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CHAPTER I 


INTRODUCTION 

Determination of geometries of excited electronic 

states of molecules is one of the many aims of molecular 

spectroscopy. The application of absorption measurements 

for this purpose 1s well known ( l,2,1 ) , the required 

information being obtained from the analyses of the vi

brational and/or rotational structure of absorption bands. 

The analysis of the vibrational structure permits iden

tification of the vibrational modes and determination of 

force constants while the analysis of the rotational fine 

structure permits determination of rotational constants 

thus providing information about the geometry of the 

molecule in the excited state. The same type of informa

tion particularly of the excited triplet state since 

T1 ~ absorption data are scarce ) can be obtained froms0 

emission spectra. 

Qualitatively, from the Franck-Condon principle, 

the appearance of a prominent progression in a part1cul8r 

normal ino<le of vibration is indicative of a molecular dis

tortion along that normal coordinate. Quantitative methods 

have been developed for calculation of geometry chan~es 

by relative intensity measurements on the members of the 

progression for absorption data ( 4,5 ) and emission data ( Q ) • 

1 




2 

In this study, the vibrational analyses of benzo

nitrile, perdeuterated benzonitrile, and ortho-, meta-, 

and para-monodeuterated benzonitriles in rigid matrices 

( both glassy and crystalline solutions ) at 77°K are 

presented. 

The results of the vibrational analyses are inter

preted in terms of excited state geometries. Benzene it

self is known to be slightly expanded and hexagonal in 

the first excited singlet state ( 4 ) , and hexagonal ( l ) 

or nearly so ( 6, 8 ,~ ) in the lowest tripl et state. Substi

tution of H by -c=:N on the benzene ring results in 

the donation of negat ive charge to the substituent, both 

by resonance and inductive effects ( 10 ). Nevertheless, 

Bak et al ( 11 ) have found by microwave spectroscopy that 

the ground state of benzonitrile is still nearly hexagonal, 

as in benzene. A recent rotational analysis of the S0-+ s 1 

absorption band of benzonitrile by Knight and Brand ( 1£. ) 

has established that in the first excited singlet state, 

both the long and short axis of inertia are extended but 

not equally so. The vapor phase fluorescence has been 

reported by Bass ( 1..1 ) while the phosphorescence was first 

reported by Kowalski ( 14 ) in 1912 and again by Lewis and 

Kasha ( 1.5. ) in EPA at 90°K in 194). The phosphorescence 

was more recently reported in ethanol at 770K in 1962 by 

Takei and Kanda ( 16 ) and finally by Faure et al ( 1.l ) 
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in a solid nitrogen matrix in 1969. 

The orbital symmetry of the lowest excited tri

plet state is assigned using polarization results obtained 

by the method of photoselectlon. 



CHAPTER II 

THEORETICAL 

Molecular spectroscopy investigates the interac

tion between an ensemble of distinct particles (molecules) 

and an electromagnetic radiation field. 

The total internal energy of an isolated molecule 

is given by the sum of the kinetic energy and the poten

tial energy of all the electrons and nuclei present. A 

stationary state of the molecule, of energy Et, may be 

represented by a wavefunction l/lt , of the time indepen

dent wave equation 

II.1 

where H , the total quantum mechanical operator, equals 

the kinetic energy operator of the nuclei ( Tn ) and the 

electrons ( Te ) , plus the operators for the coulombic 

interactions between electrons and nuclei ( V ) and en 
the internuclear and interelectronic repulsion operators 

Vnn ' Vee ) ' 

H = (K.E. + P.E.) = T + T + V + V + V II.2e n en ee nn 

Since the motion of the electrons at any given 

instant is , to a first approximation, very rapid com

pared to the motion of the nuclei , the nuclei are assumed 

4 
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to be in a fixed position for the purpose of calculating 

the energy of the electrons Tn and Vnn are assumed cons

tant ). One can also define an electronic Hamiltonian 

operator ( He ) as 

II.J 

The separation of nuclear and electronic motion 

implies that the total wavefunction can be written in a 

product form 

1/ft = Vre l/in ' 

which implies that 

II.4 

The product wavefunction is commonly called the 

zero-order Born-Oppenheimer approximation and represents 

a good approximation to an eigenfunction of the Hamil

tonian operator. 

Born and Oppenheimer have also shown that the 

mot ion of a molecule can be separated into three types: 

electronic, vibrational, and rotational so that the total 

energy is represented by 

E E + E + E II.5t = e v r 

and the corresponding wavefunction 



6 

II.6 


The molecules or particles will undergo spectro

scopic transition from an initial state of energy Ei 

( with respect to an arbitrary zero ) to a final state 

of energy Er if energy 1Er - Eil is absorbed or emitted 

by the molecules in the form of electromagnetic radiation. 

The frequency ( f ) of the radiation is given by 

where Vfi has wavenumber units ( cm-1 ), h is the 

universal Planck's constant (6.62 x 10-27 erg-sec.) and 
10 

c is the speed of light in vacuum (3.0 x 10 cm/sec.). 

Since V is proportional to the energy of the photon and 

is easily calculated as the reciprocal of the wavelength A, 
the wavenumber is a very versatile unit extensively used 

in spectroscopy. 

2.1 Class ification of States 

Since spectroscopic electronic transitions occur 

between differing states, it is important to know which 

orbitals ( and types ) are available for the electrons to 

reside in. Several theories ( Huckel, Free-Electron, etc. 

have been developed to calculate the energies of the mole

cular orbitals. Since these theories are limited except 
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for the simplest atoms, it is not possible to expect the 

theoretical approaches to predict exact quantities ener

gies ) for the orbitals of polyatomic molecules. 

Several approximations have to be made even for 

the simplest approaches: 

a) the electronic Hamiltonian is a sum of effective one-

electron energy operators, Hj, that is 

H = II.8 e 

b) the 7T-electron system can be divided into core elec

trons and valence electrons, so that 

He = 2: Hj( core electrons) + E Hk(valenee electrons) II.9 
j k 

in which EH j (core electrons) is assumed to provide a 
j 

constant potential term in the electronic Hamiltonian He; 

c) it is usually assumed that the molecular orbitals are 

linear combination of the 2pz atomic orbitals located on 

the various nuclear centers. 

Each molecular orbital then has a set of quanb1m 

numbers associated with it and the electrons are added to 

the orbitals in order of increasing energy and accordin~ 

to Pauli's exclusion principle,which states that al] wave

functlons must be antisymmetric in the coordinates (spin 
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as well as space coordinates) of all pairs of electrons. 

The states for the molecule are then determined by their 

orbital electronic configurations. 

The molecular states of molecules are also usually 

classified by the symmetry of their space wavefunctions. 

The molecular orbitals transform as various irreducible 

representations of the point group to which the molecule 

belongs. The representations of the orbital configurations 

( states of the molecule ) are then given by the direct 

product of these representations. 

In addition to the symmetry of the space or orbi
i 

tal wavefunction, the total spin angular momentum[S(S+l)] 2 h, 

or the spin multiplicity, 2S + 1 , is also used to describe 

molecular states. ~ach electron in a molecule contributes 

a spin of 1/2 • If the number of electrons is even and 

their spin are paired ( anti-parallel ) there will be no 

net spin ( S ) and the spin multiplicity 2S + 1 ) will 

be one, the resulting state bein~ calJed a singlet state. 

( This is true for the ground state of most aromatic hydro

carbons .) However, if for example, one of the electron is 

promoted from a 11'-bonding orbital to a 11-antibonding 

orbital and the electron spins are still anti-parallel, 

a singlet excited state is formed. If the spins of such 

an excited molecule are parallel, the spin multiplicity 
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will be three forming the excited triplet state. Likewise, 

doublet, quartet, etc., states will result from molecules 

( or ions ) having an odd number of electrons. 

2.2 Vibrational Motions of Polyatomic Molecules 

Molecules with N nuclei have JN degrees of free

dom of displacement. For nonlinear molecules, six of these 

are associated with translation and rotation motions of 

the molecule as a whole. Therefore, nonlinear molecules 

have JN - 6 ( JJ for benzonitrile ) degrees of freedom 

associated with the internal vibratory motions of the 

nuclei in the molecule and analysed into motions along 

separate normal coordinates and identified by energy and 

symmetry. ( £,lll,1.2. ) 

The complex vibrational motion of the molecule 

can be decomposed in terms of normal modes, a normal mode 

being a mode of vibration in which each nucleus reaches 

its position of maximum displacement at the same time,and 

passes its equilibrium simultaneously. 

The normal modes of vibration of benzonitrile with 

their frequencies and symmetries are given in Table ( 4.1 ) • 

2.J Isotope Effect 

When an atom of a molecule is replaced by an iso
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topic atom of the same element, it is assumed that the 

potential energy function and cortf iguration are changed 

by negligible amounts ( 20 ) • The frequencies of vibration 

may, however, be appreciably altered because of the change 

in mass involved. 'rhis is particularly true if hydrogen 

is the atom in question because of the large percentage 

change in mass. Therefore, a normal mode of vibration in 

which the hydrogen atom in question is oscillating with a 

large relative amplitude will suffer a greater isotopic 

change in frequency than a normal mode in which this hydro

gen is moving with a relativel y small amplitude. 

If the isotopic shifts of the normal modes of 

vibration are lmown, the vibrational assignments of the 

electronic spectra will be helped by a vibrational ana

lysis of the isotopic substituted analogue of a molecu l e. 

2.4 Electronic Transition 

Transitions between different electronic states 

usually give rise to spectra in the visible and ultra

violet regions. In general, the electronic transition is 

composed of vibrational bands, each band being accompanied 

by a rotational fine structure which give rise to a cer

tain bandwidth on the vibrational bands. 

Although the energy difference between any pair 
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of states can be calculated, the spectroscopic transition 

between the two states cannot always be observed. The pro

bability of a transition occuring depends on whether the 

incident radiation can change the electronic distribution 

of the ground state to that which is necessary for the 

excited state or vice versa. The express1on f o-r the P T\°'> "..1;i 

'l::·ility of the trans1tion between two states 1/f1 and l/lj is 

such that the probability depends on the square of the 

transition dipole moment integral 

II.10 

where M is the dipole moment operator and M = Nx + My + 

Mz = f er1 where e is the charge of the electron and r 1 

is the vector distance of the 1th electron from an origin 

of a coordinate system fixed for the molecule. 

