delocalization energy between the ion and the molecule as calculated
using molecular orbitals. Streitweiser (27) has plotfed K, Vveso A (DE)
and obtained a smooth curve. There also appears to be a correlation \
between the pKROH and the change of resonance energy in going from the F
carbinol to the carbonium ion as shown by Gold (28). g

Most of the information discussed was obtained by non-spectro-

scopic techniques such as conductance, kinetics or equilibrium msasure-
ments. In deriving conclusions pertaining to intrinsic molecular pro-
perties, it is important to bear in mine the grossness of such methods.
For instance, in the correlation between pK or Ki values, with resonance
energy, it is actually the free energy change, AF, of the reaction which
is being compared.  AF of a reaction, however, depends on many factors
other than resonance energy, such as steric energy, and solvation energye.
Unless these factors can be neglected or kept constant, conclusions
based on this kind of comparison may be erroneouse.

Closely related to the question of resonance is that of the geo-
metric arrangement around the central carbon in the carbonium ion. Stereo-

chemical evidence seems to indicate that in SNl solvolytic reactiony, in which a
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carbonium ion is 1likely to be involved, the central carbon has a
planar sp? hybridization.' ‘Until" 1950, it was generally believed that
the three benzene rings around the central carbon atom could exist in
two isomeric forms (29), one symmetric "propeller-like'" and one asymmetric.
In terms of symmetry groups, the flat-plane, symmetrical propeller, and
asymmetric propeller configuration belong to D3h’ D3 (or C3v) and D2
respectively. Spectroscopic analysis seems to favor the D3 (or c}v) con-
figuration (30). The analysis by Sharp and Sheppard (31) of the infrared
spectrum of crystalline triphenylmethyl s@alts 'has supported the D3 con-—
figuration of this ion. Furthermore, the work of Looney, Simpson and
Adam (32) indicates that it is unnecessary to invoke two isomeric forms
to explain the spectra of the closely-related triarylmethyl cations.

Compared to triphenylmethyl, relatively little work has been done
on Mono-, Di— and Tri-xenyl methyl carbonium ions. The bulk of the
work done has been in connection with the methods of synthesis (33).

Although the work done on the subject of aryl carbonium ions is
considerable, it is by no means exhaustive. For instance, it would be
of interest to be able to estimate the charge distribution and to deter-
mine the state of association of these ions. Secondly, in the work of
Weissman (30), a tentative symmetry: assignment of the energy levels of
these ions has been made. However, iﬁ the opinion of the author, the
assignment is ambiguous and it needs further clarificatioh. Thirdly,
the empirical method of structure representation has been applied suc-
cessfully by Adam (32) to systems of triphenylmethyl and diphénylmethyl
dyes, notably in the cases of Crystal Violet, 4, 4'- Bisdimethyl amino
Fuchsone, and Methoxy Malachite Green. The close similarity between

these dyes and triaryl carbonium ions suggests a fruitful extension of
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the method to the present system. The extension is more attractive when
the simplicity of the hydrocarbon system is compared to the complexity
of the dyes where the effects of the heteroatoms on bond energies, bond
Consider-

dipole moments and electronegativities can only be estimated.

ations such as these constitute the main purpose of the present investi-

gation.
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According to quantum mechanics, the motion of the electrons in a
molecular system is described by the Schrddinger equation which may be

written symbolically as:

HLP= Eq"o

where: H = Hamiltonian operator of the system,
Y = stationary state wave function of the system,
E = energy of the system in the given state.

The possible solutions of the above equation give the energy levels
as well as the wave functions from which any other dynamic property of

T

the system can then be calculated according to the formula?

(‘ob'F = fli-(opi"(P ar ,

wherez: <op> = expectation value of the desired variable,
Y = wave function for the state -of interest,
(op) = the operator of the desired variable,
ap = volume element.

A chemical problem is thus reduced to: the solution of a mathematical
equation. However, the mathematical complexity involved:is formidable
and aonly for;the simplest cases&are;theie exact ‘-solutions. TFor systems
of interest to chemists, various drastic approximations have to be
introduced into this theoretical framework in order to obtain useful
conclusionsa

The general methods for tackling this complicated problem involve

two kinds ofﬁafproximation. One of these is called the- - 'method of

variation'. From the Sghrddinger equation, one notices that the important
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quantities involved are the Hamiltonian H and the wave function \+& .
The method of variation is most useful when H of the system can be written
down with confidence, Then the wave function is approximated by synthesis
until the energy of the system becomes a minimum, Under this general
approach, one would expect minor variations depending on the manner of
approximating the wave function. The better known of these approxima-
tions are the molecular orbital method, in which the wave function is
constructed by a linear combination of atomic orbitals of the system,
and the valence bond method, in which the wave function is appraximated
by the different structures or bond eigenfunctions,

Another equally versatile approach is the 'perturbation method’'.
This is most appropriate in systems where the wave functions are known
with reasonable accuracy but the Hamiltonian is difficult to express.
One can then treat the awkward part of the Hamiltonian as a perturbation
on the Hamiltonian of a well-established and closely-related system,
provided that this perturbation is small enough for the method to be

applicable.

(A) Molecular Orbital Method:

In the molecular orbital description of molecules, it is assumed
that the atoms comprising the molecule do not preserve their individual
atomic orbital character but rather that the individual orbitals are
combined into a set of wave functions called molecular orbitals that
encompass the whole molecule. The electrons are assigned to these mole-
cular orbitals in accordance with the Aufbau principle and the Pauli
exclusion principle. In the case of orbitals of equal energy, Hund's

rules apply Jjust as in the case of atomic orbitals.
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With conjugated hydrocarbons, it is further assumed that the total
number of electrons can be divided into two types, i.e. the o and the
nt electrons. The former group, together with the 1s electrons of the
hydrogen atoms, is involved in the formation of the o bonds of the
molecule and move in orbitals which are strongly concentrated along the
axes of the bonds between the atoms. The orbitals of the n électrons
are, however, concentrated in directions perpendicular to the plane of
the molecules. Moreover, due to the fact that the overlap of the m and
o orbitals is negligble, the exchange between these electrons is usually
neglected or, at most, considered as an additive constant to the poten-—
tial energy of the m electrons.

Assuming that the m electrons move in the field of the core of the

molecule, the complete Hamiltonian operator for the = electrons may be

given by
- 1 e’ . .
H —z.ih(l) + ZZJ'_ZJ _— i#A 3 D)
13
where h(i) represents the sum of the kinetic and potential energy

the potential

of electron i moving in the field of the core, and

ij
energy due to the repulsion between electrons i and Jj.

In general, the eigenfunctions of this Hamiltonian cannot be obtained,
so that one is in practice limited to the use of suitable approximations.
There are several approximations of different degrees of sophistication

within the context of this method and which have application to this work.

(a) Hifckel Molecular Orbital Approximation {H.M.O)

Hickel replaced the complete Hamiltonian (1) by a sum of one electron

operators ﬁki):
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= 2 §
H = G Heyyo (2
each term of which stands for the kinetic energy of an electron i and
the average potential energy of the m electron. Exkplicit electron-

Telectron. repulsions. are neglected. According .to:Schrddinger's equation,

the total wave function \J4 must satisfy the condition,

HY = BEVY.
The best one-electron molecular orbitals describing the configuration

q) are those which minimize the total energy of the configuration in a

variational procedure. -This results in the condition that each must be

an eigenfunction of the one-electron Hamiltonian ﬁ(i)

B, =€W. S (3) \
Since the true eigenfunctions of this operator are not easy to obtain,

Hlickel approximated the one-electron m.o.'s by linear combinations of

the 2p_ orbitals of the 2n carbon atoms as

2n

Yo - Loy Py )

where Va b is the normalized 2p, orbital of the carbon atom p and the
summation extended over all carbon atoms. The best m.o.'s of this type
are those which minimize the energy €& . They can be found by varying

.the coefficients for each of the m.o.'s resulting in the following 2n

hpmogeneous“linear equations:
 2nm
? ip (Fps = €1 S) = O 2

. ~wheres Hs = fpp('ij ﬁ.(i) ¥ (1) - aF
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These equations will have a non-trivial soclution only if the secu-

lar determinant

IH - &8

ps ps I = O, (6)

is satisfied. The one-electron energy eili is then one of the 2n roots

of this secular determinant.

In order to evaluate & i and Ci s, Hilckel made the following assump-—

P
tions:
(1) the overlap integrals for all 2pZ orbitals are neglected
i.€e. S = O.
ps

When starting from normalized atomic orbitals, the integral

S becomes unity.
PP

(2) all Coulomb integrals ﬁ;p are equal to «a,

(3) all "resonance'" integrals H are equal for neighboring atomic

pPsS

orbitals and may be neglected if p and s are non-adjacent atoms,

i.e. ﬁps = B, b = S*l'
ﬁfs = O, p # s*1,

With the aid of these assumptions the secular determinant can be
solved, giving a set of 2n roots é-i' expressed in terms of two para-

meters o and B

E. = a + X; B (7>

i
Solving the homogeneous linear equation (5) for each root €
gives a set of coefficients Cip which according to equation (4) form
the one-—-electron molecular orbitals kP i of energy & ;e

Even with these simplifying assumptions, the secular equation is

-
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usually of such a high order that the mathematics are rather involved.
To help overcome this, the symmetry properties of the molecule are utilized.
Instead of molecular orbitals dedfined .as in equation (4) a new set of
symmetry—-adapted m.o.'s are constructed. The basis of this application
is that the probability of electron behavior must be the same at all
equivalent points of space. The new set of m.o.'s are such that there
is no interaction betweén m.o.'s of different symmetry representations
as determined by the symmetry group of the molecule. Consequently, the
original secular determinant is reduced to ‘a number of determinantal
blocks of lower order with concommitant reduction of algebraic difficul-
ties. EBach individual block can usually be solved quite easily.

The use of symmetry has far greater'significance than the mere sim- ‘!!
plification of the secular determinant. It plays a vital role in the
interpretation of electronic absorption spectra of conjugated molecules
as will be ‘sgem shortily.

For<a-numberfof:ténjugated_hydrocarbons,:the m.o,'s have some special
. properties. If the carbon atoms of a conjugated hydrocarbon are divided
intol two clésses (usually called the ."starred" and the "unstarred") in
such a way that neighboring carbon atoms invariably belong to a different
class, then.this,hydfocarbon is called . ‘alternant'. Alternant conjugated
hydrocarb;us can- further - -be subdivided :into 'even altermant', if the

- number of “s¢arréd".atoms is the same as that of the "unstarred" atoms,
oror--'odd alternant? if the.number of "starred" atoms excéeds that of the
" ynstarre'd™ atoms by an odd number. This cannot be done.in the molecule
iof the non<dlternant conjugafedlhydrocérbons, for -in their.:structure
’uone~6r more carbon rings occur with an odd number of ataoms.

For the even alternant hydrocarbons, the:roots of :the secular
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determinant are "paired", i.e. if for example ézj is paired to ij’
the relation
)ij = = Xy
holds. Also between the coefficients of the corresponding molecular

orbitals, ij and qjk, the relation

C. = &C
Jp kp ’

holds with the upper sign if p is a "starred" atom, and the lower sign
if p is an "unstarred" atom. For the odd alternant hydrocarbons, one
of the roots of the secular determinant is zero, i.e. :(j = 0, and
the rest of the roots are paired symmetrically to this value. The mole-
cular orbital corresponding to the zero root is called a non-bonding
orbital, whereas those corresponding to positive X are bonding, and to
negative Y anti-bonding. The charge density at an atom p in a conju-
gated molecule may be defined as

Occo. .

Q, = 21: Cip (8)

where the summation is over the occupied orbitals.
available

In this approximation, the electrons are placed into the

m.o0.'s in order of increasing energy as follows:

——— x—

3 K e —X:
— e e — e
(L (2

In neutral alternant hydrocarbons, the ground state of the molecule

can be represented as in (1) and the first excited state as in (2). The
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one-electron excitation energy for the transition from (1) to (2) is

then :

(@ + X3B) - (x = X;B) = (X - X;) B

These results are usually compared to the observed spectrum, and a value
of B = 25,OOOcm:1 is generally found for aromatic hydrocarbons (34).
There are a number of refinements to the H.M.O. method, for instance
the inclusion of overlap integrals and corrective terms to account for
the variation of « and B within the same molecule. One such technique
has been investigated with respect to the carbonium ions and is described
briefly in the following section.
In molecules where a net positive or negative charge exists, one
no longer expects the Coulomb integral a to have the same value as in
a neutral atom, especially when thé net charge is not evenly distri-
buted over all atoms. The existen;e';f“;QL positive charge means that
the screening seen by any one electron is reduced and the Coulombie

attraction to the nucleus is therefore increased, o for such a carbon

atom should have a more negative value. Conversely, a carbon atom with

a negative charge should have a less negative value of a. Wheland and
Mann (35) proposed that the value of a should be linearly related to

the charge. Their proposal may be formulated as

@, = o + (r - qr)(AJBo, (9

where | is a dimensionless parameter whose value may be chosen to give
the best agreement with the experiment. With one empirical parameger,
this (W —-technique introduces some electron repulsion within the frame-
work of the simple H.M.0. method. The use of this method in the litera-—

ture is still rather limited, but it has been shown to lead to improved
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calculated dipole moments for hydrocarbons and greatly improved energy
values for organic cations (36). The values proposed for the empirical
parameter W have ranged from 0,33 to 1.8, and an intermediate value of
l.4 seems now to be soundly established (37).

In principle, one first obtains the charge distribution according
to the H.M.O. method; this charge distribution is used to calculate
new a's according to equation (9). New orbital energies and charge
distributions are then calculated. This iteration process is continued
until the charge distribution no longer changes. The calculation is
then self-consistent. In practice, one cycle of iteration often suffices
for many purposes, although in the present application the values obtained
give a divergent sequence, so that consistency could not be obtaiped. 1..

In spite of reasonable success and simplicity, the H.M.O. method
leaves much to be desired. ©One very important deficiency in this method
is the neglect of all explicit inter-electron repulsions. A further
deficiency is apparent when the total wave function for the system is

examined. This function, gP s is a product wave function made up of

individual one-electron m.o.'s, i.e.,

“P= W, @) W, Y, 3 .
However, due to the indistinguishability of electrons, other product

functions such as
Y-y, P.@ VY. Y,

where the electrons have been permuted amcng the available levels, must

also be considered. The complete wave function should therefore be taken

as a sum of individual product wave functions in which complete permu-

tation of electrons and orbitals has been effected, Finally, being
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constructed as a product of one-electron orbitals, the wave function
does not, and cannot, take into account explicitly or adequately the
mutual replusion between electrons with the result that the electrons
of opposite spin in the same orbital get tco close ta éach other too
aoften. These and other shortcomings will have tc be remedied by fur-

ther refinements and such is the topic of the next section.

(b) Self-Consistent Field

This more refined procedure requires that we give each electron a
wave function which in addition to the space co—ordinates-also contains
the spin co-ordinates of that electron, and which will be called a
molecular spin orbital, q}:, where u stands for the co-ordinates of ‘l!
the uth electron and i labels the different molecular spin orbitals.
To take into account properly the identical nature of the electrons as
well as the Pauli exclusion principle, the total wave function is formed

as a determinant usually ¢alled the Slater determinant.