The transition moment integral between the two 

states lJr1 and 1/lj is often denoted as ~ 1 j , 

II.11 

or in the bra-ket notation as 

II.12 

where d T is over the whole conf igurat1on space of the J N 

coordinates. If ~ = O, the transition is forbidden as an 



12 

electric dipole transition. ( Quadrupole interaction and 

second order effects are not considered here. ) 

Restrictions on the value of G{, (transition moment) 

are imposed by symmetry. The application of group theory 

makes it possible to predict which transitions are allowed. 

In any given electronic state, the molecule may 

be excited to any of the possible vibrational states. Each 

of these levels may be regarded as vibrational-electronic 

or vibronic state. 

2.5 Vibronic Selection Rules 

The vibronic wavefunction 1/fev' may be written as 


1/re lfrv , and the transition moment has the form 


II.13 

where the(') and{") denoted the initial and final states 

respectively. 

A transition is allowed if the direct product of 

the vibronic species of the two states involved contains 

a t least one component of the electric dipole moment ( f'. x, 

i"i y or Mz ) • Thus while a pure A24+ A1 electronic transi

tion in the c2v point group is forbidden ( see Table (2.la)), 

t ransitions to levels where various vibrations in the elec
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tronic states are excited may be allowed. 

The intensity of an electronically forbidden tran

sition ( such as A2++A1 in c2v) depends on the proximity 

of a third electronic state to which a transition is 

allowed from the ground state ( 21 ). The forbidden tran

sition can borrow intensity by a mixing of vibronic eigen

function of the two states involved. 

In principle, two electronic states of any species 

can perturb each other if vibrations of the right symmetry 

are excited, but this perturbation wil l be very weak unless 

the species of the two electronic states differ by only 

the species of one of the normal vibration ( 22 ) • In other 

words, the product of species of a normal vibration and 

one of the electronic states must equal the species of the 

other electronic state. 

2.6 Franck-Condon Principle 

The shape of an absorption or emission band due 

to a single electronic transition may be considered to be 

determined by the spacing of the vibrational subbands and 

by the distribution of the total intensity amon~ the vibra

tional subbands which is determined by the Franck-Condon 

principle. The Franck-Condon principle states that the 

most probable vibrational component of an electronic tran
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sition is one which involves no change in nuclear confi

guration since the electronic transition is much faster 

15 -12( 10- sec. ) than the nuclear motion ( 10 sec. ) • 

A potential energy diagram can be drawn for each 

of the vibrational modes in any given state ( ground and 

excited ) , the whole of which will form the polydimen

sional potential energy diagram for the polyatomic molecule. 

Assuming that the vibrational motion of the nuclei 

performs as oscillators harmonic and anharmonic ) , the 

allowed energy levels ( solutions of the Schrodinger equa

tion with potential energy V = ~kr2 for the harmonic osci1

lator ) will be 

E j = h V ( j + !) . 

F igure ( 2. la shows the energy levels, eigenfunctions, 

a nd probability density distributions for such an harmonic 

oscillator. Of course, the eigenfunctions and probability 

density distributions for an anharmonic oscillator will 

be simil ar except that they will be somewhat unsymmetrical 

a nd that the unequal spacing of the energ y leve1s will be 

best described by a power series ( Figure ( 2.lb )) • 

The most probable transition, according to the 

Franck-Condon principle, will then be the vertically up



E E 

r _. 	 r ___..(a) 	 ( b) 

Fig. 2.1 	 Potential energy diagram with energy levels, eigenfunctions, and 

probability density distribution (---) for an harmonic (a) and 

anharmonic (b) oscillator. 
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ward ( absorption ) or downward ( emission ) transitions 

in the potential energy diagram. Since the internuclear 

separation in the j = O vibrational level is described by 

a probability distribution, the transitions will occur 

over a certain range of r , and therefore more than one 

band will originate from j = o. But the most intense hAnrl 

will be where a maximum overlap of the eigenfunctions 

occur. 

If upon excitation, the molecular geometry is not 

changed, i.e., the equilibrium nuclear separation is 

roughly the same as in the g round state, the most probable 

transition and most intense peak in the emission spectrum 

wil1 be the 0,0 band with the progression falling off in 

intensity quite rapidly. This is depicted in figure ( 2.2a 

and 2.2b ) • However, if the excited state geometry is 

quite different from that of the ground state, the minimum 

of the excited state potential energy curve will be dis

placed with respect to that of the ground state, and a 

longer progression will be expected since the j = 0 level 

of the excited state overlaps with more levels of the 

other s tate . This is shown in figure ( 2.2c and 2.2d ) • 

The most prominent vibrational progression pro

vides important information about a change of geometry of 

the molecule since the progression due to the vibration 
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with respect to the normal coordinate whose equilibrium 

value is the most greatly changed by the electronic tran

sition will appear prominently in the spectrum. Therefore, 

prominent progressions indicate the important distortions 

occuring upon electronic excitation. 

Several methods have been developed to measure the 

magnitude of the molecular distortions. One of these, 

using the Franck-Condon factors ( vibronlc overlap inter

grals ) was first used for polyatomic molecules by Craig 

( 4 ) who measured the distortion of benzene upon exci

tation. The method was further developed by Coon et al 

( i ) and used for measuring the distortion from absorp

tion data. The same type of information can be obtained 

from emission data ( Q ). The assessment of the distortion 

is permitted by a measurement of the relative intensities 

on the members of the progressions. 

2.7 Electronic Absorption and Emission 

Electronic absorption spectra of most saturated 

organic compounds occur in the far-UV region, i.e., below 

200 nm. while absorption occuring in the near-UV and 

visible regions are due mostly to unsaturated compounds 

since less energy is required to promote 71-eJectrons than 

<:r -electrons. 
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Absorption electronic spectroscopy refers to a 

transition from a lower electronic state of a molecule to 

a higher electronic state. This can also be regarded as 

a promotion of one or more electrons from an occupied 

molecular orbital to a higher energy unoccupied orbital. 

Once a molecule has been excited, several mecha

nisms are possible for losing the energy of the unstable 

excited molecule. One of these processes is the radiative 

mechanism, i.e., by fluorescence and phosphorescence. 

Other mechanisms are the radiationless process, photo

chemistry, etc. 

Figure ( 2.3 ) shows the possible absorption tran

sitions and the different types of mechanisms for the 

intramolecular loss of energy. A full line represent a 

radiative process between states of the same multiplicity 

and the dashed vertical lines those transitions between 

states of different multiplicity as they are,to a first 

approximation, forbidden. The nonradiative transitions 

are represented by a wavy arrow for the internal conversion 

and a horizontal dashed line for intersystern crossing. The 

internal conversion is defined as a radiationless passage 

between two different electronic states of the same spin 

mul tiplicity while intersystem crossing is the radiation

less passage from an electronic state in the singlet mani
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fold to an electronic state in the triplet manifold or 

vice versa. Intersystem crossing is primarily responsible 

for the population of the triplet state of organic mole

cules. 

Only two emissions are found to occur ( with a 

few notable exception, e.g., azulene ) between different 

electronic states, whereas absorption can occur between 

many electronic states. This former observation is sum

marized by the Kasha rule ( £1. ) which states that for 

organic molecules in condensed media, the emitting level 

of a given multiplicity is the lowest excited state of that 

multiplicity. This is because the internal conversion 

process is much shorter than the radiative process. ( A 
11 14 1rate constant of 10 - 10 sec- is associated with inter

nal conversion whereas the fluorescence rate constant is 

approximately 108 sec-1 .) It is an empirical fact that 

in condensed media, the excitation energy of s2 , s 3 , ••• 

or any excited vibrational level of s1 , s2 , ••• , will ra

pidly be lost in inelastic collisions until the zero point 

vibrational level of s1 is achieved radiationlessly. Of 

course, for rarefied gases, emission can originate from 

any of the vibrational levels. 

Similarly, s1 may have its energy degraded to s0 

radiationlessly or it may be degraded to T1 through inter
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system crossing, or it may emit fluorescence which is 

formally kno~m as the emissive passage between states of 

same multiplicity. Once the triplet state has been popu

lated, it can lose its energy by intersystem crossing or 

by phosphorescence which is the emissive passage between 

two states of the same molecule which are of different 

multiplicity. 

Any transition, radiative or non-radiative, between 

states of different spin multiplicity is highly forbidden 

but this forbiddenness is relaxed by the interaction be

tween the magnetic dipole generated by the spin motion of 

the electron and the magnetic dipole generated by the orbi

tal motion of the electron. This spin-orbit interaction 

has the effect of introducing singlet character into the 

triplet state and triplet character into the singlet state. 

The fluorescence spectra will then be the envelope 

of transitions fron the zeroth vibrational level of the 

singlet state to various vibrational levels of the ground 

state whereas the phosphorescence spectra will consist of 

transitions from the zeroth vibrationaJ level of the tri

plet state to the vibrational levels of the ground state. 

Therefore, molecular distortions of both the sin 

gle t state and the triplet state can be determined by a 
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vibrational analysis of the fluorescence and phosphorescence 

spectra. 

2.8 Symmetry Classification of Benzonitrile 

Each isolated molecule can be classified by a sym

metry point group, according to the symmetry elements its 

equilibrium nuclear configuration has. 

The benzonitrile molecule in the ground state is 

planar ( 11 with the substituent, - C=:N , lying on a 

straight line bisecting the benzene ring. Benzonitrile 

has three symmetry elements in adrlition to the identity 

element, namely, a two-fold rotation axis and two reflec

tion planes. These symmetry elements are shown in figure 

( 2.4 ) in which the coordinate axes have been defined 

according to Mulliken's convention ( 24 ). The corres

ponding symmetry operations are: 

c2 (z), rotation about the z-axis through 71; 

<Tv(xz) , reflection in a plane .l. to the molecular 

plane ; 

cr~(yz), reflection in the molecular plane. 

These three symmetry operations together with the 

identity E comprise the c2v point group to which benzo

nl trile belongs. Deuteration in the para position and 
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FIGURE 2.4 Symmetry Elements of Benzonitrile 
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TABLE 2.1 a Character Table of the c2v Point Group 

E 

1 1 1 1 Mz 

1 1 -1 -1 Rz 

1 -1 1 -1 Mx Ry 

1 -1 -1 1 My Rx 

TABLE 2.1 b Direct Product Table of the c2v Point Group 



26 

perdeuteratlon does not alter the c2v symmetry but the 

deuteratlon in the meta and ortho position changes the 

symmetry to Cs • 

The character table and the direct product table 

of the c2v point group are given in tables ( 2.la and 2.1b ) • 

They are of use in assigning the orbital symmetry of the 

lowest triplet state as explained in the following sections. 