1
N

vl owl e @
%= Ny ¥

- P;

(10)

Heess 2N

The total Hamiltonian can be writfen as

2m
H = Z F(v) ?
v
where 2m is the number of mn electrons in the system and the one-electron

Hartree-Fock operator, F(v)' may be defined by:



Page 24

m
F(V) = h(v) =+ % (2vJ'i ——Ki)- (11)

The summation must be taken over all the doubly-occupied arbitals

in the ground state and the operators J. and K. may be given by:

a 1
LPZ
. (v) )
(j%—) g, @ dr, (12)

. (W w.v) |
(qul r:ta pidr. a3

The best possible ground state wave function E{’ is obtained when the

J;(v) ‘Pj(u)

K, (v) \Pj',(-u)

corresponding energy, determined by:
B -y = 5.9, (%)
is minimized by varying the normalized one electron m.o.'s. It can be

shown that the m.o.'s which minimize the energy of the ground state

must be eigenfunctions of the Hartree-Fock operator:

F\Pi = €3 Y;- (15

Thelgeneral procedure for solving Fock's eguations is one of trial
and error. One assumes a set of tP i's, calculates the operator F,
solves equation (15) for the n lowest eigenvalues, and compares the
resulting LP i's with the assumed ones. Guided by this comparison, a
new set of q) i's is chosen and the procedure is repeated. This cyclic
process continues until the assumed and the calculated \P i's agree.
This method for solvingFock'®s eguations is called the Hartree-Fock self-
consistent field (S.C.F.) methéd.

The application of this method to the problem of molecules is greatly
simplified by the suggestion of Roothaan (38) that the trial m.o.'s may

be represented by a linear combination of atomic orbitals. If one

substitutes:
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2n
Vi =ZI;Cip7ap ?
where %,P is the normalized 2pz orbital of the carbon atom p into

equation (15), the following results:

en 2n
21_) F-C ¥ =€; Zp C;p Pp (16)

Multiplying both sides of this equation by y?s and integrating over

the spatial co-ordinates, one obtains:

en 2n

pz Cip Fps = éi Zp Cip . sps ) (17)
This can be rewritten into 2n linear homogeneous equations:

2n

§% Cip (Fps- ei Sps) = 0,

which will have only a non-trivial solution if the corresponding

determinant is zero.

Fo - & SpSl = 0 . (18)

The general procedure for this method is then similar to that of solv-

ing the Fock equations. A set of coefficients for the m.o.'s which can

be taken from a H.M.0O. calculation are substituted and solved as in

equation (18). The resulting C's are compared to the assumed ones and

this process reiterated until the C!s no longer change and are self-

consistent. This method with further simplifications has been applied

by Pople (39) to some chemical systems of interest to the present work.

(B) Valence Bond (V.B.)- = -

Historically the valence bond method was developed at an earlier

date than the H.M.0O. method and is characterized by considering the

combining atoms as a whole. The formation of a molecule is thought of
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as arising from the approach at great distance of atoms in their valence
state. These are allowed to interact one with the other and in this regard
differs from the m.o. method where only the nuclei or nuclei plus inner
shell electrons are first brought into position at molecular interatomic
distances. The valence electrons are then allotted to polycentric
molecular orbitals and their interactions calculated.

For a system of n atoms, each with one valence electron, a possible
eigenfunction for the.system may be constructed as a product of one-

electron wave functions :

a(l) b(3) c(3)eceececeen(n) ,

where a(l) represents that electron 1 is in atomic orbital a. Any func-

tion which may be obtained from this by permutation of the numbers 1, ‘

2....n is an equally good wave function. To be complete, each of the !

GORE

wave functions must be multiplied by a spin function of the type «(l)
a(2)eseoa(n). According to the exclusion principile, oﬁly those func-
tions are allowed which are anti-symmetric with regard to electron
interchange and this condition can be automatically satisfied by
writing the wave .function ms aSlater determinant. A shorthand notation
of the determinant in which only the diagonal term is written out
explicitly isz

<ja b C esseseses N

LP = s
o a B ecsesee @

where the a, b's are the individual atoms and the a or B are the spins
of the electron assigned to the atom written above it. For a system
of n electrons, there will be 2" such determinants. This number can

be materially reduced under certain circumstances.

Of paramount importance in the valence bond method is the concept
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of electron-pair bonds. A bond is said to form between atoms a and b,
if the electrons in a and b have opposite spins. The system will be
most stable if there is a bond between every pair of atoms. For atoms
of low atomic number, such a distribution of spins corresponds to
Sz = O, since the z components of spins of each electron pair cancel
each other. It is also reasonable to assume that the most stable con-
figuration of the system would bethat corresponding to the maximum
number of short bonds. Therefore, for the ground state of the system,
only those determinants where Szequals zero are of importance. However,
not all of these functions are necessarily independent, and some may
be expressed as linear combinations of others. The number of linearly

independent functions is given by Rumer's rule:

N =" n! -
(gz(%+1)z ’

where n is the number of atoms. Similar rules exist whereby the sim-

plest "cannonical structures" or linearly independent bond eigenfunc-
tions may be chosen. Under certain circumstances it is possible to
eliminate some of those wave _functions which correspond to bonds over
long distances: (long bonds) such as the "Dewar'" structures for benzene.
These bond eigenfunctions constitute the bases of a variation

treatment and eventually a secular equation of the following form is
obtainedt

' H, .

13

where Hij =‘fk|.li HqJJ ar o sij =Jk|)i kPj and P, , P are the bond

eigenfunctions. Matrix elements are expressed in terms of Coulombic

integrals, Q, and exchange integrals, A, where?
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Q “[ka becd) H(abecd)adr,

A

f(ab)H(ba)dl' ,

a, b, are the atomic orbitals, and the order for the electrons is 1,

2y 3.eeetc, To facilitate the calculation of matrix elements, a number
of empirical rules have been proposed and among these, Pauling's method
is the most widely used (40).

Although this scheme works very well with certain small molecules,
it becomes very involved as the number of centres increases. It should
also be realized that in the form outlined, only neutral atoms at large
internuclear distances are involved, a situation which corresponds in

the limit to homolytic cleavage of the bonds. At shorter internuclear

distances, corresponding to the actual molecular size, the possibility
of charge separation exists in that one carbon. atom may, on the average,
have more than its share of the electrons, while another has less.
These polar structures have high energies at large internuclear separa-
tions but may not be neglected in an actual molecule with the appropriate
equilibrium distance. Accordingly, many polar bond eigenfunctions should
be added to a valence bond calculation if exactness is desired., Needless
to say this adds considerable difficulty to the already complex case
of large molecules.

It can be shown that the valence bond method and the molecular
orbital method are equivalent in the ultimate refirement. However,
these methods often become very cumbersome and it is instructive to
compare their respective merits based only on their simple approxima-
tions. J.W. Linnett (41), in connection with his proposal for a new

approach to the molecular calculation problem, gave the following
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comparisons for the ground state energy of the allyl positive ion:

Method Energy (S.ve}
Valence Bond -28.678
M.O. (H.M.O.) -28.830
"Best" method -30.396 .,

The "best™ method in this case is based on the valence bond method
taking into account all the possible structures of the ion including
long bonds and polar structures, while that of the '"valence bond' method

is based only on two non-polar structures,

b

e b\c S -

This comparison indicates that the two methods are equivalent in
this simple system but both fall short when compared to the '"best"
method. Mathematically the m.o. method is simpler than the valence
bond method. However, the latter has the advantage of being more closely
related to the classical theory of valence in chemistry and it would
therefore be highly desirable to have an empirical method based on valence

structures. An attempt in this direction is treated in the following

section.

(C) Structure ng;esentation:

In a series of papers (42, 43, 44) W.T. Simpson proposed an empiri-
cal method of classifying the m electronic state of molecules based on
structures. In this scheme, the m electronic states are divided into

two classes; one arising from resonance among ''normal' structures (N

states) and the other from resonance of "excited" structures (E states).
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Normal structures as used in this method are those structures written
according to the classical theory of valence. For instance, in the case
of benzene, the two Kekulé structures are the normal structures. The
three Dewar structures are excluded on grounds of stability. Excited
structures are those which arise from excitation of a particular double

bond.,. In benzene, these structures were represented as:

= P
I

(1) (2 (3)

The position of the arrow indicates the particular bond which is ‘!!
being excited, and the direction of the arrow gives the direction of
the instantaneous transition moment. Each of the two Kekulfé structures
therefore generates three excited structures.

Compared to normal structures, excited structures are higher in
energy and they therefore usually represent the upper states of the
molecule. The method begins on the hypothesis that there are as many
low=lying states as there are normal structures, and also, as many
excited states as there are excited structures. For this to be valid,
it is required that all the wave functions corresponding to the normal
and excited structures be linearly independent. It is fundamentally
difficult to prove the independence because explicit expressions cor-
responding to these structures are usually lacking. In cases where
there is no ambiguity as to what normal structures should be considered,
it is possible to show this independence, as for example in benzene and

butadiene.

On the other hand, it is easy to Justify this hypothesis from
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experimental observations. For instance, using only the two Kekulé
structures and the point group (D6h) of benzene, only two states with
symmetry Alg ané B2u may be generated. These will be the normal states
of the molecule, and experimental observation indicates that the first
transition of benzene is in all probability of Alg-—e> B2u. The best
examples for excited states are those of polyene in which there is only
one normal state and as many excited states as there are double bonds.
Absorption spectra of polyenes and carotenes had been treated satisfac-
torily (45, 46) by this method.

This method provides not only a symmetry classification of electron
states for m electron systems but also predicts the polarization of the
optical transitions. When there are just two equivalent normal struc-
tures, the prediction of the polarization of a transition between states
involving these structures is particularly simple. In general, the
direction of polarization of the transition moment vector is the differ-

ence in the moments of the structures. Thus, for example, with a dye

having the follow;ng structures.

. + .
(Me), N A ——N (Me), ,

the electric vector of the light interacts most strongly with the mole-
cule along the nitrogen-nitrogen line. Qualitative examples of this
nature are ample in the literature. However, to convert this idea into
an empirical method capable of yielding quagtitative results requires

a certain formalism which is given as follows.

In this method, it is considered as given; (i) n structures and

|
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their behavior under the operations of the point group of the moleculie;
(ii) n energy levels and their symmetry species; and, (iii) that the
transformation properties of the structures are consistent with the .
species of the state of the molecule. The plan is to start with the
observed electronic energies for a given system, regarding them as
diagonal elements of the energy matrix in a Heisenberg representation.
Then instead of making the prohibitively difficult transformation to
the Schr'ddinger representation, a transformation is made to an inter-
mediate representation characterized by the property that the base
vectérs are associated with structures. This new representation
is the "structure representation'. It has certain of the qualities of
the Schriddinger scheme in that there is a "shape'" or configuration
aspect, but there is also greater opportunity for the exercise of
gquantum mechanical and chemical intuition. The given structures and
the transformation properties one uses in defining the structure repre-
sentation, are not considered to be quantum mechanical entities. They
are considered to be defined instead by the classical theory of valence;‘
These shall be referred to as 'structures {(1>', On the other hand,
matrix elements in the structure representation are, when derived from
observed energies, exact quantum mechanical quantities; They may then
certainly be considered as derived from interactions among wave func-
tions in suitable combinations which exactly represent the various
energy eigenstates. The squares of these component wave functions are
called 'structures<{2>'.

One fundamental assumption is that ‘'structures {1>' are equivalent
to 'structures {2)' with respect to transformation properties, energies

and other gquantities. This equivalence must be understood to be a
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relation which is not quantum mechanical. In other words, when we use
structures, we ignore the detailed shape of the true wave functions of
the state, retaining only the transformation properties of the structures.
For instance, the ground state of benzene, when properly represented
should include the two Kekulé structures, the Dewar structures, and
some of the ionic structures. But in the present method all these
are lumped together into two Kekulé-like structures, with the hope that
the linear combination of them will generate a function which transforms
as that of the true wave function. Obviously, this is a rather drastic
approximation, but the success of the method in many applications af-

fords a certain degree of justification. Mathematically, the formalism

is represented as:

A
E' = S ES, (22)

P

where ¢ E' = non-diagonal energy matrix in the structure represen-
tation,
1
’§: = inverse of the transformation matrix,
E := diagonal energy matrix in the Heisenberg representation,

To illustrate the foregoing procedure, we may consider benzene with

only two equivalent structures:

(L (2)
After performing the operations of the point group D6h' two combina-—
tions persist after normalization; —E;-A{(l) + (25} of symmetry A;
Y g
Vv 2

and<—l_ {(1) - (2%} of symmetry Bzu' These vectors form the columns
2

A
of S and the complete matrix is then:
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1 1

e - =
Sz S .

The observed energy of the A18 —3 B transition is 3.81 in units of

]
I

2u
L o
10 cm.l. Thus the Heisenberg energy matrix has the following form:
o) o)
B =
I~
o 3.81 ’

if the ground state is taken as the zero energy point. From equation

(22) the energy matrix E' in the structure representation is?

/1.91 ~1.91 E, 4 £,
= - g£Es - - -
-1.91 1.91/ E 4 5, /-

The matrix elements E,, and E,, give the energy of a single Kekul®e struc-
turey and BE,, and B,;, the interaction energies of the two structures.

It also represents the vertical resonance energye.
.y
In some complicated cases, the transformation matrix S may not

be found so conveniently. When the structures of a molecule are not
all equivalent, then there may be more than one non-zero linear éom-—

bination belonging to the same symmetry species. For instance, in

triphenylmethyl carbonium ion, there are four structures with low energy

()

SO
pelicae

(L) (2)
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3 4)
Structures (1), (2) and (3) are equivalent to each other, but not to
structure (4). Taking 03 as the molecular point group there will be

two non-zero linear combinations belonging to the A species, namely:

(1) « (2 + 3,

A linear combination of these two would therefore be necessary to
represent the A species and consequently 1:he‘_§::1l matrix will be a
function of one variable, namely the mixing coefficient "c".

This method is particularly fruitful when applied to a homologous
series of molecules as in the present research. For these, stationary
state energy level shifts due to slight structural changes can be
"C"

predicted and the problem associated with determinihg the variable

can also be solved. This possibility occurs when the following
assumption can be made:

+ (33 A

= E'(A) BE?

E' )

- e

where: B! = energy matrix of the parent molecule,

energy matrix of the perturbed molecule,

perturbation energy matrix brought about by the

o
g
I

structural variation.

Since this perturbation energy matrix has the form:
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8F; 4
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"

bj 08800

6nl ® 0 ¢ 8 000 00 o o 6E »

and the matrix elements correspond to classical structures and their
interactions, they may be chosen with the help of chemical intuition.

By carrying out the reverse transformation:
1

By = EF@ X o
energies will be obtained in the Heisenberg form, and compared to the
experimental observations for molecule B. At best fit, the problem is
then considered solved.