2.9 Polarization of Luminescence 

It will be recalled that the electric dipole mo

ment transition integral contains Mx, My, and Mz components. 

Therefore, it is possible that with an oriented molecule, 

a particular transition may occur only when the incident 

radiation is polarized along a certain direction. The mole

cular orientation can be accomplished by using single crys

tals . Another way is by the method of photoselection as 

described by Albrecht ( 24 ). In this method, the molecules 

are randomly 'frozen' in a glass and selectively excited 

by light having a particular oriented electric dipole, i.e., 

the molecules whose absorption transition moments are paral

lel to the electric vector of the exciting light will be 

excited preferentially and molecules with other orienta

tions will contribute less to the total intensity of the 

transition. 
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The degree of polarization is def 1ned as 

Ivv - Jcos ex) - 11VH 
2 

p = = II.14 
Ivv + 1VH cos2 ex.) + 3 

where Ivv is the intensity of emission as observed throu gh 

a polarizer passing only vertical electric vector lt~ht 

after excitation by vertically polarized light. IvH is 

the intensity of emission as observed through a polarizer 

passing only horizontal electric vector light after exci

tation by vertically polarized light. 

OC is the angle between the emission and absorp

tion transition moments. Therefore, parallel electric 

dipoles bring in a maximum contribution of + 1/2 to the 

degree of pol arization while perpendicular electric dipol es 

contribute a maximum polarization of - 1/3 • In practice, 

the maximum degree of polarization is rarely observed due 

to depolarization effects, such as glass strains, softness 

of glasses, and 'instrumental favoring'. Several techniques 

are employed to take care of these 'favoring factors'( 26 ) . 

2.10 Assignment of the Lowest Triplet State 

The results of a polarization measurement can be 

used to assign orbital symmetry of electronic states. I n 

planar aromatic hydrocarbons, the a l lowed n- n* transl

tions are in-plane polarized. In c2v symmetry, these are 
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A1~A1 and A1...,. B2 • As mentioned in the previous section, 

the degree of polarization is governed by the direction of 

the electric dipole moment of the absorbing and emitting 

1A 1B 1. 1states, e.g., in C2v , a 1-+ 2 absorption and a B2-. A1 

fluorescence would produce a positive degree of polarize

tion since the absorbing and emitting states have parallel 

transition moment (y). However, absorption in the 1A1 (z) 

followed with fluorescence from the 1B2 (y) state would 

result in a negative polarization. 

Triplet to singlet transitions are not allowed to 

a first approximation. The transitions will become allowed 

if the triplet state has some singlet state character or 

the singlet state has some triplet state character mixed 

in it by the perturbing effect of spin- orbit interac

tion ( 26,gz ). 

1
The wavefunction of the lowest triplet state, T

kperturbed by admixture with singlet states, s , is ex

pressed as 

0and the wavefunction of the singlet ground state, s , 

perturbed by triplet states, tk, is expressed as 

II.15 
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II.16 

where l/l(t1 ) and l/lcs0 ) are the unperturbed lowest tri

plet state and singlet ground state respectively and where 

Hso is the Hamiltonian operator for the spin-orbit inter

action and has the form 

(V'V x p ) • s. II.17 

McClure ( 28 ) has shown that the orbital part of 

Hso transform as axial rotation Rx, Ry, and Rz. 

The transition moment of the singlet-triplet tran

s1tion is then 

+ 

and the polarization of the phosphorescence is governed 

by the polarization of the transi t1ons s 0 ++sk and t 1~ tk. 

For the transition moment of equation II.18 to be 

non-zero, one requires non-vanishing values for at least 

one of the 'k' mixing coefficients 
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<tl IHsol sk ) ( solHsol tk) 
and 

E(t1 ) - E(sk) E(s0) - E(tk) 

No attention ls paid to the absolute magnitude of 

mixing determined by these mixing coefficients. 

If the lowest triplet state is of 3A1 orbita1 

symmetry, then, recalling that the orbital part of Hso 

transforms as axial rotations, it is seen that the per

1 1 1 1turblng singlets tot can be A2 , B1 , and and thatB2 

the perturbing triplet states to s 0 may be 3A2 , JB1 , and 

3B2 • However, the transition moment of equation II.18 ls 

also governed by ( s 0 Ier I sk) and ( t 1 Ier I tk ) • This 

reduces the sk to 
1

B1 and 
1

B2 and the tk to JB1 and 3B2 • 

The polarizations of 
1 1

A1++ B1 and 
1 1

A1 4-+ B2 are out-of

plane (x) and short axis in-plane (y) respectively as are 

the 3A1 ~
3B1 and 3A1 ++ JB2 trans 1 t ions. These results 

are summarized in table ( 2.2 ). The direction of poJAri

zat ion of the transit ions s 0++ sk and t 
1 

-t-+- tk which 

governs the polarization of the phosphorescence are writ

ten in parentheses. 

3B2For a orbital symmetry for the lowest triplet 

state, different perturbing states and polarizations are 

expected; these are shown in table ( 2.2 ). 

These considerations indicate that for both choices, 



Lowest Trfc.Plet 
State t 

(orbital symmetry) 

Hso 
(transform 

as R's) 

Possible perturbing
singlet states s 
to the lowest triplet 
state ~d po~arization

of s -+ s 

Possible perturbkng
triplet states t 
to the ground state 
and potar1zft1on of 

t ~ t 

JB
2 

Az 

Bl 

B2 

1 
Bl 

1 
Az 

1 
Al 

(x) 

(forbidden) 

{z) 

JA 
2 

JB 
1 

JB
2 

(x) 

(forbidden) 

(z) 

JA
1 

A2 

Bl 

B2 

1 
Az 

1 
Bl 

1 
B2 

(forbidden) 

(x) 

( y) 

JA 
2 

JB
1 

JB
2 

(forbidden) 

{x) 

(y) 

TABLE 2. 2 Spin-Orbital Mixing of Singlet and Triplet States 
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an out-of-plane polarization ( x ) contribution to the 

polarization of the 0,0 phosphorescence band is possible. 

But for 3A1 , a short axis in-plane ( y ) contribution is 

expected while for 3B2 , there can be a long axis in-plan e 

( z ) contribution. Thus , in principle , polarization 

measurements can assist in the triplet state orbital sym

metry assignment; one merely excites into the 0,0 region 
1 1 1 1of the A1~ ( y ) and A1--+ ( z ) transitionsB2 A1 

and measures the relative degree of polarization of the 

0,0 region of phosphorescence. For a 3A1 lowest triplet, 

the polarization ratio would be more positive for a ( y ) 

excitation while for a 3B2 assignment, the ratio would be 

more positive for the ( z ) excitation. 



CHAPTER III 

EXPERI.l'•rnNTAL 

3.1 Chemicals 

c cN - Commercial benzonitrile ( Aldrich ChemicaJ Co. )6H5
was purified by vacuum distillation. The emission spectra 

obtained from the non-redistilled benzonitrile was similar 

to that of the purified benzonitrile. 

C6D5CN - Perdeuterated benzonitrile, of better than 99~ 

isotopic purity, was obtained from Merel<", Sharp and DohI!'le 

of Canada Limited and used as received. 

0-, m-, p-D-C6H4 CN - The monodeuterated benzonitriles 

were prepared by reductive removal of bromine from the 

c orresponding bromobenzonitr1les ( Aldrich ChemicsJ Co. 

with powdered zinc in presence of a cetic anhydride and 

d euterium oxide ( £9.. ) • Very low yieJds were obtained 

f rom this me t hod. These were improved with a sJi~ht altera

t ion to the procedure; a 1.5 : 1.0 molar ratio of deute

t ium oxide : acetic anhydride mixture was used instead 

o f the recommended lar~e excess of deuter~1m oxide. A1s0, 

much larger volumes ( 150 mls. ) of benzene were used for 

e xtractions. This was done to avoid loss of the desired 

materlaJs on the vessel walls and durin'?: each subsequent 

33 
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transfer. The extract was then concentrated by the eva

poration of benzene from a 250 mls. round-bottom flask, 

topped with a short tube 10 cm. long by 22 mm. o.d. ) 

to avoid possible evaporation of the product. The deu

terated benzonitrile was then separated by fractiona1 

vacuum distillation. 

The derivatives were anaJysed for purity by pro

ton 13c magnetic resonance spectra ( 1Q ) and found all 

to be obtained in close to 100% isotopic purity and with 

less than 5% of rearranged isomers. 

3.2 Solvents 

The foll.owing solvents were used to obtain solid 

( gla ss and polycrystalline ) matrices: 

cyclohexane and methylcyclohexane, spectroqua1ity products 

of Matheson, Coleman and Bell, were used without further 

purifications; 

isopentane and J-methylpentane, pure grade products of 

Phillip 66 , were used after shaking in Linde lOX molecu

lar sieve; 

isooctane, a spectranalysed Fisher reagent, methanol, a 

Shawini~an product and absolute ethanol were a11 used 

without further purifications. 
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None of the solvents employed showed detectable 

luminescence under the experimental conditions employed. 

3.3 Apparatus 

The basic apparatus used to obtain the emission
• 

spectra is shown schematically in figure J .1 ) • 

The exciting light, provided from various sources 

Hanovia 150 Watt Xenon lamp or Osram 150 Watt Xenon 

lamp powered by a Bausch and Lomb power supply or a Osram 

450 Watt Xenon lamp powered by a DC regulated universal 

lamp power supply, Model # C-72-50, from Oriel Optics 

Corporation ) was passed through a monochromator ( Bausch 

and Lomb 0.25 meter monochromator with a 1200 ~rooves/mm. 

grating or Jarrell-Ash 0.25 meter Ebert monochromator 

provided with a 2J60 grooves/mm.,JOO nm.blazed grat in~.) 

The monochromated light was then focussed by quartz lenses 

to irradiate the sample contained in a 11 mm. 0.d. quartz 

tube immersed in a partially silvered quartz dewar con

taining boiling liquid nitrogen. The emitted J1~ht was 

de tected by a dry-ice cooled photomultiplier ( RCA Type 

8575 ) powered by a Power Design, Model HV 1.544, power 

supply, after passing through a 0.5 meter Jarrell-Ash 

scanning monochromator ( provided with a 1180 grooves/mm. 

grating blazed at 400nm.) perpendicula,r to the direction of 
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FIG. 3.1 APPARATUS FOR EMISSION EXPERIMENTS - BLOCK DIAGRAM 
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the exciting light. The resulting signal, amplified by a 

Keithley Model 610C solid state electrometer, was fed 

into a Varian Series G-2000 Recorder. The emission spec

tra thus obtained were uncorrected for instrumental res

ponse. 