. The ordinarily difficult calculation'of transition intensities can
be.treated in a similar way. If x' and y' are the electric moment

matrices in the x and y direction for the molecule in the structure

representation, then the transformation equations:

x" = S x S

P~ o~ o~ T
<

y' = S~ y S ,

still hold. ' In this case, the electric moment matrix is diagonal in the

structure representatiion  -and in favorable, cases it may be estimated from
1

bond length wmnd: bond- angles. for the molegcules under consideration. ‘Ei
will be the same transformation matrix as found in the transition energy

‘problem. The transition.moments may be read from the non-diagonal

elements of thée x and y matrices. £
e o~

$hHe application of this method hinges upon the requirement that the

absorption spectrum of at least one molecule must be fully analysed with

regard to energy, intemnsity, and polarization, The transformation matrix

1 ’ - - -
S~ is of paramount importance in this formalism and its determination

Lo d

will be shown in detail in a later section .
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(D) Nuclear Magnetic Resonance:

For a very long time, energy has been the only criterion of
accuracy of a theoretical wave function. This was so because the
most powerful and widely-used technique for getting approximate solu-
tions to the wave equation has been that of minimizing the energy
function. Even after discounting the great difficulties associa-
ted with this procedure, the energy itself is found to be too
insensitive to indicate the best fit of a wave function. Recently,
the rapid development of spectroscopy in the radio and microwave region
has openéd up other possibilities for testing wave functions. With
the realization that in addition to the kinetic, potential and matual
repulsion energies of the electrons, the Hamiltonian should rigor- ‘!.
ously include terms to account for spin-spin coupling; spin-orbital
interactisn; the éoupling of electron spins and nuclear spins,
quadruple moment intef;céions, and for the interactions that result .
from the coupling to externally applied electric and magnetic fields;
Thesé terms have béén neglected in the previous discussion because of
their minute magnitﬁées. Although the energies involved are .incon-
sequential in ultra-violet spectroscopy, it now appears that experi-
mental measurement of the effect of these terms provides an excellent
test for any proposed electronic wave functiqn. This is possible
because these terms are not large enough to cause any serious modifica-
tions of the wave function (pr of the electronic energy) but,. on the
other hand, their effect may be used as microscopic measuring probes
with the ability of being placed within the electronic charge-cloud
without affecting it in any gross way. In other words, the sole

criterion of energy may give general ideas about the wave functions,
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but these smaller interactions provide the detailed shape of the
functions. The quantity most appropriate for the present research
is the proton chemical shifts as measured by nuclear magnetic
resonance experiments.,
It is well-known that an isolated nucleus with spin I in a

uniform external magnetic field Ho has an interaction energy equal to

E = hr, H I, (23)
where: r, = nuclear magnetogyric ratio,
Iz = =z component of nuclear spin I,

In a molecule, the energy is modified according to the actual magnetic

field experienced by the individual nucleus so that

E = ‘F,ri H, I_(1) . (24)

The resonant frequency is therefore:

r, Ho (1 - 01)
v, = .
27

where a'i is the screening constant of nucleus i.

Accofdingly, for nuclei. in different environments, the absorp-

tion frequency will differ by virtue of the different screening con-—

stants. This can be expressed as:

where A and B designate different locations in the molecules. 6AB is
called the chemical shift parameter and is measured experimentally
with respect to some suitable standard.

Nuclear screening srises from the secondary magnetic field produced

by the induced electronic circulation around the individual nucleus when

a uniform external magnetic field is applied. The magnitude of this
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secondary magnetic field may be calculated, and from this the screening
constant. For the simplest system of a free atom in a !S state, it is

given by Lamb's formula:

2 oo
o = Lﬁtez r P (r) dr‘ . (26)

m
3mc °

where P(r) is the electron density at a distance r from the nucleus;
However, if the nucleus is in a molecule, this simple formula can no

longer apply. The general expression for anisolated molecule was given

by Ramsey:
2 4 2 _1
o - e? x2+y2/0d‘,. . & zn’{o (En"Eo)
2z 2mc? r3 2m? c2
27)
N s) 238 2 b
o =. n)x(an————O)+(OIZr————|n)
g ) k "k k "k _
OI V8 q):l l ' & <Pk I 6 ‘Pk
- )
(nj2 . o) ,
nI J B <P . |
J
where: En - Eo = electronic excitation energy from state O —> n,
Oy n = ground and excited electronic state wave functions,

respectively,

azimuthal angle for rotation about the z axis.

3
The first temm in the Ramsey formula is similar to the Lamb formula

for atoms and becomes identical with it when averaged over all direc-—
tions. The integral is taken over the entire molecule, so that physi-
cally it corresponds to what the shielding would be if the whole elec-
tronic structure of the molecule is rotated about the nucleus. The second
term corrects for the hindrance to this free rotation by the nuclear
field. In other words, the chemical shift is the sum of a diamagnetic

and a paramagnetic. term..
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In its present form, the Ramsey formula is not convenient for
practical use. It gives the total screening of the molecule as a
whole and in large molecules, these two terms essentially cancel each
other. In order to derive specific information from the measurement
of chemical shifts, it is therefore highly desirable that the total
screening be broken down into local contributions for a particular
nucleum. Saika (47) suggested that the molecular screening could be
approximately divided into separate atomic contributions. They are:

(1) “the diamagnetic correction for the atom in question;_

(2) the paramagnetic correction for the atom in question;

(3) the contribution from other atoms. ‘
The mathematical basis of this breakdown into atomic parts has been
shown by Pople (49) to be valid.

Of more immediate interest to the present‘research is the recog-
nition that proton chemical shifts in aromatic molecules seem to re-—
flect the m electron density on the carbon atom to which the proton is
bondeds For example; Corio (49) measured the proton magnetic reson-
ance spectra of a numbérof'mono—substituted benzene molecules and found
that the measured chemical shifts indicate differences in the electron
distribution at the ortho, meta and para positions of the benzene ring.

The compounds investigated range from the electron-withdrawing nitro

group to the: electron-donating amino group. The chemical shifts

clearly reflect the relative deshielding and shielding effects of
these two.types of functional groups. More convincing evidence.of

fts comes- from the resonance

the charge effect in' proton themical shi
spectra of non-alternant hydndcarbonSg In such cases, the ring current

model which gave a satisfactory interpretation of -the pfotdn chemical
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shifts in the spectra of alternant hydrocarbons was found to be inadequate.
For instance, in azulene (50), the total spread of the multiplet predicted by
the ring current model is only 0.5 p.p.m. (parts per million), whereas that
observed is 1.3 p.p.m. This failure of the model is attributed to the
highly asymmetric nature of the electron charge distribution in these
molecules.,

Experimental evidence in this direction has led to the proposal of a
simple linear correleation between the proton chemical shifts, &, and the

local "excess" charge, Af’, located on the carbon atom, in aromatic systems;

thus,

& = kap , (28)

where the constant k was found empirically to have a value near 10 PePome/
electron. The validity of equation (28) has been tested in cases where
electron densities can be calculated (51) and reasonalble agreement with
experiment is obtained.,

These considerations have application in the present research in the
following ways if the charge distribution in the ground state may be

determined from the proton resonance spectrum, then this may be compared

to the wave functions obtained from considerations of the optical spectrum.
In fact in certain favorable cases it might be possible to calculate the
N.M.R. spectrum from the optical spectrum and vice versa. This new approach

has accordingly been investigated in the present research.
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The essential features which characterize an absorption spectrum
in the optical region are the energy of absorption, the intensity of
the absorption and the vibrational or rotational structure of the band.
Another feature which is not obvious from an inspection of the spectrum is
the polarization of the various transitions, which is to say ‘the direction
in which the excitation has changed the dipole moment of the molecule
when referred to a molecular frame. Since the emission process is es-
sentially the reverse of absorption, these features are equally impor-
tant in the study of luminescent processes. Although emission of gaseous
molecules at very low pressures is the exact revemsal of the absorption
process (resomance radiation), in condensed phases the emission process
may be modified somewhat by intermolecular collisions and other pro-
cesses which carry off some oxr all of the excess energy of the excited
molecules. The effect of intermolecular interactions is to broaden both
rotational and vibrational structure so that electronic spectra in sol-
ution are characterized by very broad bands which have at best only
little vibrational fin; structure remaining.

In these cases, it is evident that discrete vibrational states
still exist although for a particular molecule they may be modified by

the exact nature of the solvent environment in which the particular molecule

finds itself excited. For a given molecule in the ground state, the vibra-

tional levels will be populated according to a Boltzman distribution, and
at typical temperatures most molecules will have zero point vibrational

energy. On absorption of radiation they will enter some excited state

which may have more than zero point vibrational energy, but with a
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probability in part dictated by the geometrical similarity between the
vibrations in the two states. This process is very rapid, occuring in
about 10—15 seconds. Collision and vibrational deactivations occur nearly

as rapidly, and any excess vibrational energy is quickly carried away by

11 lO_lé seconds,

the solvent. This occurs in a time interval of 10~
and thermal equilibrium with the medium is soon established. Thus any
emmission act, a process which takes at least 10—9 seconds,. must follow
this vibrational "cascade'" so that emission nearly always occurs from
the lowest vibrational state of the excited molecule. As a consequence
of this, the emission has vibrational fine structure characteristics

of the ground state while the absorption has the characteristics of

the excited state vibrations. This situation may be better understood
with the help of Figure (1). When these vibrations are associated with
large aromatic molecules, where the geometry between the electronic
states does not markedly change, then the vibrational fine structure-
will be similar for the absorption and emission bands except that they
will be mirror images and the emission will be displaced to the red end
of the spectrum. The process may be represented as in Figure (1), where .
process (a) is absorption, followed by vibrational deactivation (b) and
emission (c). When other excited states are available (B and C in
Figure (1)), conversion from the higher state to the lower excited state
may occur when vibrational displacements and velocities are similar be-
tween the two states. This vibrational cascade then takes the molecule
to its lowest possible excited state much more guickly than the emission
process can occur with the result that emission from higher excited
states is rarely observed (52).

In many cases the lowest excited state is not one which combines
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readily with the ground state, and the probability of emission is very
low. This results in a meta-stable state which will be discussed later,
but is experimentally characterized by the observation that emission
occurs a long time;(>)10_9 sec.) after the initial absorption. This is
called "phosphorescence'" or "after glow" to differentiate it from the
rapid process or "fluorescence'. Fhosphorescence is not the reverse
process of absorption and usually does not have the "mirror image"
quality and is shifted to much lower energies than the absorption;
Nor will the ph§sphorescent band have a similar polarization to the
fluorescent band.

To understand the question of polarization, recoursemust be made
‘to the quantum theory of radiation, wherein a molecule absorbs radiation
;only when there is a change of electric dipole moments between the final

gand initial states of the molecule. The intensity of an absorption band

i
‘is proportional to the transition moment which is given by:

R = j‘]/i Sm) P, ar , (29)

:
:wheres R = transition moment,

Vi Vs
= (m;) = operator of tha sum of electric dipole moments and the

integration is carried out over all co-ordinates.

¥
4

wave function of initial and final state,

%In order that a transition 'be allowed', R must not vanish. The condi-
itions under which R has a finite value, or vanishes, can be most con-

zveniently investigated by the group theoretical method. It demands that

¢

the symmetry product of the integrand contains the totally symmetric

representation. In most organic molecules, qu, the initial state is

e

‘already totally symmetric and this reduces to the requirement that
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Ei(mi) qu must be totally symmetric. This is possible only if }i(mi)
and qJ £ belong to the same symmetry representation.

The operator :E (mi) is a vector, and therefore has three components
me, zmy and Zmz with respect to the molecular frame. The space com-
ponent which meets the above symmetry requirements determines the direc-
tion {or polarization) of the transition. The importance of the polariza-
tion of a transition cannot be ' over-estimated since it gives the sym-
metry classification of the final state function t+1f and very often is
the decisive criterion in the theoretical assignment of electronic
absorption spectra and energy levels.

Experimentally, there are two general approaches to determining the
polarization of a transition. The first and most obvious is by actually
orienting the molecules by some means. Single crystals are ideal in
this respect, but suffer from the limitation that the high density of
absorbing species makes absorption spectroscopy difficult. There is
of ten uncertainty in the crystal structure as well. Techﬁiques involv-—
ing substitution solids have overcome these problems, at least where a
suitable host crystal can be found, and where the host and guest spectra
do not overlap in the spectral region of interest. Aromatic hydro-
carbons very often possess such characteristic properties and‘the best
example of this technique is in determining the polarization of the
naphthalene transitions using a solid solution of naphthalene in durene
(53)., Other methods under this category include the study by dichroism
of either stained cellophane films (54), or orientafion effects produced
in stretched fibers or streaming long chain dye molecules (55). None

of these methods, however, has yet been developed into a broadly appli-

cable tool for determining polarizations.
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The alternative arproach does not require actual orientation of
the molecules, but utilizes instead the anisotropic property of linearly
polarized light. Such radiations will select and excite only certain..
moleculés within a randomlj.oriehtedjéamplé,yand will 'give . rise to.a
polarized fluorescence. This is the method used in the present research,
and a more detailed description of this technique follows.

The principle of this method can best be illustrated by referring

to Figure (2) which represents a somewhat idealized case of a disubstituted

benzene
Figure (2) .

y! Polarized Fluorescence Technique

| _x.

///\

/B\//A\

N —>

(a) (v) (c)

.G

Imagine that individual molecules are held rigidly in place in an

inert transparent matrix and that each of the molecules has a long axis,

x', and a short axis, y', in the molecular frame. The co-ordinates of

the laboratory frame are x and y. Suppose further, that this molecule

has two absorption bands, a long wave length (A) transition polarized

in the direction of x' and a short wave length (B) transition polarized

y' as in Figure (2){(c). Ina sampile, the molecules will be oriented ran-

domly with respect to x and y. For the sake of simplicity, two molecules,

one oriented with its x' axis along x, and the other its x' axis along ¥y,

are chosen. When light polarized along X and of wave length A is passed

through the sample, the only molecule excited would be the shaded one

in Figure (2)(a) whith has x' paralleéel to x.- In. a rigid glassy medium,
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this molecule will be "clamped® in this particular orientation, and after
a time interval of about 10—8 sec, will fluoresce. The axis of fluores-
cence is the same as that of absorption, i.e. along x', so that if the
polarization of this fluorescence is measured, it will be found to be
parallel to the incident light. Let this absorption be called the
"parallel band'". When, however, light polarized along x as before but
of wave length B is passed through the sample only the unshaded malecule
will be excited, but to a second excited level. Such a molecule will
lose energy by vibrational cascade until it reaches the first level
whence it fluoresces. However, the polarization of the fluorescence
will be in the y direction and will therefore be perpendicular to that
of the incident light. Let this be called the '"perpendicular band".
Similarly, the polarization of other bands can be determined by measur-
ing the polarization of the fluorescence of the sample relative to the
incident light, which is to say the relative polarization of the different
bands with respect to the first absorption. For example, relative to
the A band, the B band is perpendicular in the case under discussion.

To determine the absolute polarizations, the polarization of at least
one band has to be known unequivocally. This is often possible through
either independent experimental determinations or from theoretical con-
siderations.

In actual practice, the polarization of the fluorescence has finite

' values in both the parallel and perpendicular directions. This is due
ito the fact that not only molecules with their axis oriented parallel
;to the incident light wector will be selected, but also those with
islightly different orientation wherein the'transition probability is

Fproportional to the cosine of the angle between the transition moment
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vector and the vector plane of the light. For this reason, a quantity

called the 'polarization ratio' is defined:

p =

P has the maximum value of 3 for parallel and the minimum value of .5 for
a perpendicular band, and a value of 1 for a depolarized band.

Naturally, the use of polarized fluorescence technique depends upon
the emission being experimentally observable; an& is most easily applied
to the system when the emission and low energy absorption processes are the

reverse of each other. However, in many cases, fluorescence and phosphorescence

are observed simultaneously in the same molecule (56). As a result,; the \

phosphorescence must be discriminated against in a polarization deter-

mination if reliable results are to be obtained. Some cases are known
where the fluorescence has the mirror image of the absorption but may
exhibit the characteristic glow of phosphorescence. These cases may
be explained by the Jablonski hypothesis wherein molecules in the

phosphorescent state are thermally excited to the fluorescent state.
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Part A: Nitrosobenzene

ﬁ;) Materials:

(g) Nitrosobengzene

Commercial grade nitrosobenzene was used except in the spectro-
scopic determinations where high purity was necessary. In these
cases it was purified either by recrystallization from alcohol or by
vacuum sublimation. The latter was effected by connecting a cold-
finger trap to the vacuum system using dry- ice-acetone mixture as a
coolgnt. The nitrosoben;ene thus formed was the colorless dimer with

an uncorrected melting point of 67-69°C (1it. 68°C). Either material

gave essentially the same results.

(b) Trimethyl nitrosomethane

The general method for the preparation of nitrosdqcompounds was
_oxidation of the corresponding amines with Caro's acid., The acid was
prepared by grinding potassium persulphate with concentrated sulphuric
acid in a mortar well cooled with ice. The mixture, after standing for
one hour, was poured onto crushed ice and neutralized with sodium .
carbonate (c.f. Gattermann (57)J.

Tertiary butylamine was oxidized in the above manner to %rimethyl
nitrosomethane but the product was so unstable that it resisted all
attempts to separate it in the crystalline state. Its spectrum could
be taken only when freshly prepared and this seriously limited the

quantitative aspects of the measurements.
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(c) p-Nitroso.dimethyl aniline

p-Nitroso dimethjl aniliﬂé was bfepafed b& direct nitrosation of
dimethyl aniline., This latter compound was dissolved in dilute hydro-
chloric acid and cooled to 0°C with ice. Ah aqueous solution of sodium
nitrite was then added slowly and a yellow hydrochloride precipitated.
out. This was dissolved in a minimal amount of water and neutralized
with base, after which the p-nitroso dimethyl aniline was extracted
with ether, and recrystallized from either benzene, decalin, or petro-
leum. The deep green crystalline products were found to have uncorrected

melting points lying between 84°C and 86°C (1lit. 85°C).

(da) 2,6 - Dimethyl nitrosobenzene

This compound was prepared by oxidizing 2,6 - dimethyl aniline

with Caro's acid, and was recrystallized from ethanol.

(e) 2,4,6 - Tribromo nitrosobenzene

2,4,6 - Tribromo aniline was prepared by direct bromination of
aniline in dilute hydrochloric acid solution. Bromine was introduced
into the solution by slight suction from a water pump, the reaction
vessel being kept at ice temperature. Passage of bromine vapor was
after

continued until the solution assumed a distinctly yellow color,

which the tribromo aniline was filtered and washed thoroughly with
water to remove hydrobromic acid.

The tribromo aniline was then oxidized to 2,4,6 ~ tribromo nitroso-
benzene by'3[>95 hydrogen peroxide in glacial acetic acid after the

method of Holmer (58). The product was purified by successive recrystal-

lizations from glacial acetic acid giving colorless needles which were

of

finally vacuum sublimed to yield a product with an uncorrected melting point

121-122°C (1it. 120°C).
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(£) X,NO(SO; ),

A sample of this material was kindly supplied by Miss B. Melanson.

(g) Solvent:

Most of the solvents used in absorption work were spectral grade
reagents. Methyl cyclohexane was dried over sodium and recycled through
a silica gel column until spectroscopic constancy was obtained. Other
solvents such as toluene, benzene, tetrahydrofuran and isopentane were
each dried over sodium.

In emission studies, experiments had to be performed at or near
liquid nitrogen temperatures so it was necessary to use solvents which
glassed under such conditions. Besides this, they had to satisfy the ‘
criteria of non-fluorescence and non-interaction with the solute. One
such glass-forming solvents is a mixture of three parts isopropanol to
seven parts isopentane. However, such a protonic solvent was neot entirely
satisfactory for the nitrosobenzene work because of the_?qsaibility of
protonation reactions in the excited state. A better mixture was found

to consist of two parts methyl cyelohexane to one part isopentane.

(2) Bxperimental:

Beckman DK-1A and Be;kman D.U. spectrophotometers were used for all
absorption measurements, which were carried out at room temperature. In
most cases,: matched, one centimetre cells were used. Where weak absorp-
tion bands were observed, the complete spectrum was first determined
using the cells of 1 cm. path length, after which, that part of the
spectrum corresponding to low absorbancy was repeated using 10 cm.

cells and solutions of the same concentration.



Page 53

The acidity of the solutions of nitrosobenzene and p-nitroso dimethyl
aniline were adjusted by the addition of either hydrochloric acid or
sodium hydroxide. Solubility posed no problems. and the solutions were
prepared by weighing out the required amount of material and the pH of
the solutions was checked with a Beckman pH meter.

To check that each of these solutions obeyed Beer's law, stock
solutions were prepared and the absorption spectra displayed at suc-
cessive dilutions. No discrepancies were noted.

The basic apparatus used in emission measurements is shown in
Figure (3);. However, because the factors governing the choice of each

component part were numerous, these are discussed separately below.

(a) Light sources

Three light sources were used according to intensity and the spec-
tral region under investigation. For excitations in the visible and
near infrared, a 500 Watt General Electric CFX tungsten projection lamp
was used. For excitation in the ultraviolet, either a GW Gates 100
Watt HBO - 109 mercury vapor lamp or a Hanovia 1000 Watt, 914 C ~ 1 high
pressure mercury-xenan.lamp were available. The former had applications
where exci;ation at one of the mercury lines was desired, but for
emission experiments, the latter was more desirable because of its

much higher over-all luminosity.

(b) Filters

Interference from scatteredradiatiom must be avoided in emission
work, especially when fluorescent compounds having very poor quatum
yields are being studied. This is because such spurious radiation

may saturate the detector and for this reason the choice of optical
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filters is very important. The spectral purity of the incident beam
can be improved using a narrow band filter passing only the desired
wave lengths for excitation. Further isolation is possible using a
filter at the detector whose band pass is such as to allow only the
fluorescent light to be transmitted. In favorable cases of good
efficiency, this filter may be replaced by a monochromator, and the
emission spectrum recorded. This luxury was not possible with any of
the nitroso compound studied. Different filter systems were required
for each compound studied depending largely on where absorption
occurred., For instance, with nitrosobenzene, a combination of solu-
tions L, T, and N as suggested by Bowen (59) were used for the incident
beam, and a Corning 268 glass filter used in the detected beam. This
filter let none of the incident light through, but would have passed

any fluorescent light up to the glass absorption in the infrared.

(c) Sample compartment

This consisted of a light-tight wooden box with openings for both
the incident and fluorescent beams. Within this was placed the quartz
cell which was surrounded by a bath of liquid nitrogen in a Dewar which
fitted into the sample compartment. The compartment was closed by a
1id with a small opening to fit the sample tube snugly for the purpose
of centering.

With samples such as nitrosobenzene, where it was necessary to
prevent oxidation by air, the sample cell was prepared as follows:
the sample was introduced into a cell, as shown in Figure (4), was
frozen under liquid nitrogen, and the whole evacuated on a vacuum line,

After isolating the cell from the line, it was warmed and the mixture



Page 56

Figure (4 )

Sample Preparation

Syringe
Rubber Cap
Pyrex Tubing
Quartz Tubing




Page 57
of solvent introduced through a serum cap with a hypodermic syringe.
The solution was completely degassed by successively cooling and pumping
on the frozen sample. After sealing at .the .constrictions,sthe tube was
then placed in the quartz Dewar under liquid nitrogen and after placing
this in the sample compartment observations regarding polarization
could be commenced. Although this method proved highly satisfactory,
warm air had to be blown onto the Dewar to keep it from frosting. Since
the light beam had to traverse a stream of rising nitrogen bubbles, the

intensity fluctuations added to the general noise in the detection systemn.

(d) Detecting system

Initially, a Du Mont (K - 1292) infrared sensitive photomultiplier
tube was used as the detector with an Eldorado photometer as the mea-
suring device. Sensitivity of this arrangement was very low. A matched

pair of Kodak Ektron lead sulphide cells, which are highly infrared

sensitive, were then used in place of the photo-tube. The measuring

circuit was a simple Wheatstone bridge with a direct voltage of about

30 V. across the bridge and the arrangement was cooled for maximum

sensitivity as indicated in Figure (5). This circuit proved to be

simple but very unstable. Due to the random A.C. components in the

ne twork and noises from other sources, the balance point was found to

drift so much as to be unserviceable. Accordingly, a mechanically

chopped incident light was used and the output signal was fed to an

oscilloscope for display. As the wave length of the exciting light

was varied, a change of amplitude of the square wave signal on the

oscilloscope screen would then indicate emission. A further simplifica-
tion was to use only one sulphide cell with a resistor in series as in

Figure (5b). Other schemes, including a method which was used with
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D Figure (5)

Sulphide Cells

A: Coolant

(b) B: Copper Tube
C: Quartz Window
D: Sulphide Cell
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much success with the carbonium ions (see later section) were tried,
but in no case could any detectable emission be obtained from nitroso

compounds.,

(3) Results:

The absorption spectra of nitrosobenzene and its derivatives are
shown in Figures (6 - 17).

It is a well established fact that many doubly-bonded substances
such as the azo compounds and those containing imino or nitroso groups,
tend more or less to equilibrate . between the monomeric and dimeric
forms (83) either in solution or in the crystalline state. Nitroso
compounds usually exist as dimers (colorless) in the crystalline state
and as monomers (colored) in solution. In the case of nitrosobenzene,
the degree of association in different solvents was determined by
Hammick ( 84 ), and the results indicated that it is entirely unimolecular
in 0.01M acetic acid solution and lS:Z associated in 1.33M carbon disul-
phide solution. In view of this, the optical density of solutions of
varying concentration were taken in order to determine the amount of
dimerization in the range of concentration of interest. A departure
from Beer's law indicates dimerization, and the determination is
depicted in Figure (6).

By way of comparison, the spectra of both aliphatic and aromatic
nitroso compounds were taken. The effects of conjugation and substituent
groups on the spectra were evident and the pattern of the absorption
bands was found to agree with the general conclusions mentioned in the
introduction. These are shown in Wigures (7) to '(12). Due to the extreme

instability of trimethyl nitrosomethane, this compound could not be
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isolated and the long wave length spectrum was taken using the reaction
mixture. Various components in this solution absorb intensely in the
BOOOK region so that the high frequency nitroso transitions were not
obtained.

Figures (13), (14) and (15) show the spectra obtained at various
pH levels in aqueous solutions. Phis determination was made in an
effort to see whether the unshared pairs of electrons on the nitrogen
or the oxygen were involved in protonation. Since the dimers of these
compounds are colorless, the implication is that in this case it is the
nitrogen pair that is involved in the dimer bonding. In Figure (143
it can be seen that protonation of the dimethyl amino group in p-nitroso
dimethyl aniline does not shift the nitroso peak very much and that the
unpaired electrons of the nitroso group may remain unprotonated down
to a pH of about 10.0.

The data in these figures is summarized in Table ( 1); Compound
(4) demonstrates the effect of steric crowding, and compounds (2) and
(3) show the effect of ring substituents. Compound (3) also shows the
effect of high atomic number substitution on the spectral intensity;

It became apparent early in the investigation that nitrosobenzene,
at best, emits radiation very poorly. For this reason, 2,4,6 tribromo,
and 2,6 dimethyt nitrosobenzene were prepared with the intent of finding
whether the heavy atom effect or steric hindrance would improve the
fluorescence probability. The near infrared and infrared region were
also explored in the case of nitrosobenzene for indications which might
increase our undergtanding of the nature of the 760 mp band (Figures
(16)y (17)). For instance, it is possible that this band is, in fact,

a harmonic of some vibrational mode belonging to the nitroso group, or
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Table (1)

Absorption Charactkristics of Nitrosoc Compounds

Compounds A pax, (O®) _ e
(1) Nitrosobenzene 760 40
304 3300
282 5500
(2) N, N dimethyl 720 75
nitroso aniline
Lo2 3500
(3) 2,4,6, tribromo 790 26
nitrosobenzene
' 330
313
(4) 2,6 dimethyl 815
nitrosobenzene
315
292
(5) Trimethyl 680
nitrosomethane
(6) K,NO(SOs ), 550 13.6
305

255

O L et

T
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that there may be another optical band further to the red of the 760 mp
bande Information of this nature is vital not only in the assignment of
the band, but also in finding the optical region of fluorescence for
these compounds. The intensity of the infrared vibrational transitions
on Figure (16) may be judged relative to the 760 mu band, where under
the experimental conditions, this latter transition has a value of 120

on the same scale of -Log I/Io.
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Figure (6)
Test of Beer's Law

N,N, dimethyl nitroso

aniline in carbon

tetrachloride
C = 10‘4M
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Part B: Triaryl Carbonium Ions

(1) Materials:

(a) Triphenyl methyl carbinol (T.P.M.)

Matheson Coleman and Bell commertial grade triphenyl methyl carbinol
was fractionally crystallized from benzene until a constancy of absorp-

tion and a melting point of 158°C (uncorrected) was.attainted (lit. 161°C).

(b) Mono xenyl carbinol (Mono)

The .starting material for this compound was p-phenyl benzophenone,
which was prepared by the Perrier modification of the Friedel-Craft
method (60). A mixture of benzoyl chloride was carefully heated together
with fresh aluminum chloride. The solid of this addition complex was
dissolved in carbon disulphide and biphenyl was added. The mixture was
warmed to complete the reaction and then cooled thdéroughly in an ice
bath. The precipitate was washed with a small quantity of fresh solvent
and dissolved in dilute hydrochloric acid solution. p-Phenyl benzophenone
was extracted with ether and.recrystallized from ethanol.

The resulting ketone was treated with phenyl magnesium bromide

(Arapahoe Chemigals, Inc., 3M solution in ether). The desired product

was isolated and recrystallized from hot acetic acid solution. Melting
point of the final product was 103-105°C. There are several melting

points for this material gquoted in the literature, Bowden (62) gives

the value of 106°C, which is cleose to that obtained in this present

research. This is the most recent value in the literature.
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(¢) Di-xenyl carbinol (Di)

Two methods can be used for this preparation. One is by route of
the Grignard reaction using commercially available diphenyl benzophenone
and the other by a sodium condensation method described by A.A. Mortin
(63). In essence, the latter method consists of refluxing a mixture of
diphenylbromide, methyl benzoate and sodium metal for a period of meveral
hours. The desired product is extracted after acidification with dilute
hydrochloric acid. The reaction may be represented ag

0

¢$-Cc-o0cH -+ 2¢-¢_-Br+Na —3 Di-xenyl carbinol

Both methods were successful and the product was crystallized from hot
acetic acid solution. The melting point of the product was 152-153°C

(uncorrected) (151°C reported (63)).