Phosphorescence lifetime measurements were ob

tained by feeding the signal directly froro the photowil

tiplier tube ( or from the electrometer ) into an Hewlett

Packard 132A Dual Beam Oscilloscope. The decay of the 0,0 

phosphorescence band, after mechanically shuttering the 

exciting light, was photographed by means of an Hewlett

Packard JViodel l 96B Oscilloscope camera. 

Polarized emission measurements were obtained by 

introducing a UV polarizing Glan prism between the exci

ting monochromator and the sample and one between the 

sample and the analysing monochromator. The instrumental 

favoring was minimized by executin~ the following proce

dure: the exciting polarizer was positioned to pass only 

vertical electric vector light ( V ) and the intensity of 

the emission was recorded for the horizontal ( H ) and 

vertical ( V ) position of the analysin~ polarizer. The 

uncorrected polarization ratio, Ivv I IVH , was thus ob

tained • The correction factor, IHH I IHV , was obtained 

by positioning the exciting polarizer to pass only hor1
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zontal electric vector light ( H ) and the intensity of 

emission again recorded for the horizontal and vertical 

position of the analysing polarizer. The product, 

Ivv x IHH I IvH x IRV , was then the corrected polariza

tion ratio, N , from which the degree of polarization, 

P = N - 1 I N + 1 , was calculated. 

J.4 Prepar ation of the Solid Matrices 

The luminescence spectra of the benzonitriles were 

obtained for both glassy and polycrystalJine matrices. 

All spectra obtained using glassy solvents ( isopentane, 

J-methylpentane, methylcyclohexane, isooctane, methano1 , 

and ethanol ) were not well resolved; consequently, poly

crystalJ 1ne matrices, exhibiting the Shpolskii effect, 

were prepared. 

As spectra of molecules dissolved in g lasses are 

u sually broad, it was found that different molecules show 

well resolved vibronic spectra in a Shpolskii matrix, a 

frozen normal alkan e chosen so that the host mol ecuJe 

carbon ske l eton chain length equals the largest dimension 

of the carbon skeleton of the solute aromatic molecule. 

The solute molecules would then fit exactly in "cages" 

formed by the frozen solvent. 

I n the case of benzonitrile, i t is found that both 
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cyclohexane and methylcyclohexane polycrystalline matrices 

exhibited this Shpolskii effect. 

The spectra obtained were very dependent on the 

cooling treatment of the sample. For a 10-J molar solu

tion of benzonitrile in methylcyclohexane, rapid immersion 

of the sample in a dewar of boiling liquid nitrogen gave 

a clear or cracked glass giving broad peaks in both the 

fluorescence and phosphorescence spectra. When the sample 

was placed just above the liquid nitrogen level until a 

small portion crystal l ized, and then progressively lowered 

as a new reg ion crystallized, until the entire sample 

appeared white, the spectra were very sharp. This t ype 

o f cooling , referred to as slow cooling, should be con

trasted wi th fast cooling, i n which the sampl e was placed 

j ust above the liquid nitrogen unt il it turned completely 

white and then was plung ed i nto the coolant. With fast or 
-1

slow cooling, all main peaks were split in two ( 60 cm · 

1separation in phosphorescence and 100 cm- in fluorescence. ) 

The doubl et nature of t he spectrum was most obvious with 

f ast cooling , i.e., the 0,0 region of phosphorescence had 

two peaks of compa rable intensity. By the so-called sJow 

cool ine method, the member to the blue of the 0,0 reg ion 

of phosph orescence was only about one-tenth as intense 

as its partner. The relative intensity of the blue to red 
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member can be controlled by varying the height of the 

sample tube resting over the liquid nitrogen in the fast 

cooling method. 

In fluorescence, the split peaks that diminish 

with slow coolin~ were to the red. 

For solutions of benzon1tr1les in cyclohexane, 

the appearance of the phosphorescence and fluorescence 

spectra also varied with the type of cool in~ employed. 
-4 . 

After plunging a 10 molar solution of benzonitrile in 

cyclohexane ( more concentrated samples showed reabsorp

tion of the 0,0 band due to the overlapping of the emis

sion and absorption bands ) in boiling liquid nitro~en 

and waiting for fifteen minutes, the spectra consisted 

of broad doublets ( splittings of 40 crn-l in phosphores

cence and 60 cm-1 in fluorescence ) • If the fast cool in~ 

method was employed, the red member was more intense than 

the blue one in fluorescence; in phosphorescence, the 

blue member was now a broad tail. With slow coolin ~ . only 

red bands were present in both fluorescence and phospho

rescence. If a slow cool ed sample was warmed at room 

temperature for approximately five minutes and then slow-

cooled again, the spectra became sharper and the broadenin~ 

of the 0,0 reg ion were diminished. Fluorescence spectra 

obtained by this method were more resolved than in methyl



41 

cyclohexane. Consequently, the vibrational analyses of 

the fluorescence were made using cyclohexane samples and 

that of the phosphorescence made using methylcyclohexane 

ones. It should be noted that the vibrational analysis 

in one solvent also applies for the other. 

Since the analyses of the phosphorescences will be 

presented for a medium which gives splittings on all the 

major bands, the transitions originate from the vibra

tionless triplet states favored by both 'fast' and 'slow' 

cooling. Consequently, the origins will be denoted as Of 

and Os in tables ( 4.2) to ( 4.6 ). 



CHAPTER IV 

RESULTS 

The phosphorescence and fluorescence spectra re

sult from a radiative loss of energy from the zeroth vi

brational levels of the first excited singlet state and 

first excited triplet state respectively. ( By the Boltz

mann distribution, if the vibrational level spacing is 

much larger than kT, no appreciable population in vibra

tionally excited and T1 is expected; at 77°K, kT iss1 

equal to 54 cm-1 .) 

The ground state fundamentals of benzonitrile-h5 
( £2.,J.1 ) and benzonitrile-d5 ( J..g_ ) are presented in 

table ( 4.1 ) with the fundamentals labelled after Herz 

berg ( JJ. ). Whiffen's designations ( J.!±.) for monosub

stituted benzenes are also included. Figure ( 4.1 ) shows 

some schematic normal vibrations appearing in this study. 

Bak and Neilsen ( ~ ) have also made some tenta

tive partial assignments for para-, meta-, and ortho

monosubstituted benzonitriles from infrared studies. Usin~ 

these, the infrared absorption analysis of monodeuterated 

pyridines ( Jj, ) , and the similarity of the fluorescences 

and phosphorescences of the benzonitriles, entries in the 

last three columns of table 4.1 ) are made. The shifts 

42 
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TABLE 4.1 


Ground State Fundamentals in the Benzonitriles 

Designa- Description of Symmetry Freguenc1 1 {cm-1}
tion 

C6H5CN Modea Hb Db pC Mc 0CC2v cs 

V1 VC-H al a' 3080 2305 

V2 l)C-H al a' 3062 2286 

U3 VC-H al a' 3042 2283 

V4 vc=N al a' 2232 2226 225od 2245d 225od 

V5 VC-C k al a' 1599 1568 1595 1592 1593 

l)6 VC-C m al a' 1492 1378 1482 1474 1472 

l.)7 X-sens (UC-CN) q a1 a' 1192 1123 1190 1196 1192 

2)8 {3C-H a al a' 1178 871 1180d 1175d 1115d 

V9 (3C-H b al a' 1027 845 1023 1037 1042 

1)10 ring p al a' 1001 959 980 999 985 

V11 X-sens{aC-C-C) r al a' 769 718 76od 74od 76od 

2)12 X-sens(ac-c-c) t al a' 461 452 45od 45od 46od 

V13 Yc-H h a2 a" 978 780 

U1 4 Yc-H g a2 a" 848 695 

U15 ¢c-c w a2 a" 401 ()82) 

V16 Yc-H j bl a" (989) (8JO) 

l)l 7 Yc-H i b1 a" 925 769 

V18 Yc-H f bl a II 758 643 
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0 

TABLE 4.l(Continued) 

Designa- Description of Symmetry Freguenc1 1 ~cm-1 l 
tion 

C6H5CN Mode C2v cs H D p M 

U19 ¢c-c v bl a" '686 572 

1)20 X-sens r/)c-c) x bl a" 548 488 515d 525d 535d 

U21 X-sens <Yc-CN) y bl a" 172 170 

2)22 Yc=N bl a" 162 160 {150)d(150)d(155)d 

2)23 VC-H b2 a' 3072 2286 

U24 VC-H b2 a' 3027 2283 

V25 l.JC-C 1 b2 a' 1584 1568 

V26 Vc-c n b2 a' 1448 1330 

V27 Vc-c 0 b2 a' 1337 1289 

V28 {jC-H e b2 a' 1289 1040 (12sof 

V29 (3c-H c b2 a' 1163 838 

U30 {3C-H d b2 a' 1071 823 (ssof 

V:31 ac-c-c s b2 a' 629 599 615d 615d 615d 

V32 {3C=N b2 a' 551 552 54od 525d 53od 

V33 X-sens <(3C-CN) u b2 a' 381 357 365d 365d 365d 

a. 

b. 

The second column correlates the vibrational modes of benzon1
trile with the labell 1n~ of vibrational modes of monosubst1tuted 
benzenes by Whiffen <34) 
From Reference 31 

c. From Reference 29 , except as noted. 

d. From this work; see text. 



Figure 4.1 Some schematic vibrational modes of benzon1tr1le 
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of the observed vibrational fundamentals help in making 

assignments in the vibrational analyses. 

4.1 Vibrational Analyses of Phosphorescence 

The phosphorescence spectra were obtained after 

-3 -4slow cooling of 10 - 10 molar samples in cyclohexane 

and methylcyclohexane; but the latter were slightly more 

structured. Consequently, even if the spectra were more 

complicated due to the appearance of split peaks on all 

major bands, the vibrational analysis of the phosphores

cences was made in that particular solvent. The analyses 

given for the benzonitriles in methylcyclohexane are 

also valid in cyclohexane. 

a- Benzonitrile-H5 

The phosphorescence spectrum of benzonitrile-H5 
is shown in figure ( 4.2 ) , and the vibrational. analysis 

1listed in table ( 4.2 ). The strong band at 27 010 crn

is assigned as the origin band for molecules in the envi

ronment produced by slow cooling. This band and all the 

other main bands in the spectrum have weak intensity 

1splitting of about 60 cm- to the blue; these are attri

buted to transitions from the triplet state to the ground 

state by molecules in environment enhanced by fast cooling . 