(d) Trixenyl carpinol (Tri)

The best procedure was found to be sodium condensatioxn of diethyl

carbonate with diphenyl bromide (63). The melting point of the purified

product was 209-211°C (uncorrected) (207°C'report¢d (63)).

(e) Salts of the carbinol

Bach of the carbinols can be tranelormed to their salts after the
method of Harmon (64). Small émounts of their fluoroborate salts were

prepared by dissolving the carbi:iocl in propionic anhydriide and reacting

the mikture with fluoroboric racids’: The product slowly decomposes.

{f) Solvent
The concentrated sulphuric acid, syrupy phosphoric acid and glacial

v ' .

acetis ‘aéid used were reagent.giads. Other sdélvents were reagent grade,
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dried over sodium wire.

(2) Absorption Spectra:

The instruments have already been discussed. Absorption spectra
of the carbinols were taken in a variety of acidic solvents. For
triphenyl methyl carbinol (T.P.M.) the best solvent was found to be
95 % sulphuric acid in which T.P.M. is completely ionized (21). The
spectra of mono, di, and tri xenyl derivatives were taken in a 20%
sulphuric acid and 80 7 acetic acid mixtures. In glacial acetic
acid alone, the carbinols do not ionize at all. Comparison ‘of the
spectra in different solvents shows that there was a small solvent
shift but the essential features of the spectra were the same.

However, in 955% sulphuric acid, the spectra of mono, di, and tri
xenyl methyl carbonium ions were found to vary with time as shown in
Figures (26) and (21). The change was not reversible indicating that
the phenomenon is not simple ion association. When an aged solution
of the carbinols in sulphuric acid was poured intoc a saturated sodium
chloride solution under ice cooling, it was possible to obtain a gela-
tinous precipitate. This precipitate possesses properties very distinct

from the original carbinol, and similar to those of the sulphonic acids.

They dissolved readily in water or concentrated ammonium hydroxide, in

which the carbinols are insoluble. Also the observed melting points

( 235°C) were far too high for the original carbinols. The I.R. spectrum

(Figure (23)) of the precipitate showed absorption in the region usually

associated with the -SO;H functional group (65); asymmetric and symmetric

-1
stretching of the,-S0, group occurs in the 1260—1150 cm. and 1080—

1010 cm.—l ranges, respectively, and stretching of S-O in the region of

i



- were obtained.
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700 — 600 cm._l. Sodium fusion with lead acetate test indicated the
existence of sulphur in the precipitate and it also gave a positive
p-~toluidine test for sulphonic acid derivates. More striking was the
fact‘ that this precipitate dissolved in 95 % sulphuric acid gave a
spectrum of the aged solution of carbinol in sulphuric acid immediately;
Solutions of the fluoroborate salts of the carbinols in anhydrous aceto-
nitrile showed spectra which were indefinitely stable and similar to
the initial svectra of carbinols in sulphuric acid. It is evident
that the two spectra in sulphuric acid correspond to two distinct
species, the initial one, the carbonium ion, and the other due to a
sulphonated carbonium ion.

All intensities are expressed in terms of transition moments, in

o
A units, according to the formulatl

g> = (9.17 x 107* fe a logio~ )2

where f € d log, oA is the area under the absorption curve when &€ is
rlotted against log;, A (32). All absorption curves were determined in
duplicate except in the case of T.P.M. in 95 J5 sulphuric acid. The
highly -hygroscopic nature of the solvent in the latter case necessfitated
repeated measurements until .reproducible values of transition moments
The amount of sulphuric acid necessary to effect com-

‘plete ionization of mono, di and tri xenyl carbinols in acetic-sulphuric

acid mixtures was found to be approximately 2075 by volupe.

(3) Polarization Determination:

The arrangement for polarization determination was essentially the

same as indicated in Figure (3). The individual carbinols were dissolved
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in syrupy phosphoric acid and cooled to form rigid glasses at -130°C
in liquid nitrogen and ethanol slurries. The glasses were clear and
uniform, No difficulty with air oxidation was experienced so that the
samples could be prepared in open quartz tubes immediately before use;

The output of the Hanovia Mercury Xenon compact arc was passed
through a Bausch and Lomb 250 mm, monochromator. The intensity of
the beam was modulated at twice the line frequency since the arc was
powered directly from the mains. In this way, any emission process
of life time short enough to follow the modulated exciting light appears
as a sinusoidal voltage at the detector with a voltage amplitude propor-
tional to the intensity of the emission. Long lived phosphorescence
would not be detected. The emergent beam from the monochromator was
reflected from a stack of quartz microscope cover slips at a Brewster's
angle in such a manner as to give a vertically-oriented electric plane
of polarization.

Fluorescence from the sample was detected at 90° to the propagation
direction of the incident beam using a Du Mont 1292 infrared sensitive

photomultiplier tube with maximum response at 860 mp. This fluorescence

was detected through an adjustable Polaroid which could be oriented to

transmit the vertical or horizontal components of the electric vector

of the fluorescence.

This system was particularly susceptible to pickup of coherent

electromagnetic radiation. Accordingly, the power supply for the

photo-tube was constructed from batteries and shielded so that pickup

was reduced to the level below the limit of detection of the capacitively -

coupled Tetronix 805 oscilloscope on its most sensitive range Y, mv

per cm.)
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Because of imperfections in the optical filtering system, it was
necessary to measure the voltage readings of blank samples before
determination of the emission at each setting of the analysing Polaroide.
The polarization ratio was then taken for each Smu throughout the absorp-
tion spectrum. The absorption spectrum was again taken after emission
measurements to be sure that no photodecomposition had occurred. The
results are shown in Figures (32) to (35). The polarization ratiqs are
depicted by the dashed curves. Ratios greater than 1.0 correspond to

parallel transitions.
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(5) Nuclear Magggtic Resonance:

Nﬁcieér magnetic resonance spectra of the carbonium ions were
taken with a Varian A-60 and under higher resolution using a Varian
HR-100 sp@ctrometer. The carbinols were dissolved in trifluoro
acetic acid and trifluoro acetic anhydride mixtures under vacuum.
Spectra of the carbinols in 95 J2 H, SO, and H, SO, - HAc mixtures
were also taken. Chemical shifts were measured by the external
standard technique using tetramethyl silane as a standard in the
Varian A-60, while fields in the HR-100 were measured by the

spinning side-band technique. The spectra appear in Figures (36)

to (43).
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Page 108 SYMMETRY ASSIGNMENTS

Part A: Nitrosobenzene:

(1) n —> n* Transition:

It has been generally accepted that in molecules containing hetero-
atoms such as nitrogen and oxygen, the long wave length optical band
is a n—-» W transition. Orgel (3) and Nakamoto (6) have given a
theoretical substantiation to this effect,

The'.electronid spectra of solute molecules has been found to depend -
on’ the properties of the solvent media, and this has been used empirically
as a criterion ih the classification of electronic transitions. A blue shift.of
the absorption maximum on chanéing the solvent from non-polar to polar
is taken as an indication of a n —» n* transition. Such an effect is
explained currently by a hypothésis suggested by McConnell (4),.or by a
specific hydrogen bonding hypothesis favored by Kasha (66).

McConnell proposed that the blue shift originates from the solvent
molecules orienting themselves around the solute molecule to fit in with
the ground state charge distribution. On excitation, the charge distri-
bution of the solute molecules changes, but the solvent molecules are
unable to follow this change instantaneously. In this sense, the de-
stabilizing effect of the excited state would remain relatively constant

regardless of the nature of the solvent. However, because the ground

state is more polar than the excited state, it would be expected that a

polar solvent would stabilize the ground state more than a non-polar

solvent,
Kasha on the other hand insisted that the formation of a hydrogen

bond with the n-electrons lowers the energy of the n-orbitals by an amount
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equal to the energy of the hydrogen bond. In the n—> =n* transition,
one of the electrons is removed from the n-orbital and goes to an
empty anti-bonding m orbital. The femaining n-electron is not sufficient
to sustain the hydrogen bond, especially since the atom takes on a
formal charge., When the hydrogen bond is broken, the energy of the
excited state should be approximately equal to the energy of the same
excited state in the absence of a hydrogen bond. In either hypothesis
the blue shift is caused by the stabilization of the ground state com-
pared to the excited state. Inspection of Figure (15) for nitroso com-

pounds clearly indicates that such a blue shift was obtained in the

spectrum in going from carbon tetrachloride to the solvent water. \

A 'n —» W transition is also known to be very sensitive to chemical
substitution (67). A general conjugation effect is observed in comparing
nitrosobenzene and ‘trimethyl nitrosomethane (Figure (9)}. More specifiec

to n —> n*transitions is a blue shift observed on substituting electron-

donating groups in the benzene ring. In a n —» w transition, the elec-

tron is excited from a localized orbital to an orbital more or less

delocalized throughout the molecule, and this implies the movement of

charge toward the benzene ring. It is therefore not difficult to see

that electron-donating groups should hinder such movement, or raise the

excited state energy. On the other hand, an electron-withdrawing substi-

tuent should have the opposite effect. This is borne out by noting the

spectra of N N-dimethyl nitroso aniline, and 2, 4, 6 tribromo nitrosobenzene,

where a.blue shift is observed for the former, a red shift for the latter

when compared to nitrosobenzeneé.
It is also qbservéd:emﬁirically’that:n-é# n* transitions, even if
symmetry allowed, have oscillator strength of the order of magnitude of

1072 The main cause for this low intensity is poor orbital overlap for
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the n —> qr * promotion. A hypothetical intensity calculation of a 2s —> 2p
transition which is taken to be analogous to a n—> 7 * transition, gives
a transition moment length of 0.33, as shown in Appendix (I), compared to
the observed moment of 0.052. Although this calculation is not regorous,
it does indicate that it is not unreasonable to assign the 76qu band in
the spectrum of nitrosobenzene as n—>T * transition.

The question as to which pair of unshared electrons is involved
in the transition is a little more difficult to answer. X-Ray data
indicate that in the dimerization process, the nitrogen pairs become
involved in bonding, and are not available for n—> 77 * type transitionse.
This is consistent with the disappearence of the long wave length transi-—
tion upon dimerization of nitroso compounds. On the other hand, KZNO(SOB)Z
absorbed at 550mu, but has no unshared nitrogen pairse If this is the
counterpart of the 760mu in nitroso benzene, and arises from the oxygen

pair, then a second transition of about the same intensity should be

found for nitroso compounds. As the infrared spectrum shows, none could

be found in this region. It appears then that the E?qu.of KZNO(SOB)Z
does not correspond to the 760mp band of nitrosobenzene, and that

the latter transition involves the nitrogen atom pair.

(2) Multiplicity of Upper State:

In general, the intensity of an absorption process is related

to the life time of its excited state by the following expression (68):

En
—_ 8 1 k .
€d v = 3.97x10 - > g e
v n e

A
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where: d v = area under the absorption curve,
€ = molar extinction coefficient,
v = absorption frequency in wave numbers(bm.—l),
EA = absorption maximum in cm. 4
n2 = gquare of the refractive index of the medium,
&,7 B = multiplicity of upper and ground state, respectively,
ke = rate constant of the radiative processe.

When the emissiqn process alone takes the molecule from the upper to
the lower state, the mean life time (7T ) of the upper state is then,
by definition, the reciprocal of ke. On the other hand, when there

is some competing process such as the thermal dissipation of the energy
of the upper state, ] may be considerably less than the life time
that would be observed if emission of radiation were the sole process.
Assuming a triplet upper state, and inserting the pertinent numerical
values into the above equation, one obtains a life time of the upper

state of J.O—6 seconds. This figure is too small for a triplet state

Iy

which is usually of the order of 10~ ' to 10 seconds. From the point

of view of intensityy, a S —» T transition, being spin forbidden, is

far less intense than a S —» S transition, roughly by a factor of

10_6. The extinction coefficient of this 760mu band is 40 which, though

low, appears to be too intense for a genuine S—> T transitione.

tion to the jdentification of this band as

bital coupling

A more serious objec
a_ S——=> T transition arises when the effect of spin—or
is considered. In addition to the e;ectrpstatic interaction between

the electrons, there is a magnetic interaction between the
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orbital motion of the electron and the electron's spin magnetic moment;
From the electron's point of view, it is at the centre of things, and
the nucleus moves in an orbital around the electron. Since the nucleus
and core bear a charge, the electron sees itself encircled by an electric
circuit, just as if it were in the middle of a coil of wire carrying a
current, This current produces a magnetic field, which at the position
of the electron in an isolated atom, is perpendicular to the plane of
the orbit, The electron, however, bears a magnetic moment parallel to
its axis of spin and its energy will vary depending on the relative
directions of this spin magnetic moment and the magnetic field from the

orbital motion. Therefore, the energy of a system must depend to some

extent on the relative orientation of the spin axes and the orbital angu-

lar momentum axes of the electrons in the system.

The magnitude of this spin-orbital interaction in an atom is found

to depend on the average value of the gradient of the electric field:

produced by the nucleus (69). It therefore tends to be large with atoms

of heavy nucleus and for orbitals that penetrate into the cores Extending
this argument to the w orbitals -of complex molecules, the perturbation

caused by heavy atom substituents should depend on two main factors:

(i) the degree of penetration of the m electron into the electric field

of the nucleus of the perturbing atam;'and (il) the strength of this

electric field (i.e. the atomic number of the substituent). The major

effect of this perturbation is to mix the singlet and triplet states so

that neither of them will be a "pure"™ state. As a consequence, the
transition probability of the otherwise spin-forbidden S -3 T transi-

tion is enhanced. This effect has indeed been observed and Kasha (70)

reported that such enhancement is observable even when the heavy atom
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is contained not in the molecule of interest, but in the solvent molecule
instead.

Comparing the spectra of nitrosobenzene and tribromo nitrosobenzene
in carbon tetrachloride, it is apparent that the expected enhancement
is absent., On the contrary, the corresponding absorption is weaker in
2, . 4, 6 tribromo nitrosobenzene. Since spin-orbital coupling increases
the S «w=—= T transition probability, it must therefore decrease the
S —>» S transition probability. The observed change of intensity is
therefore a strong indication that the upper state is not a triplet;

Our experimental evidence therefore indicated that the 760mp ba‘a;d

in nitrosobenzene is a S —>» S rather than a S—3= T transition.
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Part B: Carbonium Ions:

Since the T.P.M. carbonium ion has an even number of electrons
(18), and has C3v group symmetry, it may be assumed that the ground
state wave function has symmetry Al. On purely group theoretical
grounds the Al-—-> Al transition is polarized in the z direction
which may be taken to be along the threefold axis of the molecule.