These splittings tend to complicate the spectrum but their 
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assignments are ascertained by running the spectrum of 

a fast-cooled sample. 

In cyclohexane, the 0,0 band was observed at · 

-1 126 760 cm as compared to 26 780 cm- obtained by Takei 

and Kanda ( 16 ). In ethanol, the 0,0 band was found at 

26 985 cm-l compared to 26 910 cm-1 found by these au

thors. Of the series of very weak peaks in the region 

1 10-700 cm- , only that at 465 cm- was reported 1n the 

low resolution work of Takei and Kanda. However, all ex

cept the 610 cm -1 band were detected 1n a solid nitrogen 

matrix reported by Faure, Valad1er and Janin ( 11 ) . 'rhe 

band assigned as 2 x 170 cm -1 there fits better with 2 x 

1160 cm- in this work for all the benzonitriles. The ap

pearance of a band at 540 cm-1 does not permit a distinc

tion to be made between 0, and 0, v32 • However, inv20 

the phosphorescence of benzon1trile-D5 , where shiftsv 20 

down to 488 cm -1 , both seem to be present, justifying the 

double assignment for the 54O cm -1 peak. Bands appearin,17'. 

at 765, 1000, 11 85 , 1610, and 2245 cm-1 are interpreted 

as a 1 fundamentals. The outstanding feature of the spec

trum is the l ong progress ion of V and of 'l) 8 pl us the5 
building up of v5 on the other fundamentals and combi

nations. The assignment of 2 x v8 cannot be distinguished 

from v5 + V11 , therefore both assignments are entered . 
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Here again, the isotope effect will justify these alter

nate assignments. 

b- Benzon1trile-D5 

The analysis of phosphorescence of benzonitrile-D5 , 

figure ( 4.J), is contained in table ( 4.J ). The analy

sis of this compound greatly helps the justification of 

the assignment of certain peaks in benzonitrile-H because5 

the deuterium shifts would be expected to be the lar~est 

1here. The perdeuteration moves the 0,0 band 100 cm- to 

higher energy (blue). The peak at 540 crn-l in henzon1

trile-H5 is now split into two peaks assigned as 0, V20 

and 0, v32 substantiatin~ the double assignment for ben

zonitr11e-H5. The most dramatic change in the spectrum 

1 1is the shift of the 1185 crn- peak to 870 cm- , consistent 

with a 0, V 8 assignment. This shift has now revealed a 

n ew band at 1115 cm 
-1 

assigned as the 0, v? transition.t 

-1This band ( 1192 cm in benzonitr1le-H ) was probahJ.y
5 

hidden by the 0, V8 band at 1178 cm-1 • Many of the bands 

in the spectrum are only slightly deuterium sensitive but 

their assignments serve as a check for the assi~nrnents of 

-1benzonitrile-H • The 1610 cm in H is now shifted down
5 5 

to 1565 cm-land the 1000 cm-1 peak has shifted to 960 crn-1 ; 

these are assigned as O, v5 and O, v respectively. Here10 

agai.n , the main progressions a.re in V ( up to 4 x V )5 5 
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and • In perdeuterated benzonltrile, one can now disv8 

tinguish between 0, 2 x V8 and 0, 'V + , therefore,
5 

V 11 

the progression in ls observed. The main part of theu8 

spectrum consists of transitions of v5 built on other 

fundamentals and progressions. GeneralJy, the assignments 

of benzonitrile-D5 follow those of benzonitr1le-H5 quite 

well. 

c - Para-deuterated benzonitrile ( p-DC6H4CN ) 

The general appearance of the phosphorescence 

spectrum of p-monodeuterated benzonitrlle, figure ( 4.4 ) , 

ls very similar to that of benzonitr1le-H5• The analysis 

g iven in table ( 4.4 ) differs from that of table ( 4.2 

only in very few minor details. This is expected since 

t h e para hydrogen does not play a great part in the fre

quencies involved in the major part of the spectrum, i.e., 

i n the V and V 8 fundamentals ( see figure ( 4.1 ) ) • 5 
The greatest expected shift would be in where itV10 

occurs at 990 cm-1 in p-DC6H4 CN , down from 1000 cm-1 in 

HS • This has the effect of closing the gap between the 

p eaks involving the 0, V 8 + and 0,2 x transiV11 V 10 

t ions from 60 cm-1 in tt5 to 25 cm-1 in this compound. 

This feature appears again when V is added to these
5 

combinations. Except for these two regions, the spectru~ 

can almost be superimposed on the spectrum of benzonitrj
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le-H
5

. It should also be noted that the para isomer gives 

1the largest blue shift of the 0,0 band ( 40 cm- ) for the 

three monosubstituted benzonitriles. 

d- Meta-deuterated benzonitrile ( m-DC6H4CN ) 

The 0,0 transition of the phosphorescence of meta

monodeuterated benzonitrile, figure ( 4.5 ) , is blue 

shifted by 10 cm-1 with respect to the 0,0 band of H
5

• 

One of the few minor differences in the spectrum is the 

appearance of a weak band at 880 cm-1 which seems to be 

absent in H5, o5 and p-DC6H4CN. This could be due to a 

fundamental, since the change in symmetry upon introb2 

duction of D in the meta and ortho positions makes both 

the a 1 and b2 fundamentals of c2v now totally-symmetric 

a• fundamentals. This band is assigned as 0, V 30 with 

other alternate assignments as O, + V33 or +v32 0, V 20 

v 33 • This peak has the effect of changing the appearance 

of the spectrum, which is basically that of benzonitr1le-H5 
plus combinations of V 10 , V 8 , and V with the 880 cm-1 

5 
band to give peaks at 1890, 2050, and 2480 cm-1 respecti

vely. The series is repeated with the combination of V 5 
and 2 x on the previous peaks, i.e., v + ,V 5 5 V10 

+ V 8 , 2 x V combines with the 880 cm-1 band toV 5 5 
give peaks at 3475, 3650, and 4070 cm-1 respectively. But 

the main features are still the progressions in V and5 
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V 8 plus the combinations of V 5 with the other fundamen

tals and combinations. 

e- Ortho-deuterated benzonitrile ( b-DC6H4CN ) 

The variations between the phosphorescence spec

trum of ortho-monodeuterated benzonitrile, figure ( 4.6 ) , 

and benzonitrile-H5 are minimal. The 0,0 band lies at 

higher energy by 15 cm-1 • ( It should be noted that the 

1total blue shift on perdeuteration of 100 cm- is nearly 

equal to the para-substitution shift plus twice the sum 

of the meta and ortho shifts. ) The shoulder on the 1000 

cm-1 of benzonitr1le-H5 is now clearly resolved, and 

1assigned as O, v • The 1185 cm- band has lost consider9 

able intensity; part of this is attributed to the deuterium 

-1isotope effect shi ft of V to 1115 cm • There is also a8 
1weak sharp band at 1280 cm- , which is very weak or appears 

a s shoulder in all the other spectra. In the infrared ab

-1s orption of ortho, a band at 1294 cm has been attributed 

to 746 cm -1 + 540 cm-1 ( 0, V11 +V32 ) . A band in the same 

r egion for the ortho deuterated pyridine with anomalously 

h i gh i ntensity has been observed. This band could be due 

to the b2 fundamental v28 with alternate assignments of 

O, V ll + V32 or 0, v10 + 2 • The assignments propox V22 

sed in table ( 4.6 ) indicate that this band appears in 

combinations with V 
5 

and V 10 • This behavtor is not found 
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for the other molecules included in this study. 

There seems to be a loss of the v 8 progression 

but the v5 progression plus the combinations of multiples 

of v on the other fundamentals and combinations remain.5 
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Figure 4.2 

Phosphorescence of 10-3 M benzonitrile in polycrystalline 

methylcyclohexane at 770K. 
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TABLE 4.2 

Vibrational Analysis of Phosphorescence of C6H5CN ih 

Polycrystalline Methylcyclohexane at 77°K 

Ia Position .1 v(cm-1) Assignment 
c 

). (nm x 10) v(cm-1) 

w 3694 27 070 -60 O:r,O 

s 3702 27 010 0 06 ,0 

vw .37.35 26 775 235 Or,2 x 22 

vw 3745 26 700 .310 os,2 x 22 

vw 3754 26 640 .370 Os,.3.3 

vw 3767 26 545 465 08 ,12 

vw .3778 26 470 540 os,20 ;08 ,.32 

vw 3788 26 400 610 0
8 

,.31 

w 3801 26 310 700 Or,11 

m 3810 26 245 765 08 ,11 

vw 3820 26 180 830 0
8 

,11 + 33 ;0 5 ,20 + 2 x 22 

w 3836 26 070 940 Or,10 

m 3845 26 010 1000 0
5 

,10 

vw 3848 shb 25 990 1020 05 ,9 

w .3862 25 895 1115 Or,8 

m 3872 25 825 1185 Os,8 

vw .3880 sh 25 775 1235 08 ,11 + 12 

vw 3889 sh 25 715 1295 08 ,10 + 2 x 22 

0
8 

,11 + 20 



55 TABLE 4.2 (Continued) 

I Pos1t2.on 4lV ( cm-1) Assignment 

A(nm x 10) "(cm-1 > 

vw 3900 25 640 1370 Os,10 + 33 

vw 3915 25 545 1465 08 ,10 + 12 

w 3927 25 465 1545 Or,5 ;08 ,10 + 20 

s 3937 25 400 1610 08 ,5 

vw 3948 sh 25 330 1680 Or,10 + 11 

w 3960 25 255 1755 0 ,10 + 11
8 

vw 3974 25 165 1845 05 ,10 + 12 + 33 

vw 3981 25 120 1690 Or,8 + 11 

w 3990 25 065 1945 0
8

,8 + 11 ;Or,2 x 10 

w 3999 25 005 2005 0 ,2 x 10 ;0 8 ,9 + 108 

vw 4008 24 950 2060 08 ,5 + 12 

w 4018 24 890 2120 Or,8 + 10 

m 4028 24 825 2185 08 ,8 + 10 ;Or,4 

m 4038 24 765 2245 0 ,48 

w 4047 24 710 2300 Or,2 x 8 ;Or,5 + 11 

m 4057 24 650 2360 08 ,2 x 8 ;05 ,5 + 11 

vw 4070 sh 24 570 2440 08 ,5 + 12 + 33 

w 4087 24 470 2540 Or,5 + 10 

m 4097 24 410 2600 0 ,5 + 10
8 

vw 4102 sh 24 380 2630 ,5 + 908 

w 4116 24 295 2715 Or,5 + 8 

m 4127 24 230 2780 0
8

,5 + 8 

vw 4154 24 075 2935 Or,3 x 10 ;Or,4 + 11 

http:Pos1t2.on


56 TABLE 4.2 (Continued) 

I Pos1t1on A'-1(cm-1 ) Assignment 

A(nm x 10) v(cm-1 ) 