The next transition would be to a state whose wave function belongs to
the symmetry E,., This Al-—%> E transition.would be degenerate and
allowed in plane (i.e. Xy y). When T.P.M. is perturbed in such a way
that the threefold axis of symmetry is lost, the resulting molecule may
be considered to belong to the point group C,, as in Mono and Di. The
forbidden transition of T.P.M. is independent of the nature of the
perturbation and becomes allowed and is always polarized in the direction
of the perturbation. This may be considered the "yt direction of the
molecule. On the other hand, in going from the C3 to C, symmetry the

doubly degenerate wave function will split into wave functions of lower

symmetry A and B. A is symmetric to reflection along the y axis, and

B is antisymmetric. Diagramatically, the relationship can be represented

as follows#$

A

A Al
_— -~ — - -
Aor B B E A or B
- >~ -

A
A Al
Mono T.P.Mo

Tri _ Di
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In the C, group, the A—> A transition is polarized y, and the A —3> B
transition is polarized x. Therefore, it is predicted that T.P.M. and
Tri should have two transitions, one allowed and one forbidden, while
Mono and Pi should have three, all allowed. This prediction is based
purely on group theoretical grounds with no recou.se to models of any
kind. However, group theory cannot predict the actual arrangement of
energy levels in the Mono and Di molecule.

The actual identification of the energy levels must be found from
experimental data. The spectrum of T.P.M. in various solvents consists

of two bands, one in the visible and the other in the U.V. The vigible

band splits approximately 20mu apart and is of high intensity. The U.V,

band is extremely weak and appears as a shoulder on a much more intense
band further in the U.V. The first band is apparently a degenerate pair,
split by solvent, or ion-pair effects, perhaps, and the second is pro-

bably a forbidden one, most likely allowed through distortions from

perfect 03 symmetry. Very much the same considerations apply to the

spectrum of Tri. Therefore, the first transition is, in all probability

A, —> E, while the weak band is Al —> Ay

The molecules of Mono, and Di can be looked upon as perturbed forms

of T.P.M. and Tri, resulting from the addition or removal of a phenyl

ring, respectively. Their spectra clearly show the three band system

as predicted by group theory. The two bands in the visible region may

therefore be considered as derived from the doubly degenerate pair and

the high energy band the analogue of the forbidden band in their respec-

tive parent molecules. It was also predicted that the high energy

transition throughout this series of molecules is always polarized ryh

with respect to the molecular frame. This realization is the most

critical factor in the assignment of the band system in Mono and Dig



Page 116
In the case of Mono, the relative polarizations as determined by the
measured polarization ratios are: parallel, perpendicular and parallel
going from long to short wave length. In terms of the molecular frame
co-ordinates, this would be interpreted as y, x, and y. It follows
therefore, that the transitions are A—3>» A, A—~—> B, and A —> A; The

final energy level diagram therefore takes the following form:

A Al A
A
\\\\\ ”/ —
k]
’/’// \\\\\ B
A
A Al
Mono <~ T.P'M. .
Tri _— Di

It is apparent that the energy levels cross over, so to speak, in

going from Mono to Di. In the language of the triphenylmethyl dye

system as investigated by Adam (32), Mono behaves as negative dye

relative to T.P.M. and Di as a positive dye relative to Tri.
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(A) Structure Representation Method:

Following the scheme outlined in the section on theory, we assume

for the n low energy structures for T.P.M. to be:

Fo oo

(1) (2)

© oo

3) 4)

. - . s res
In this representation, no distinction 1is made between structu

with the positive charge in the ortho and para positions of a benzene

ring, and their combined effect is designated simply by putting a

positive charge in the respective benzene ring as above. Structures

(1), (2) and (3) are equivalent and (4) is distinct. Application of

i i on-zero fragments:
the C3v group oper~tions generates the following n
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j’ D) + 2) + (3)
A

(&)

2(1) - 2) - (3

E 4 22 - (3 - Qi .

k 2(3) - &) - 2)

As mentioned before, this is a case, where two linear combinations are

necessary to represent states of symmetry A, namely,

's

- ; <~ & 1 + @ + 3 + c (B

Ay ﬁ B _
c Q) + (@ + ] - ST W
77 — .

when ¢ is the mixing coefficient. Of the three fragments in the doubly
degenerated representation (E), only two are linearly independent. The
best linear combination suitaple for both 03v and C2v groups are, after

normalization,

2y ol o - 2 >3
A (}?r{>/é (1) (

1

B (2) - = (3 >
el

S
ars

A -
- ix ar eigen-
As stated earlier, the columns of the § ~ matr e the state eig

vectors, so that for T.P.M.:
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1o o 2.7 c
> S
1l - ¢2 1/2 1 _—1— c
= 2 Va-n
o 3 Var-n

i;‘_’z_yz _ 1 a1 c
2 Var-w V= Y n

1 g 02 y2 o o -(l -'cz )yz

o
and S is the transpose of S .
~~ ~Jt
The first transition to the degenerate level in T.P.M. occurs experi-
mentally at 2,398 (in units of 10’+ cm:l) and the forbidden band is found
at 3.448. For ease of mathematical manipulation, the first level is
chosen as the zero energy for the molecule. The choice is arbitrary
and its convenience is suggested by the fact that in going from T.P.M.

to Mono, one of the levels remains unperturbed-. The E matrix in the

Heisenberg representation is then diagonal,with'the-followinngimple form:

-2.398 (o} 0 o

o o o] 0

~ T o o] o] 0
o o] o] 1.05

After performing the transformation into the structure representa-—

tion, the energy matrix E' has the form:,

X x x Y
x x x ¥y
B =
~~ x x x Yy
Yy y y 2
where: _  _ -2.398 + 3.448 c?

>



y

il
[
N
£
am
\
(o]
N
NS
Q

]
=
L[]
O
Y

|

z 3.448 2 .

Since the purpose of this investigation was of an exploratory nature,
a number of different calculations were carried out, based largely on
chemical intuition, and the desire to keep the method as simple as pos-—
sible. It seems reasonable but by no means essential to suppose that

the interaction between structures (1) and (2) is very small (i.e. Bz = o).

E' for T.P.M. then takes the simple form:

O @] O -.9161
(o (o} (o] -.9161
B =
(o] O (o] -.9161 z
I
-.9161 -.9161 -.9161 -1,3481 ;

The formalism can then be applied to Mono based on the assumption
that :

= ’ bE"*
,I\“,'Mono Elr.p.M. X

where 6E' is the perturbation energy matrix the elements of which can be
chosen again with the guidance of chemical intuition. A variety of bE
and other conditions have been investigated. The following set of
conditions were found to yield meaningful results within the framework

of this investigation.

It is apparent that the substitution of a phenyl group in the para

position of ring (1) in T.P.M. will most decisively change the energy of

. - s nance
structure (1) since now there are SiX possible low energy reso

structures which may be drawn instead of three. Accordingly; & calcula-

tion was carried out varying only this parameter (calculation a). TFollow-

ing fhis a calculation involving variation in both B,, and BE,, was
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effected (calculation b). Next higher in the degree of sophistication
is where the elements €,, and €,,, and 61,, = & ,,, were allowed
to vary. This may be done in two ways wherein the trace is maintained
invariant (i.e. the sum of the diagonal elements = the sum of absorption
energies), (calculation c¢), and wherein it was allowed to vary (calcula-

tion d).

Taking as a typical example.(calculation b), and using Adam's method (32)

/ E 4, o o -.9161 ""-,\
o o o -.9161 i
'Mono = ‘ o o o) ~.9161 |
-.9161 -.9161 -.9161 ~1.3481 + €, /‘!

This matrix is diagonalized to match the observed spectrum

of Mono. The resulting equation is:

7\" + 7\3 (l°3481 - €1 - el.l.) + 7\2 [611 61,1, - lo31+7l 611

O.

- 3(.9160)2 | + [2¢.9161)2 e”]

The observed spectrum of Mono gives the energy matrix as:

-2. 4ok o o o

o - h24 o o

EMono = o o) o o
o fo) o} . 581/

which results in the following equation:

N + 2.247 33 - L6237 N2 - 5922 = O.

Equating the coefficiencies leads to:
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e

11 = —.3528 9
éhb = =,5L461 ’
Substitution of these values gives E' as :
Mono
- 3528 (0] o] -.9161
o 0 o —.9161
E'M =

~ Hono o o 0 ~<9161
—e9161 -.9161 —.9161 ~1.8942

1
Once E' is known, the entries of S are found in the usual manner by

the solution of the simultaneous equations :

C.

R 1 - =
i3 c% Bl ) 0,

and the normalization condition @

%? C23 = 1 .

’§j? obtained this way for T.P.M. and Mono are:
3186 _; o .8165 <4815
a .3186 .7071 - 4083 .4815
SoRM .3186 .7071 —. 4083 L4815
.8340 o ) ~ -.5518
. 3652 . 9702 o] .3725
a | .3116 .1629 .7071 .5987
% Mono = .3116 .1629 -.7071 .5987
.8117 0754 o -e3797

After finding these matrices which diagonalize E7, it is possible

to compute the expectation value of any dynamic gariable. From the .



Page 123
point of view of spectroscopy, absorption intensities are the most con-
venient to choose. They also offer a most important criterion to judge
the accuracy of the'§:? matrices and to test the ability of the method
to make predictions. In the structure representation, the electric
moment matrices ff and y' are diagonal, while the corresponding transi-

~7

tion moment matrices x and y, in the Heisenberg representation are non-
~~ a4 .

diagonal. These are related by the following transformations:
T

x = Sx'S ,
-
y = Sy's ,

Prediction of transition intensities may be made by adopting the
experimental values of the parent molecules together with the corres-
ponding‘§f determined as above from the transition energies. This
procedure was used in previous work of this type (32) and leads to

the results that:

qx = 2(021)(-7071)(z2) ’
s = Cyq (Cpq or Gsq) Y,q + 2(C4)(Czz oT CGs) Y22
where : a_, 4 -~ transition moments in the X and y directions,
x y
1 -
C.. = entries of the S matrix of the corresponding
iJ ~
molecule ,
X.., Y. = experimental values of electric moment of the
ii ii

parent molecule .

X 4 i ived
The corresponding values of X, ., Y., for T.P.M. and Tri derive

from experimentally observed transition moments are given below:

T.P.M. Tri
fzz = 2.57002 Py izz = 400938A ]
¥,, = 2.9676A , T,, = H.7269A ,
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¥,, = 1.4838a , Y,, = 2.3635A .

However, with the particular sequence of compounds used in this research
it is possible to determine the charge displacement of a given structure
since there are no heteroatom substituents to complicate the situation.
Ir fact, if one calculates the charge displacement assuming equal ortho
and para carbonium contributions,-and using-an.average.&f 1;43 for -ring
C-C bonds and 1.52 for the central bonds, one obtains T}1 = 2.9OK
which compares favorably with 2.96763.

The results of the calculations are summarized in Table (2).

(B) H.M,0. Method!

The transition energies, intensities, and polarizations for each
of the ions have been calculated by the H.M.O. method, and the values
appear in Table ( 3). Only those transitions of significant intensity
in any of the x, y or z directions, and those transitions predicted to
have energies less than 40 kk are included, this last being the excitation

energy of the B2u transition of an isolated benzene molecule. No cor-

rections have been made for the overlap or non-planar distortions; nor
have further improvements'such as the W -technique been (cited. . The
value of B = 26.3 kk has been chosen for each cation except T.P.M.

where the value of B = 24.0 kk has been used. for better agreement.

The observed energies are in each case those of vertical tramsition,

since it is élearly impossible to choose the 0-0 vibronic §9mponent

in any consistent way for all of the transitions.

(C) N.M.R. Spectrum of T.P.M.:

The analysis of the N.M.R. spectrum is based on the method of
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TABLE ( 2)

Results of the Structure Method Calculation

Charge
Intensity Intensity (Calculated) N Distribution
.. {Observed) (2) (b) (e) (4) ‘In Rings
e : W
T.P.M. q = l-6L"A 1.60A .r
a; = .20A o OO
a, = 1.13A J91A |q, 1.13A .964 .954
o o o [} o
Mono a, = 1.62A 1.57A | q, 1.52A 1.43A 1.48A
o 77
al, = Y .894 1.204 .97A .934 3
(a)
a, = 1.84A 1.834 1.784 2.16a | 1.80a @
° o ° T4y
Di Q. = l.hoA | 1.28A 1.20A 1.088 | 1.20a @f O\@
y oy
al, = .628 1.034 .99A 1.13A .984
(a)
Tri q = 2.50A 2.304 ®
o 12
Q. = .58A o
£ 3 &3
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TABLE (3)

Results of H.M.O: - Caleculations

Energy

Intensity
8 (KK) Obs., Symmetry | Calc.. Obs.
o (o) (o) A — ——
T.P.M.| 1.0000 (24) 24,0 B 2.5495 1.64
1.5060 35,2 34.5 A o 0.2
o o (o] A —— I
0.7512 19.8 19.8 A 2.3494 1.62
1.0000 26.3 24,0 B 1.2394 1.13
1.2232 32,2 29.8 A 0.5266 0.45
Mono
1l.5024 39.6 1.0946 —
37 A
1.5590 .o 0.0913 —_——
o (o) o) A —— ——
0.7046 18.5 18.6 B 2.6303 1.84
Di 0.8106 21.3 21.7 A 1.8664 1.40
1.1361 29.9 28.3 A 0.8110 0.62
1.3174 34.6 B 0.2636 -
1.4092 37.1 36 A B| 0.8804 _——
1.5152 39.9 B 1.4216 S
(o) (o) o) A - -
60,7046 (18.5) 18.6 B 3.,6272 2.5
059270 24 bt 26.0 A o 0.58
1.’*093 3701 Lr0.0 E
1.6126 40.0 A o) -
1.6316 42,9 B 1.1977 o
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moments (71) and the following formulae relating the various moments

of a basic multiplet and the chemical shifts:

(avY - n1 5 v, = o,
1

avy2> = NTT Q2 (av)e,
1

(avy*> = Nt 2 (avy)» .
1

where ((AV)k > is the kP moment of the multiplet with respect to the
mean frequency of the multiplet, (AVi) is the shift of the "i" group
of protons relative to the mean frequency, and N is the total number
of protons. Anderson (72) simplified the solution of the above simul-

taneous equations by defining two new equations:

R o Savpy
{(av)2 )y,
AV,
and 9 _rL . = — .
+ {av)2 Y,

A general functional relationship between R and _ﬂ_i is presented as a
graph and the solution is reduced to reading the values of J’Li corres-—
ponding to a definite R value of the system.

The various intensities of the multiplet in T.P.M. were determined

by taking the average values of a graphical integration and that of areas

measured by a planimeter. R was found to be 0.97, and J1,'s were read

from the graph given by Anderson as:

nB = 0.9 ,
ﬂA = (o] .
Ne = 1.85,
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where A, B, C correspond to the meta, ortho and para protons in a benzene

ring. The relative chemical shifts from the above results are:

60—m = .181 P.P.m, ,
6p_m = .373 P-P‘m- ’
6P—O - -55""‘ P.p.m. [

which agree with the results of Berry(73).
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Part A: Nitrosobenzene:

Before discussing the possible reasons for the failure of nitroso-
benzene to emit.radiation, -it -is appropriate: to recapitulate some of the
ﬁactors-governingiabsorption:andwemisaionnphenomena.

The first of these is the Franck-Condon principle. Because of the
Born-Oppenheimer assumption, the wave function of a molecule can, to a

good approximation be written in the form:

4)= q)e de 4Pr !
where <be = function of the position of the electrons and nuclei,

cpv = vibrational wave function, depending on the inter-

nuclear distance alone,
qu = rotational wave function.
Therefore, the inter-nuclear distance occurs in the molecular wave func-

tion in two places; in qDV and <pe. In general, qDV varies much more

rapidly with inter-nuclear distance than ¢ . For purpose of illustra-

tion, a simplified potential emnergy curve is represented as in Figure (44).

For a transition from the ith vibrational level of state I to the

A the transition moment integral is

3 vibrational level of state II,

given by:
M = in (Em) 1I; ar ,

which in terms of the separated wave functions becomes*

- for eyzaeT e
i J
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Potential Energy

R (internuclear distance) —>

Figure (44

Franck-Condon Principle

1T




Page 131

Since the product <P$ 4FIV varies so much more rapidly with the
i .
inter~nuclear distance, the magnitude of the integral M will depend

largely on the value of this product. For a transition from i = 0, to
j = O, in this particular molecule, this product is very small because

435 is large in regions where cin is small. Such a transition is-

o,

Jd
therefore very unlikely. Considering the next transition 4)§=0 —

IT .
4)§En’ the overlap of the two functions is large, but 4)v oscil-

= jen
lates rather rapidly in the regions of this overlap. As a result, the

product changes its sign frequently as R varies, and the positive part
cancels the negative part so that the integral as a whole is small;
Finally, the transitions from i =0 —» J = 3, 4, 5 represent cases
where CP sl does not oscillate so much in the regions where 4)v is
large. Hence, the product will be appreciable and these transitions

are more probable. This represents the quantum mechanical arguments

leading to the Franck-Condon principle, stating that transitions tend

to occur between vibrational levels of two different electronic states

which have approximately the same nuclear configuration. In other words,

the transitions tend to go vertically as indicated by the solid lines.

Consequently, the intensity distribution of an absorption band depends

largely on the characteristics of the potential energy surface of the

A transition is Franck-€ondon forbidden

two electronic states involved.

when it involves unfavorable nuclear configurations.

The second important factor which has to be considered is the

mmediately after excitation. Depend-

deactivation processes which occur i

ing on whether the process is intra-, or inter-molecular, the deactivation

is referred to as radiationless transition, or quenching, respectively.

In either case, these processes are generally extremely efficient with
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the result that very often emission may be completely suppressed.

Radiationless transitions may occur between levels of the same or
different multiplicity. The former is usually called internal conver-
sion and the latter intersystem crossing. Internal conversion is
responsible for the fact that there is only one fluorescence band
in a molecule regardless of the wave length of the exciting light.
When the molecule is excited to a higher level than the first, the
system invariably cascades down to the lowest excited level before it
emits and the excess excitation energy is given up to the surrounding
medium as heat. Thus, infrared dissipation is a more efficient process
than fluorescence. Kasha (74) has placed an upper limit o£:5;10-4

to the ratio of the rate constant of spontaneous fluorescence to that

of radiationless internal conversion,

kg, — 107%,

kr.c.

L
Thus, the internal conversion process takes place at least 10 times

as fast as the spontaneous fluorescence from levels higher than the

first. A better idea of the rate for this process may be obtained if

s 10-9 secs. (74). Then

the life time of the excited state is taken a

the reciprocal rate of the internal conversion process 1S thus,

kr.c.

ithin th
The process of internal conversion may therefore occur well within e

period of vibration.

On the other hand, intersystem crossing refers to radiationless

transitions ocvcurring between a triplet and a singlet state. According
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to the theory of Lewis, this is the process whereby the phosphorescent
triplet level is populated. In most organic molecules, particularly
the aromatics, there is usually a low-lying triplet level. After the
excited molecule has cascaded down to the lowest singlet level by
internal conversion, there is a finite probability that the molecule
might cross from the singlet to the lower energy triplet level. This
probability may be measured by the iintersystem. crossing ratio, X,

which is defined as the ratio of quantum yields of phosphorescence to

ibp - kI.S.
Ol K

6 . .
If an arbitrary prohibition factor of 10 is applied to %

fluorescence:

X =

1
I.C.

account of the spin-forbidden character, the reciprocal rate of inter-

on

system crossing would be:

L — _10-"7 sec.
I”. S.
This, together with an assumed life time of 10" ° sec. for the fluorescent

state will give:

X = ._1_°__;_ = .OL -
10 °
In addition to the above intramolecular deactivations, those arising

e to be considered as well. Possible

from intermolecular processes hav

mechanisms for this process are:

(i) chemical reaction with the solvent,

[ii) reaction with dissolved oxygen or other impurities,

(iii) bimolecular deactivation between two excited molecules,
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(iv) reaction of excited with normal molecules,
(v) collisional deactivation by the solvent.
Any one of the above processes can deactivate the excited molecule and
suppress emission totally or partially.
The proposed existence of the meta-—stable triplet state has far-
reaching consequences and it has stimulated a great many investigations.

Of these, one of the most direct and significant'is the work of G. Porter
(75) who has studied the triplet state absorption and deactivation of

a number of aromatic hydrocarbons by the method of flash photolysis. His
results indicate the triplet state of anthracene has a life time of 10~
sec. and that the intersystem crossing between the first singlet and
the first triplet is approximately 104 times more efficient than that
between the first triplet and the ground state. These results are
extremely important in the present case of nitrosobenzene.

It is clear from the above that numerous competing pathways are

open to the excited molecule. Whether the excited molecule will return

to its ground state by radiative process or not will depend on the rate

of the competing processes, on the natural 1ife time and on the nuclear

configuration of the excited state. In view of this, the failure of

i i ever
nitrosobenzene to emit is, perhaps, not so incomprehensible. How ’

the fact remains that fluorescence has been observed for many different

classes of organic molecules under approximately the same conditions

as used in the present research. Possibleexplanationsfbr'the anomaly
are:

(1) The nitroso group is free to rotate and on excitation it may

i - a
take up a different conformation. On the basis of the Franck-Condon

i i ase However
principle, emission would be very improbable in such a case. ’

'
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substitution of two methyl groups in positions ortho to the nitroso group
has not improved the emitting property of the molecule as the results
with 2, 6 dimethyl nitrosobenzene indicate# On the other hand, it is
possible that emission occurs with such a low gquantum yield that it
escapes detection. In our case, this is very unlikely since the sensi-
tivity of our detecting system (1 mv A.C.) is high and it was found.
entirely successful in the carbonium ion measurements.

(2) It is also possible that on absorption of ultra-violet light,
nitrosobenzene decomposes. For some aliphatic nitroso compounds, it
has been shown by Hammick and his co-workers (76) that the visible
absorption is associated with photodecomposition.

During one emission experiment, the sample tube of para-nitroso
dimethyl aniline broke open in such an unusual manner as to indicate
the generation of high gas pressure. Nitric oxide was suspected as
a possible decomposition product. However, subsequent investigations

could not provide definitive evidencei

(3) It is also possible that the more polar excited nitroso group

will pick up a proton from the solvent, thus change the characteristics

of the emitting species. However, the significant point is that most

of the original work of fluorescence, including that of Lewis, was

done in alcohol containing solvents and rigid glasses. Furthermore,

our use of isopropyl alcohol--isopentane mixture or methyl cyclohexane-=

isopentane mixture as solvent were equally unsuccessful.

(4) Quenching of fluorescence by foreign substances, such as oxygen,

s -3 in emission work
alcohol, halogen atoms and nitric oxide, is often encountered 1in .

Quenching may be accounted for by two di fferent mechanisms: (a) the

quencher may form a complex with the fluorescent molecule before it has
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absorbed light; and (b) the quencher interacts directly with the fluorescent
molecule after it has been excited, forming a complex which may return to
the ground state by radiationless transitions. Our sample has been pre-
pared under vacuum, so that oxygen quenching seems very unlikely. However,
it has also been found that the fluorescent substances themselves are
among the most potent quenching agents. Porter (75) reported a quenchf
ing rate c¢onstant of k = lOlo molef; sec.f};for:nitricfoiide for various
aryl'.triplets. _The.congentrations of zmr: emission samples were varied .
considerably and: the result seemed. to indicataithat'sudhla;"self—quenching"
effect is not operative here.

(5) The various radiationless transitions may occur to such an q!..
extent that the radiative transition is completely suppressed. Three of

these are of particular importance: C,, the path from the first excited

{ >~
I G~
:C1 ' 2 T
-~
R
o
| _#
- ¥ .

level to the ground state, C,, the intersystem crossing from a singlet

to a triplet, and C;, the return from a triplet to the ground state. C,

is usually of lesser importance compared to the corresponding fluorescence

return. However, its importance increases rapidly if the life time of

the S state increases on account of the Franck-Condon factor, or if

the S and N potential energy surfaces cross. When the system 1S such

that a low-lying T state exists, then C, is certianly the most important

process. For reasons not well understood yet, C, is by far the most

rapid process in spite of the spin forbidden character and it seems to
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be unaffected by the nature of the medium. As mentioned previously, the
life time of the T state in most organic molecules is of the order of
lO"3 sec. which is long compared to the various rate constants of the
quenching processes. A molecule in this state has, therefore, a very
small probability of returning to N by emissibn.

Although the existence of a triplet state has not been detected,
experimentally as shown by the spectrum of 2, 4, 6 tribromo nitroso-
benzene, the analysis of Orgel (3) may well be correct and the triplet
state of the compound lies very farcin the infrared. In fact, it may
well be that the excited singlet state passes readily into a linear
configuration analagous to oxygen, and the triplet state so formed is

very close in energy to the ground state but considerably different in

nuclear configuration.

All considerations seem to point to the conclusion that the com-
plete absence of fluorescence is a unique property of the aromatic

nitroso compounds. Of course, the problem of the nitroso group

emission and polarization could be pursued by more bulky substitution

and by studies in the crystalline state. In the latter case, if it is pos-—-

sible to study the polarization of the N=O transition, it is also pos-

sible to determine unambiguously the polarization of the other aromatic

transitions. Such a different approach thus deviates too far from

the original object of this investigation.

It seems at the pr=sent moment that the luminescence obtained by

n from the nitros&'compound as they

Lewis and Kasha may not have arise \

supposed, but may have been due to some impurity in their system. On

the basis of the present findings the only feasible way which could

possibly result in an uneguivocal determination of the fluorescence
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of nitroso compounds might be in using a matrix of rare gases rather
than the organic solvents used here. This would eliminate the possi-
bility of chemical reactions in the excited states at least, but
might not even so .produce.a successful result for the other reasons

cited.
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Part B: Carbonium Ions

In the foregoing sectipns, a low resolution spectroscopic study has
been made of a sequence of molecular systems which vary by a similar
chemical substitution in adjacent members. The serieé begins and ends
with a molecule of trigonal symmetry and, as such; completes a cycle;
The expectations based on two theoretical models, the structure repre-
sentation and the H.M.O. method, have been compared to the experimen-
tally determined values. This procedure is common to many scientific
investigations besides spectroscopy, but the question arises as to

how well the theoretical and practical results can be expected to

correlate. In this sense then, some of the hazards arising in the

correlation of theoretically and spectroscopically determined values

- - 3 r
bear some mention. There: is, for instance, a 'norn-crossing ruite

in spectroscopy which states that under no circumstances will two energy

levels of the same symmetry cross each other under the effect of some

perturbation (85 ). Stated simplys levels of the same symmetry repel_ each

other due to various terms in the Hamiltonian for the system. These

terms may not normally be considered in the Hamiltonian for an isolated

system, and may arise from solvent effects, ion pairing, and other

phenomena. Since we are considering only a very restricted set of the

totality of energy levels for any of these molecules, the possibility

that some of the energy levels may be displaced due to this effect

. . i i t
must be considered. In the carbonium ion sequence this is the mos

important in the case of T.P.M. where the highest state considered

appears only as a shoulder on more intense absorption. Qne would ex-

pect a red shift from its 'true' or unperturbed position. This 1s one
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factor to consider. A second is the fact that under no circumstances
has vibrational fine structure been observed for the carbonium ions

in the highly polar solvents required in these determinations. Since
the theoretical models used are for vibrationless molecules, then the
significant experimental values to use would be the zero level vibra-
tional components of each energy level, or the O - O vibronic transi-
tion. These are not available in low resolution liquid phase work in
general and it is necessary to use instead the wave length of maximum
absorption. These positions could be up to O;l or 0;2 in our energy

units, away from the true O - O vibronic energies. In this case,

one relies entirely upon the fact that the potential function be
similar in the two states (iie. excitation of one of 18 or more bonding
electrons does not change the nuclear configuration markedly). Again
this effect would be most marked in the higher energy low intensity

transition, especially if this transition is allowed through mixing

with an antisymmetric vibrational function. In this case the O - o

transition is completely forbidden, and the apparent centre would be

shifted to the blue of its true position. One further intramolecular

effect which should be considered applies to the molecular species with

trigonal symmetry. The Jahn-Teller principle states that it is not

. s oly-
possible to have spin-orbital degeneracy in electronic states of a poly

; ; £
atomic molecule, that any minescule perturbation will lower one O

the two degenerate levels so that the functions cannot be truly degen-—

erate. This is usually through a vibronic interaction and results 1in

3 3 i in
distorted molecules which have. changed their nuclear orientation

d
such a way as to destroy the trigonal symmetry. In the cases at hand,

: inter-
this intramolecular effect is felt to be considerably smaller than 1n
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molecular interaction of the ions with the solvent. Justification for
this is that the first absorption band width is much larger in the case
of T.P.M. than with Tri, and one would expect similar band width with
a pure Jahn-Teller effect. In fact, the most apparent and most diffi-
cult factor to be considered is the. interaction between the spectro-
scopic ion and. its surroundings. Since Tri does not demanstrate s
marked splitting at all, while T.P.M. does, only the latter compound
will be considered here. The matter has been discussed in a recent
publication based on the present research (86 ). Briefly, the degen-
eracy of T.P.M. has been split so that two intense low energy transi-
tions are observed as in Figure (32). This implies that the ions
exist in some kind of off-axis perturbing field. Since the splitting
is not sensibly dependent upon either solvent or counter-ion, it seems
reasonable to suspect that perturbation is due to the charge of the
counter-ion alone. Nor does the N.M.R. spectrum show any nuclear split-
ting which could be ascribed to a counter-ion, even in cases where it
should be observed. On the other hand, conductivity experiments have
indicated that most of the ions are bound as ion pairs, and the number
of free ions is very small. The two-step ionization suggested by

these workers is compatible with a rapid exchange of counter-ions

between carbonium ions. The rate would have to be rapid compared to

N.M.R. frequencies (lO-Zsec._l) but slow compared to optical frequen-

> - - s 3 ar as
cies (10’85ec. 1) so that, optically speaking, the ions appe

: ; i £
bound. Exactly how much this effect persists with the other ions o

i i ould, however
the series is impossible to assesS. These interactions W ’ ’

shift the energy levels and change the observed intensities relative

: d
to the unperturbed ion. For reasons already presented, agreement woul
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be expected to be better between Tri and Di than between T.P.M. and
Mono, as was observed to be the case. Even in the most amenable case,
however, the frailities of the methods used must be realized, and
that the inherent errors in the assumptions that have been used might
easily introduce quantitative discrepancies between theory and practice
which might amount to appreciable fractions of the total. On the other
hand, the qualitative features of the spectra should be accurately

predicted by any acceptable model.,

In choosing a system for theoretical study, a compromise is usually
made between theoretical interest and practical considerations. In
this respect, the present system seems about as convenient as is
reasonably possible., For instance,as was pointed out in the previous
section, one of the complicating factors is the change of geometry on
excitation. When this happens, the theoretical model becomes less

applicable. Distortion of this nature is expected to be small when

a large number of bonding electrons is invotved and optical excitations

do not materially change this number. This does not apply so truly

in the case of smaller systems and the proliferation of excited states

makes the situation for larger condensed aromatic systems more susceptible

to questionable assignments. A further simplifying condlition is the

fact that the sequence of compounds studied contains only hydrocarbons,

so that the complications associated with heteroatoms, such as in the

equivalent studies on dye molecules, are completely avoided.