vw 4165 24 010 3000 08 ,3 x 10 ;Os ,4 + 11 

vw 4178 2J 935 3075 08 ,5 + 10 + 12 

vw 4186 sh 23 890 3120 08 ,2 x 8 + 11 

08 ,5 + 2 x 11 

w 4190 2J 865 3145 Or,2 x 5 

vw 4197 sh 23 825 3185 0
8

,8 + 2 x 10 

m 4201 23 805 3205 0
8 

,2 x 5 

w 4206 sh 23 775 3235 0
8

,4 + 10 

vw 4217 23 715 3295 Or,5 + 10 + 11 

Or,2 x 8 + 10 

w 4229 23 645 3365 06 ,5 + 10 + 11 

0
8

,2 x 8 + 10 

w 4239 23 590 3420 0
8

,4 + 8 

vw 4250 23 530 J48o Of ,5 + 8 + 11 ;Or,3 x 8 

w 4260 2.3 475 3535 0 
8 

,5 + 8 + 11 ;0
8

, 3 x 8 

w 4271 2.3 415 3595 0 ,5 + 2 x 108 

vw 4294 23 290 3720 Of ,5 + 8 + 10 

w 4.303 23 240 3770 0 ,5 + 8 + 108 

w 4317 23 170 3840 0 ,4 + 10 s 
vw 4326 23 115 3895 Of ,5 + 2 x 8 
w 4338 23 050 3960 0 ,5 + 2 x 88 
w 4340 23 040 .3970 0

8 
,2 x 5 + 11 

vw 4372 22 875 4135 or,2 x 5 + 10 



57TABLE 4.2 (Continued) 

I Posl,tl:on 4 v( cm-1) Assignment 


6(nm x 10) v( cm-1) 


w 4385 22 805 4205 0
8 

,2 x 5 + 10 

vw 4390 22 780 4230 0
8

,2 x 5 + 9 

vw 4405 22 700 4310 Or,2 x 5 + 8 ;0
8

,3 x 8 + 

11 ;0
8

,5 + 8 + 2 x 11 

w 4418 22 635 4375 0 ,2 x 5 + 8
8 

vw 4424 22 605 4405 0 ,4 + 8 + 10 
8 

vw 4432 22 565 4445 Or,3 x 8 + 10 ;Or,5 + 8 + 

10 + 11 

vw 4450 22 470 4540 ,3 x 8 + 10 ;0 ,5 + 8 +06 8 

10 + 11 ;Of ,4 + 5 + 11 

vw 4462 22410 4600 08 ,5 + J x 10 ;08 ,4 + 5 + 

11 

vw 4476 22 340 4670 08 ,2 x 5 + 10 + 12 

vw 4485 22 290 4720 08 ,4 x 8 ;0 8 ,5 + 2 x 8 + 11 

vw 4490 22 270 4740 Or,3 x 5 
vw 4497 22 235 4775 0 ,5 + 8 + 2 x 108 

w 4502 22 210 4800 08 ,3 x 5 

vw 4509 22 180 4830 0 ,4 + 5 + 108 

vw 4521 22 120 4890 Or,5 + 2 x 8 + 10 

vw 4534 22 055 4955 0 ,5 + 2 x 8 + 108 

0
8

,2 x 5 + 10 + 11 

vw 4546 21 995 5015 08 ,4 + 5 + 8 

vw 4558 21 940 5070 Or,5 + 3 x 8 ;Of ,2 x 5 + 

8 + 11 
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58TABLE 4.2(Cont1nued) 

Position Assignment 

A(nm x 10) v(cm-1) 

vw 4570 21 880 51.30 0 8 ,5 + .3 x 8 ;0 5 ,2 x 5 + 

8 + 11 

vw 4584 21 815 5195 0 8 ,2 x 5 + 2 x 10 

vw 4607 21 705 5.305 Of ,2 x 5 + 8 + 10 

vw 4621 21 640 5370 0 ,2 x 5 + 8 + 10
8 

vw 46)7 21 565 5445 0 8 ,4 + 2 x 5 

vw 4658 21 470 5540 0 ,3 x 5 + 11 ;0 ,2 x 5 +8 5 

2 x 8 

vw 4713 21 220 5790 0 8 ,.3 x 5 + 10 

vw 4722 21 175 5835 0 ,J x 5 + 9 
8 

vw 4737 21 110 5900 Of ,J x 5 + 8 

vw 4751 21 050 5960 os.3 x 5 + 8 

vw 4761 21 005 6005 08 ,4 + 5 + 8 + 10 

vw 4789 20 880 6130 Os,5 + .3 x 8 + 10 

vw 4803 20 820 6190 0 8 ,2 x 5 + 2 x 10 

0 8 ,4 + 2 x 5 + 11 

vw 4829 20 710 6300 Os,.3 x 5 + 2 x 11 

os,2 x 5 + 2 x 8 + 11 

vw 4847 20 630 6.380 0 ,4 x 5
8 

arntensities uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very. 

bsh= shoulder 

° For all ass i gnments of tables { 4.2 ) - { 4.11 ) , only t he 
subscript 1 Of Vi are presented. 
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Fi~ure 4.J 

Phosphorescence of 10-3 M perdeuterated benzonitrile in 

polycrystalline methylcyclohexane at 770K. 
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TABLE 4.3 

Vibrational Analysis of Phosphorescence of c6n cN in5
Polycrystalline Methylcyclohexane at 770K 

Ia Pos!t~on AY(cm-1) Assignment 

A.(nm x 10) \/( cm-1) 

w 3681 27 170 -60 Of ,O 

s 3689 27 110 0 0
5 

,0 

vw 3719 26 890 220 Of ,2 x 22 

vw 3728 26 825 285 08 ,2 x 22 

vw 3737 26 760 350 0 ,33
8 

vw 3748 26 680 4JO 0 ,12
8 

vw 3756 26 625 485 0 ,20
5 

vw 3767 26 545 565 0
8 

,32 

vw 3780 26 455 655 0
8 

,31 ;Of ,11 

w 3789 26 390 720 08 ,11 

w 3801 26 310 Boo Of ,8 

m .3811 26 240 870 0 ,8
8 

vw .3813 shb 26 225 885 Of ,10 

m 3824 26 150 960 0 ,10
8 

vw 3838 26 055 1055 Of ,7 

w 3847 25 995 1115 05 ,7 

w 3850 25 975 11.35 08 ,11 + 12 

vw 3860 25 910 1200 0 ,11 + 20
8 



61TABLE 4.3 (Continued) 

I PQS!t1Qn Av(cm-1) Assignment 


.,\(nm x 10} v(cm-1 ) 


vw 3866 25 865 1245 08 ,10 + 2 x 22 


vw 3876 25 800 1310 0
8 

,10 + 33 


vw 3887 25 725 1385 Os,10 + 12 

w 3905 25 610 1500 0 ,10 + 20 ;Of ,58 

s 3915 25 545 1565 Os,5 

vw .3930 sh 25 445 1665 0 ,10 + 11
8 

vw 3942 25 370 1740 08 ,2 x 8 

vw 3945 sh 25 350 1760 Or,8 + 10 

w 3955 25 285 1825 0 ,8 + 10
6 

vw 3958 sh 25 265 1845 Of ,2 x 10 

vw 3969 25 195 1915 0 ,2 x 108 

vw 3981 25 120 1990 ,7 + 808 

vw 3984 25 100 2010 08 ,8 + 10 + 33 ;0 ,5 + 12
8 

vw 3993 25 045 2065 08 ,7 + 10 

vw 3996 25 025 2085 08 ,2 x 10 + 33 

vw 4010 sh 24 940 2170 Or,4 
w 4021 24 870 2240 0 ,4

8 

w 4026 24 84o 2270 0 ,5 + 11
5 

w 4043 24 735 2375 Or,5 + 8 
m 4053 24 675 2435 0 ,5 + 8

5 

vw 4055 sh 24 660 2450 Of ,5 + 10 ;0
5

,2 x 8 + 11 
m 4067 24 590 2520 08 ,5 + 10 
vw 4083 24 490 2620 05 ,3 x 8 



62 TABLE 4.3 (Continued} 

I Pos1t.Qn Av(cm-1) Assignment 

).(nm x 10) v(cm-1) 

w 4094 24 425 2685 Os,5 + 7 

w 4097 24 410 2700 0
8 

,5 + 11 + 12 

vw 4109 24 335 2775 0 ,8 + 2 x 10 s 
vw 4127 24 230 2880 . Of ,4 + 11 

vw 41.39 24 160 2950 Os,4 + 11 

w 4159 24 045 3065 Of ,2 x 5 

m 4171 23 975 3135 Os,2 x 5 ;Os,5 + 8 + 11 

Os,4 + 8 

vw 4182 sh 23 910 .3200 Os,4 + 10 

vw 4188 sh 2.3 880 .32.30 0
8 

,5 + 10 + 11 

vw 4201 2.3 805 3.305 Os,5 + 2 x 8 

w 4216 23 720 3390 Os,5 + 8 + 10 

vw 4220 sh 23 695 3415 Or,5 + 2 x 10 ;Of ,4 x 8 

vw 4232 23 630 .3480 0 ,5 + 2 x 10 ;0 ,4 x 8
8 8 

vw 4247 23 545 3565 08 ,5 + 7 + 8 

vw 4259 23 480 3630 08 ,5 + 7 + 10 

vw 4263 23 460 .3650 Os,5 + 10 + 11 + 20 

vw 4280 sh 23 365 3745 Of ,4 + 5 
w 4292 23 JOO 3810 Os,4 + 5 
w 4295 sh 23 285 3825 Os,2 x 5 + 11 
vw 4315 23 175 3935 0