The experimental results were in complete agreement with the

predictions based on H.M.O. and the structure representation methods.

Quaiitatively,‘both theories predict one intense absorption in the

i i two stron
optical region for T.P.M. and Tri, while there should be £
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and one weak absorption for Mono and Di., In the cases of Mono and Di,
the theories further predict that all three transitions are allowed in
the molecular plane. The shortest wave length band is polarized in
the 'y' direction in both molecules, while in Mono, the longest wave
length transition is polarized in the 'y' and the second in the 'x' direction.
This polarization relationship is revérsed in the case of Di. These
theoretical considerations are verified by the results presenteg in
this research. For T.P.M. and Tri, however, the spectra consist of
an intense band in the optical region and a weak band in the ultraviolet.
As far as molecules with trigonal symmetry are concerned, the weak band
is assumed to gain intensity through distortion from the perfect sym-

metry. This is particularly obvious in the case of T.P.M. where dis-

tortion has actually split the'degenerate E state. Nevertheless, the

demonstration that these off-axis perturbations exist is not, in itself,
sufficient to prove that the forbidden transition has gained sufficient

intensity to correlate with the assignment given, even though it gains

intensity with depanture from C; symmetry. A considerably more convin-

cing test is to be found through the calculation of the transition in-

tensities. As explained in the numerical section, these calculated

intensities depend upon the transformation.matrixlgr which in turn

of the transition energies. The

depends upon the relative magnitudes \

intensity of the forbidden band will always be zero, since the §J

matrix incorporates the requirements of perfect symmetry. However,

a faulty choice for the value of one of the transition energies, in

i i i r 1
this case, the normally forbidden band in T.P.M. and Tri, willi result

in a gross difference between the observed and calculated intensity

for the first.hbsorption. This calculation gives the results already
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cited, namely 1.603 and 2.303 in the case of T.P.M. and Tri, respectively.
These compared very favorably with the observed values of 1.643 and
2.503, respectively. By substituting other values for the forbidden
band, as for instance for transitions further in the ultravioclet this
good agreement vanishes.

Further reliance in the method of structuresis evident from the
spectra of sulphonated carbonium ions. It is reasonable to expect an
increase in the energy of a sulphonated xenyl ring compared to a non-
sulphonated one because the strongly deactivating sulphonic group would
repel the positive charge in that rihg. Thus the effect of added con-
jugation would be partly compensated by this charge repulsion effect.

It would be expected, then,that the lowering of the energy of a carbonium
xenyl ring would not be as marked in the case when this ring is sulphon-

ated. Accordingly, the sulphonated Mono derivatives should have a

spectrum more similar to T.P.M. than to Mono, depending upon how large

the effective cancellation is found to be. As can be seen from Figure

(20), the spectrum of monosulphonate shows less degenerate splitting

than the spectrum of Mono.

These considerations must be compared to the assignments suggested

by Chu and Weissman who apparently overlooked the key fact that the low

i i i i both Mono
intensity transitions were polarized in the 'y' direction for bo

and Di. These authors based their analysis;gpon:the;fgct;ﬁggt biphenyl

° -
absorptions are found near 2600A in the carbinols and assumed that

° -
s were transposed to the 3000A region on the formation

these transition

of the carbonium ions. Further assumptions were required regarding the
polarization of the long wave length transition  of biphenyle On the basis of

i not
the present considerations,; it would appear that these assumptions are
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warranted, and that the xenyl transitions do not in fact suffer this
large displacement to the red. The absorptions under considsration ap-
pear unique to the carbonium ions, and not to the parent carbinol.

Whereas these qualitative aspects of the problem seem unequivocal,
the main concern of this research lies in the direction of quantitative
agreement. In this respect, inspection of Table (3) indicates
that the agreement with H.M.O. calculations is satisfactox'y with regard
to the transition energies and the state symmetries. It is significant

to note that H.M.O. predicts the ocourrence of a band in T.P.M. with

the same energy as the A—> B transition of Mono. This is due to the

fact that m.o.'s of symmetry B have nodes in the perturbation direction
and therefore the orbital energies do not change in going from T.P.M.
to Mono, and because the lower transitions each involve the non-bonding

m.o. with zero energy. By the same token, Tri is predicted to have a

band occuring with the same energy as the A —> B transition in Di. These

conclusions are positively verified and the results agree with the pre-

dictions of Grinter and Mason (87) based on similar H.M.O. censidurations.

In the present case, the identification of the bands has been experimen-

tally proven by the polarization determination.

When intensities of transitions are considered, values calculated

by H.M.O. are generally much higher than those observed. This can be

attributed to the limitation of the H.M.O. method with regard to

intensity calculation and further refinement, such as the W -technique,
. a.

would probably improve the agreement but increase the 1ab9r expende

. S-
On the other hand, the method of structures glves much better asses

i . It N
ment of the experimental intensity values as shown in Table (2)

should be borne in mind that this agreement does not depend upon the
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the use of a parent compound to obtain the tranistion moment magni-
tudes as was necessary in the case of the earlier dye studies. These
intensities were based on a reasonable estimate made from the classical
nuclear configuration,

Within the framework of the structure representation method, attempts
have been made to improve the predicted intensity values. Two major
changes were effécted in the calculation. One of these was to use an
expanded secular determinant to take into account extra structures, for

example, in the case of Mono, a structure of the following type:

N

/

=" (T
/ =/ \—

This results in a higher order of secular determinant but more seriously

in addition to

introduces phantom states whose existence cannot be experimentally

demonstrated. Another attempt was to include overlap integrals in the

determinant to account for any non-orthogonality between structures.

A series of calculations was:G also carried out where attempts were

-

made to correct for the possibility that the interaction beween the
central atom and a xenyl ring (i.e. € ,,) might change the interactions
involving phenyl rings (i.e. € ,,, €3,). Refinements of this nature,

£hough theoretically justifiable, were found to be quite involved mathe-

matically and as a result deter from the general idea of a simple,

workable theory.
Accordingly, the work reported. was confined to the simpler methods
of calculation based on the work of Adam (32). In the case of trigonal
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molecules, such as T.P.M. and Tri, the calculated intensities based
on the‘§:1 derived from the structure method together with the electric
moments estimated through a classical valence picture, are in excellent
agreement with the observed values. In the original application of
this method to dye molecules, this procedure was not possible because
of the uncertainties in treating the hetercatoms. That such good
agreement is obtained in the present case may certainly be looked upon
as positive indication of the soundness of the structure representation. .
Furthermore, the agreements in the cases of Mono and Di are also very
reasonable, and are within 15 j% of the observed values as shown in
Table (2 ). This certainly represents a considerable improvement over

the H.M.O. results where some of the predicted intensities are out by

100 P or more.
The elements in the perturbation matrix have been chosen in a

variety of ways as mentioned in the numerical section. The most uni-

form agreement was found when only one parameter, namely €w1$ was

used. In fact, starting with Tri as the parent molecule, it was pos-

sible to successfully reproduce the spectra of Di, Mono, and. T.P.M.,
in this order, treating one molecule as the parent of the other.

Agreement of this nature is gratifying when the simplicity of the

method is kept in mind. However, when more constraints are put on the

: 3 = and é
matrix elements, for instance varying € 145 €., € 41 bh

at the same time, the agreement obtained, though still reasonable, is

poorer.,
Not so reasonable were the results of the mmgnetic resonance spectra.

The original purpose for studying the N.M.R. spectra of these carbonium

ions was to provide independent information concerning the ground state
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wave functions of these species. This should have been achieved through
the currently proposed empirical relationship between proton chemical
shift and excess charge in the carbon atom attached to the proton under
investigation. This charge distribution in the ion is also reflected
in the elements of the’_%_1 matrix, In this way, information from N.M.R.
could have provided an independent check on the theoretical model and

vice versa.
Qualitatively, the spectra of T.P.M. consists of a para proton
triplet, and a meta proton triplet overlapped in part by an ortho proton

doublet. Chemical shifts derived from the spectrum agree satisfactorily

with literature values as mentioned in the numerical section. The spectra

.

of Mono, Di and Tri are less susceptible to quantitative analysis due to

their great complexity. Nevertheless, certain aspects of these spectra

may be dealt with qualitatively. It appears that when a xenyl ring is

present in the ion, certain new bands arise as can be seen from Figures (40) to

(43). These consist of a doublet and a triplet. Each gains in relative

intensity as the number of xenyl rings increases. In the case of Mono,.

a tentative assumption would be that the para proton triplet in T.P-M.

goes up field and is submerged under the doublet which appears charac-

teristic of the xenyl ring. This would suggest a decrease in charge

in the phenyl ring. The triplet characteristic of xenyl rings, how-

i iti i i o to
ever, remains relatively constant in position in going from Mon

Di and Tri. These qualitative aspects are in agreement with the struc-
ture calculations as shown in Table (2 ).

The quantitative aspects of the spectrum of T.P.M, reguire further

attention since the charge distributions obtained from N.M.R. analysis

(88 ) disagree with those expected from the structure method and from
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calculations based on the optical intemnsities. Furthermore, the N.M.R.
results indicated that the meta position carries more positive charge
than the ortho position. This is clearly contrary to classical chemical
thought. However, it must be remembered that chemical shift is the
combined effect of many factors. In the present case, the most impor-
tant complications would result from ion~pair formation, anisotropy
of the charged central carbon atom, and the ring current due to the
nearby phenyl rings. Unless these factors can be differentiated from
the simple effect due to charge distribtuion in the ring, chemical
shift data will give erroneous conclusions. Apparently, the technique
of N.M.R. at the present stage is still not entriely competent in
treating cases as complicated as the present system. Although Pople's Q!
S.C.F. calculations (89) seem to substantiate the N.M.R. results without
inclusion of these other complicating factors, the fact that ion-

pairing appears to exist in the case of T.P.M. casts some doubt on the

reliability of these sophisticated calculations. Furthermore, the optical

intensities calculated using the S.C.F. charge.distribution and the

structure representation wave functions give very poor agreement with

those obtained experimentally.
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As shown in the present research, the structure representation
method is an extremely convenient tool in studies of the 7 electron
systems. The calculations based on this method agree substantially
with *he results of the H.M.0O. method but are in much better agreement
with the experimental results in the question of intensities. The
method is in essence a semi-empirical perturbation technique. Mathe-
matical difficuliies which tend to limit the usefulness of most non-
empirical metlods are avoided by the use of matrix algebra. Electron
interactions are included as matrix elements derived from observed
guantities. In this respect, it is superior to some non-empirical

methods and is capahle of treating complex systems.

The fact that excellent accounting of intensities in T.P.M. and

Tri is given by the structure representation, togethier with classical

valence theory, gives much weight in the justification of the funda-

mental assumption tha% structures (1) are equivalent to structures (2.

Furthermore, the agreement demornstrated in tlhie present research with

3 L]
regard to choice of energy levels, lends strong support to Simpson's

scheme of classifying the 7 electronic levels into 'Nt and 'E' states,

3 W
namely., that the number of N states 1S the same as the number of 1o

i £i i e
energy structures. This theorem should be modified somewhat, sinc

in the present case, the Kekulé structures themselves have been g

lected, and further; the ortho and para structures have been lumped

. : tv—
together and considered as a single entity. There are in fact forty

. an
four of these structures,; but even SO, the method works by consider

; e
tion of only four composite strucutres. The grouping was of cours
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dictated by chemical intuition but is probably justified best by the
fact that the interactions within a given structure are more or less
constant and do not appear explicitly in the general formulation.
These interactions are probably much stronger than those which appear
as matrix elements in the E' matrix and the reduction is probably only
justified by their constancy. However, this result may be cf some
use in the consideration of other systems, suach as naphthalene negative
ion, where many such valence bond structures can be drawn. Judicious
reduction may be possible even in thi.s difficult case.

Certain mathematical difficulties are apparent when attempts are
mde to obtain better agreement with the experimental results. As was
seen, these arise when added constraints are put into the computational
scheme. When the calculations are so restricted, complex energies are
sometimes found and these have no significance in this or any other

systeme. The best results were obtained in the present case when only

a single parameter was used. TFurther refinements, however justified,

gave some deterioration in the agreement with experiment,. It may be

that the principle source of quanﬁttative disagreement may in fact

lie with the uncertainties in interpretation which have been mentioned

with respect to the quantities which have been mezsured in the

laboratory.

It may be of some advantage in the future to carry out a similar

study under conditions of higher resolutions, and where vibrational

f tlose
analyses are available for the compounds, to remove some O b

uncertainties. At present, it seems unlikely that this will be possible

i i imi igh
with organic carbonium jons since their existence seems limited to hig

dielectric solvents where such resolution is at best difficulte.
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Within the framework of low resoclution spectroscopy, the struc-
ture method has been shown to have some advantage in simplicity and
in accuracy, and in another context may be used to predict N.M.R,

spectra on the basis of optical data alone.
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The n electron was initially in a sp? orbital of the nitrogen

atom and excited to a P, orbital.

... ‘P‘ = \Pap‘ = \Pf’
Yo =75 % + f,g‘ Yoy
The only contr:.butlon expected from 2M is that of =z, hence the
important part of 2 is J-'l-s: \Iés
7 = f ¢ EM g dr
o= e = s Sqzw (a)(2-p)e
— zZ ¥ 2

?'-'J[JS ame (af(-’-—P) e’:] [TWGJ[;}{{(‘%‘_% P e‘fcaoe] dr

dr=Y «ne dyr doe d¢

L= f [T [t decaords (2f'-F)dF
°° Pmo 1920 ‘4o

’ (zp p)g'd.P ! dee Ced6,

Py d

l6J—
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S G= s (2-41 -5))

3[3 162
= 0o . 9
383 Z

Z is equal to the nuclear charge of 7 minus the screening effect
of the remaining 6 electrons. Taking 0;85 for the 2w electrons and

0.35 for the four inner electrons,
z=7-[(x.35)+(4%.35)]

Z = 3.9

Q.= 0.53A

However, as shown by the calculation of McEwen (90), there is

indication that the Nspz and Op electrons form bonding moleculer
z

orbitals. This will reduce the above intensity by approximately a.

factor of two.
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