8
,2 x 5 + 8 

w 4329 2J 100 4010 Os,2 x 5 + 8 
w 4J4.3 23 025 4085 0

5
,2 x 5 + 10 

http:Pos1t.Qn


63 TABLE 4.J (Continued} 

I Posit!on 41Y( cm-1} Assignment 

).(nm x 10) JI ( cm-1) 

vw 4358 22 945 4165 0
5

,.5 + 3 x 8 

vw 4374 22 860 4250 08 ,2 x 5 + 7 

vw 4378 22 840 4270 0
6

,2 x 5 + 11 + 20 

vw 4392 22 770 4340 0
8 

,5 + 8 + 2 x 10 

vw 4411 22 670 4440 Of ,4 + 5 + 11 

vw 4424 22 605 4.505 06 ,4 + 5 + 11 

vw 4447 22 485 4625 Of ,3 x 5 
w 4460 22 420 4690 0

6 
,3 x 5 ;08 ,4 + 5 + 8 

0
6

,2 x 5 + 8 + 11 

vw 4474 sh 22 350 4760 0
6

,2 x 5 + 10 + 11 

06 ,4 + 5 + 10 

vw 4497 22 235 487.5 0
6 

,2 x 5 + 2 x 8 

vw 4512 22 165 4945 0 ,2 x 5 + 8 + 10
6 

vw 4515 22 150 4960 Of ,2 x 5 + 2 x 10 

vw 4530 22 07.5 5035 0
8

,2 x 5 + 2 x 10 

vw 4547 21 995 5115 0
8

,2 x 5 + 7 + 8 

vw 4560 21 930 5180 05 ,2 x 5 + 7 + 10 

vw 4564 21 910 5200 0
8 

,2 x 5 + 10 + 11 + 20 

vw 4590 21 785 5325 Of ,2 x 5 + 4 

vw 4599 21 745 5365 0
8

,2 x 5 + 4 
vw 4603 21 725 5385 Os,J x 5 + 11 
vw 4625 21 620 5490 + 8Or,J x .5 
vw 4641 21 545 5565 08 ,J x 5 + 8 
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64TABLE 4.3 (Continued) 

Positl:on AV(cm-1'), Assignment 

)dnm x 10} v( cm-1) 

vw 4656 21 480 5630 Os,3 x 5 + 10 

vw 4678 21 375 5735 0
8

,2 x 5 + 3 x 8 

vw 4696 21 295 5815 Os,3 x 5 + 7 

vw 4716 21 205 5905 0
8

,2 x 5 + 8 + 2 x io 

vw 4743 21 085 6025 0
8 

,2 x 5 + 4 + 11 

vw 4777 20 935 6175 Of ,4 x 5 

vw 4793 20 865 6245 0 ,4 x 5 ;Os,2 x 5 + 4 + 88 

vw 4808 20 800 6310 0
8 

,2 x 5 + 4 + 10 ., 
Os,3 x 5 + 10 + 11 

vw 4838 20 670 6440 Os,3 x 5 + 2 x 8 

vw 48.52 20 610 6500 Os,J x 5 + 8 + 10 

a Intensities uncor rected for instrumental response; 
s= strong; m= moderate; w= weak; v= very. 

b sh= shoulder 
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Figure 4.4 

Phosphorescence of 10-J M para-monodeuterated benzon1

tr1le 1n polycrystalline methylcyclohexane at 770K. 
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TABLE 4.4 

Vibrational Analysis of Phosphorescence of p-D~C6H4CN in 

Polycrystalline Methylcyclohexane at 770K 

Ia PQS1t1Qn 4\/( cm-1) Assignment 

~(nm x 10) v( cm-1) 

w 3688 27 115 -60 Of ,O 

s 3696 27 055 0 Os,O 

vw .3728 26 825 2.30 Of ,2 x 22 

vw .3738 26 750 305 0
8

,2 x 22 

vw 3747 26 690 365 06 ,3.3 

vw 3759 26 605 450 0
8 

,12 

vw 3768 26 540 515 Os,32 ;Os,20 

vw 3782 26 440 615 Os,31 

vw 3795 26 350 705 Of 111 

w 380.3 26 295 760 0 ,11
8 

vw 3813 shb 26 225 830 Os,20 + 2 x 22 ;Os,12 + JJ 
• vw 3827 26 130 925 Of ,10 

m 3837 26 065 990 0 ,10
8 

vw .3846 sh 26 000 1055 0 ,9
8 

vw .3851 25 965 1090 0
8 

,11 + 2 x 22 
vw 3856 25 935 1120 Of ,8 
m 3865 25 875 1180 0 ,8

8 

vw 3871 sh 25 840 1215 0 ,11 + 12
8 
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67TABLE 4.4 (Continued} 

Pos1tlon 4\/( cm-1 ) Assignment 


A{nm x 10) · v( cm-1 > 


vw 3880 sh 2.5 77.5 1280 Os,10 + 2 x 22 ;Os,11 + 20 

vw 3892 sh 25 695 1360 Os,10 + 33 

vw 3905 25 610 1445 Os,10 + 12 

w 3919 25 515 1.540 0
8 

,10 + 32 ;Or,5 

s 3929 25 4.50 160.5 Os,.5 

vw 3941 2.5 37.5 1680 Or,10 + 11 

vw 39.50 25 31.5 1740 0
8 

,10 + 11 

vw 3963 25 23.5 1820 0 ,10 + 12 + 33 ;
8 

0
8 

,10 + 20 + 2 x 22 

vw 3977 sh 2.5 14.5 1910 Of ,2 x 10 

w 3983 2.5 105 19.50 0
8 

,8 + 11 

w 3987 2.5 080 19?.5 0
8 

,2 x 10 

vw 4000 25 000 2055 08 , 5 + 12 

vw 4008 24 9.50 210.5 Of ,8 + 10 

w 4018 24 890 216.5 0
8 

,8 + 10 

w 4031 24 805 2250 0
8 

,4 

vw 4040 24 7.50 230.5 Of ,2 x 8 ;Of ,5 + 11 

m 4049 24 695 2360 0 ,2 x 8 ;0 ,5 + 11
8 8 

vw 4062 sh 24 620 2435 0 ,5 + 12 + 33 ;
8 

0
8

,5 + 20 + 2 x 22 

vw 40?6 24 535 2520 Of ,5 + 10 
m 4087 24 470 2585 0

8
,.5 + 10 

vw 4103 24 370 268.5 08 ,5 + 9 
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TABLE 4.4 (Continued) 

Assignment 

A(nm x 10) ~(cm-1) 

vw 4108 24 345 2710 Or,5 + 8 

m 4118 24 285 2770 os,5 + 8 

vw 4125 sh 24 240 2815 0
6

,5 + 11 + 12 

vw 4134 sh 24 190 2865 0 ,5 + 11 + 20 

I Position 

5 

os.5 + 10 + 2 x 22 

vw 4143 24 135 2920 Or,3 x 10 ;Of ,4 + 11 

vw 4156 24 060 2995 Os,3 x 10 ;0 ,4 + 115 

vw 4165 24 010 3045 Os ,5 + 10 + 12 

vw 4183 23 905 3150 Of ,2 x 5 

m 4193 23 850 3205 Os,2 x 5 

vw 4197 sh 23 825 3230 Os,4 + 10 

vw 4205 23 780 3275 Of ,2 x 8 + 10 ;Or,5 + 

10 + 11 

w 4216 23 720 3335 05 ,2 x 8 + 10 ;0 ,5 +
5 

10 + 11 

w 4231 23 635 3420 0 ,4 + 8 
5 

vw 4245 23 555 3500 Of ,5 + 2 x 10 

w 4251 Z3 525 3530 0
5 

,3 x 8 ;06 ,5 + 8 + 11 

w 4256 23 495 3560 os.5 + 2 x 10 

w 4282 23 355 3700 Or,5 + 8 + 10 

vw 4293 23 295 3760 0 ,5 + 8 + 10
5 

w 4307 23 220 3835 Os,4 + 5 

vw 4317 23 165 3890 or,5 + 2 x s ;Or,2 x 5 + 11 
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69TABLE 4.4 (Continued) 

PQs1t1on AV(cm-1) Assignment 

A(nm x 10) v(cm-1) 

w 4329 23 100 3955 Os,5 + 2 x 8 ;0 8 ,2 x .5 + 11 

vw 4344 23 020 40J5 08 ,2 x 5 + 12 + 33 

vw 4358 22 945 4110 Of ,2 x 5 + 10 

w 4371 22 880 4175 Os,2 x 5 + 10 

vw 4377 22 845 4210 Os,2 x 5 + 9 

vw 4396 22 75Q 4305 Os,3 x 8 + 11 ·;·os,5 + 8 + 

2 x 11 

w 4407 22 690 4365 Os,2 x 5 + 8 

vw 4414 sh 22 655 4400 Os ,4 + 8 + 10 

vw 4424 22 605 44.50 Or,3 x 8 + 10 

Or,5 + 8 + 10 + 11 

vw 4437 22 540 4515 08 ,3 x 8 + 10 ;0 ,5 + 8 +8 

10 + 11 ;Of ,4 + 5 + 11 

vw 44.52 22 460 4595 08 ,.5 + 3 x 10 ;08 ,4 + 5+ 11 

vw 4466 22 390 4665 0 ,2 x 5 + 10 + 12
8 

vw 4481 22 315 4740 Or,3 x .5 

w 4493 22 255 4800 08 ,.3 x .5 

vw 4497 sh 22 235 4820 Os,4 + 5 + 10 

vw 4508 22 185 4870 Or,.5 + 2 x 8 + 10 

Or,2 x 5 + 10 + 11 

vw 4520 22 125 4930 Os,5 + 2 x 8 + 10 

0 ,2 x 5 + 10 + 11
8 

vw 4537 22 040 5015 os,4 + 5 + 8 
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I 

TABLE 4.4 (Continued) 

Pos1t12n ~v(cm-1} Assignment 

A(nm x 10) iJ(cm-1 > 

vw 4546 21 995 5060 Or.5 + 3 x 8 ' . 

or.2 x 5 + 8 + 11 

vw 4559 21 935 .5120 06 ,5 + 3 x 8 

0
5

,2 x 5 + 8 + 11 

vw 4566 21 900 5155 Os,2 x 5 + 2 x 10 

vw 4594 21 ?65 5290 Of ,2 x 5 + 8 + 10 

vw 4606 21 ?10 5345 0 ,2 x 5 + 8 + 10
5 

vw 4625 21 620 5435 	 0
6

,4 + 2 x 5 

vw 4647 21 520 5535 os.2 x 5 + 2 x 8 

0
6

,3 x 5 + 11 

vw 4666 21 430 5625 06 .3 x 5 + 12 + 33 

vw 4684 21 350 5705 Or,3 x 5 + 10 

vw 4698 21 28.5 5770 0 ,3 x 5 + 10 
5 

vw 4740 21 095 5960 05 ,3 x 5 + 8 

vw 4?50 21 055 6000 08 ,4 + 5 + 8 + 10 

vw 4770 20 965 6090 	 0
5 

• .5 + 3 x 8 + 10 

0 ,2 x + 8 + 10 + 11
5 5 

vw 4792 20 870 6185 08,2 x 5 + 3 x 10 

0 ,4 + 2 x 5 + 11
5 

vw 4822 20 740 6315 	 0
5

,2 x 5 + 2 x 8 + 11 

os.3 x 5 + 2 x 11 

vw 4840 20 660 6395 0 ,4 x
8 5 

a , b See subscripts in TABLE 4.2 
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Figure 4.5 

Phosphorescence of 10-3 M meta-monodeuterated benzoni

trile in polycrystalline methylcyclohexane at 770K. 
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TABLE 4.5 

Vibrational Analysis of Phosphorescence of m-D-C6H4CN in 

Polycrystalline Methylcyclohexane at 770K 

ra Posl,tl.on AV( cm-1) Assignment 

.A(nm x 10) v(cm-1) 

w .3692 27 085 -65 Or.O 

s .3701 27 020 0 Os•O 

vw .37.34 26 780 240 Or.2 x 22 

vw .374.3 26 715 .305 Os,2 x 22 

vw .3752 26 655 .365 Os,.3.3 

vw .3765 26 560 460 os.12 

vw .3774 26 495 525 08 .32 

vw 3786 26 415 605 08 • .31 

vw .3797 26 .335 685 Or,11 

w 3805 26 280 740 Os,11 

vw 3815 26 210 810 0
8 

,12 + 3.3 ;Os,20 + 2 x 22 

w 3826 26 140 880 Os,20 + 33 ;Os,32 + 33 ; 0 8 v30 

vw 3834 26 080 940 Or,10 

m 384.3 26 020 1000 0 ,10
8 

vw .3849 shb 25 980 1040 os,9 

vw .3859 25 915 1105 or.a 

m J869 25 845 1175 Os,8 

vw .3888 sh 25 720 1300 os,10 + 2 x 22 ;0
8 

,11 + 20 

vw 3901 25 635 1385 0 ,10 + 338 

http:Posl,tl.on
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73TABLE 4.5 (Continued) 

PQSl.tl.Qn AV(cm-1) Assignment 


>.(nm x 10) v(cm-1) 


vW 3914 sh 25 550 1470 0
8 

,10 + 12 

w 3925 25 480 1540 0 ,10 + 20 ;Of ,55 

s 3934 25 420 1600 os.5 

vw 3947 sh 25 335 1685 Or,10 + 11 

vw 3955 25 285 1735 0
5 

,10 + 11 

vw 3966 25 215 1805 Of ,10 + 20 + 33 ;Or , 10 + JO 

vw 3979 25 130 1890 0 ,10 + 20 + 33 ; 0 ,10 + JO5 8 

vw 3984 25 100 1920 0 ,8 + 11
5 

vw 3996 25 025 1995 0 ,2 x 10
5 

vw 4005 24 970 2050 0
5

,8 + 20 + 33 ;05 , 5 + 12 

vw 401.5 24 905 2115 Or,8 + 10 

w 4026 24 840 2180 0 ,8 + 10 
5 

w 4036 24 775 2245 0 ,4
8 

vw 4043 24 735 2285 Of ,2 x 8 ;Or,5 + 11 

w 4052 24 680 2)40 0
5

,2 x 8 ;0
5

,5 + 11 

vw 4062 24 620 2400 Or,5 + 20 + 33 ;Or ,5 + 30 

vw 4075 24 540 2480 0 ,5 + 20 + 33 ; 0 ,5 + J O 
5 8 

vw 4084 24 485 2535 Of ,5 + 10 

m 4094 24 425 2595 0 ,5 + 10
8 

vw 4101 24 385 2635 0
8

,5 + 9 
vw 4112 24 320 2700 Or,5 + 8 
m 4124 24 240 2780 0

5
,5 + 8 

vw 4148 24 110 2910 Of,) x 10 ;Of ,4 + 11 

http:PQSl.tl.Qn
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74TABLE 4.5 (Continued) 

Pos•t~Qn ..~uJ(cm-1 ) Assignment 

). (nm x 10) JI ( cm-1 )· 

vW 4160 24 040 2980 06 ,3 x 10 ;Os,4 + 11 

vw 4175 23 950 3070 0s ,2 x 8 + 11 ; 

0 ,5 + 10 + 12 
8 

vw 4186 23 890 3130 Or,2 x 5 

m 4197 23 825 3195 0
8 

,2 x 5 ;0
5

,8 + 2 x 10 

vw 4201 sh 23 805 3215 0s ,5 + 11 + 20 + 33 ;0 ,5+11+30
5 

vw 4212 23 740 3280 Of ,2 x 8 + 10 ; 

Of ,5 + 10 + 11 

vw 4224 23 675 3345 0 ,2 x 8 + 10 ;5 

0 ,5 + 10 + 11
8 

vw 4236 23 605 3415 05 ,4 + 8 

vw 4247 23 545 3475 05 ,5 + 10 + 20 + JJ ;0 ,5+1C'+JOs 
vw 4254 23 510 3510 05

,3 x 8 ;0
8

,5 + 8 + 11 

vw 4268 23 430 3590 os.5 + 2 x 10 

vw 4279 23 370 3650 0 ,5 + 8 + 20 + 33 ;O ,5+8+JCl8 s 
vw 4290 23 310 3710 Of.,5 + 8 + 10 

w 4301 23 250 3770 0 ,5 + 8 + 105 

w 4313 23 185 3835 0 ,4 + 55 

vw 4320 23 150 3870 Of ,5 + 2 x 8 ;Or,2 x 5 + 11 
w 4333 23 080 3940 os.5 + 2 x 8 ;0

8
,2 x 5 + 11 

vw 4357 22 950 4070 0
8

,2 x 5 + 20 + JJ ;0 8 ,2x5+JO 
vw 4368 22 895 4125 of ,2 x 5 + 10 
vw 4381 22 825 4195 os,2 x 5 + 10 
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TABLE 4.5 (Continued) 

I Posl,tlQn (cm-1 ) Assignment 

(nm x 10) (cm-1) 

vw 4389 22 785 4235 0
8 

,2 x 5 + 9 

vw 4400 22 725 4295 Of ,2 x 5 + 8 

vw 4413 22 660 4360 0
8 

,2 x 5 + 8 

vw 4442 22 510 4510 0 ,3 x 8 + 10 ;Of ,5 +8 

J x 10 ;Of,4 + 5 + 11 

vw 4457 22 435 4585 0 ,5 + .3 x 10 ;0 ,4 + 5 + 11 
8 8 

vw 4470 22 370 4650 0
8

,4 x 8 ;0
8

,5 + 2 x 8 + 11 

vw 4485 22 295 4725 or.3 x 5 

w 4498 22 230 4790 0
8 

,J x 5 ;0
8 

,5 + 8 + 2 x 10 

vw 4505 22 200 4820 0 ,2 x 5 + 11 + JO
8 

0
8

,2 x 5 + 11 + 32 + 33 

vw 4529 22 080 4940 08 ,5 + 2 x 8 + 10 

vw 4543 22 010 5010 0
8

,4 + 5 + 8 

vw 4553 21 965 5055 0 ,2 x + 10 + JO8 5 

0 ,2 x 5 + 10 + J2 + 33
8 

vw 4562 21 920 5100 os.2 x 5 + 8 + 11 

vw 4579 21 840 5180 0 ,2 x + 2 x 10
8 5 

vw 4591 21 780 5240 0
8 

,2 x 5 + 8 + JO 

08 ,2 x 5 + 8 + J2 + JJ 

vw 4602 21 730 5290 Of ,2 x 5 + 8 + 10 

vw 4616 21 665 5355 0 ,2 x 5 + 8 + 10
8 

vw 46JJ 21 585 5435 0
8

,4 + 2 x 5 



76 

I 

TABLE 4.5 (Continued) 

Pos1t1on (cm-1 ) Assignment 

(nm x 10) ( cm-1 ) 

vw 4639 21 555 5465 Or,2 x 5 + 2 x 8 

Of ,3 x 5 + 11 

vw 4653 21 490 5530 0
8

,2 x 5 + 2 x 8 

os.3 x 5 + 11 

vw 4683 21 355 5665 08 ,J x 5 + JO 

0
8

,3 x 5 + 32 + 33 

vw 4707 21 245 5775 os.3 x 5 + 10 

vw 4733 21 130 5890 Of ,3 x 5 + 8 

vw 4746 21 070 5950 08 ,J x 5 + 8 

vw 4754 21 035 5985 os.5 + 3 x 8 + 10 

vw 4797 20 845 6175 0
8 

,2 x 5 + 3 x 10 

0 ,4 + 2 x 5 + 11
8 

vw 4845 20 640 6380 0 ,4 x 
8 5 

vw 4857 20 590 6430 0
8

,2 x 5 + 2 x 8 + 10 

os.3 x 5 + 10 + 11 

aintensities uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very. 

bsh= shoulder 
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Figure 4.6 

Phosphorescence of 10-3 M ortho-monodeuterated benzoni

trile 1n polycrystalline methylcyclohexane at 770K. 
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TABLE 4.6 

Vibrational Analysis of Phosphorescence of o-D-C6H4CN i n 

Polycrystalline Methylcyclohexane at 770K 

Ia Posit1Qn ~v(cm-1) Assignment 

A(nm x 10) v(cm-1) 

w 3692 27 085 -60 Or,O 

s 3700 27 025 0 Os,O 

vw 3733 26 790 235 Of ,2 x 22 

vw 3743 26 715 310 0
8 

,2 x 22 

vw 3751 26 660 365 05 .33 

vw 3764 26 565 460 0
8 

,12 

vw 3775 26 490 535 0
8 

,20 ;0
5 

,32 

vw 3789 26 390 635 08 ,31 

vw 3799 26 325 700 Or,11 

m 3807 26 265 760 0
8 

,11 

vw .3815 shb 26 210 815 05,12 + 33 

vw 3823 26 160 865 0
5 

,12 + 2 x 22 ;Os,20 + 33 

w 3832 26 095 930 Of ,10 

m 3841 26 035 990 0
8 

,10 

w 3849 25 980 1045 0 
8 

,9 

m 3860 25 910 1115 0
8 

,8 

vw 3865 sh 25 875 1150 0
5 

,20 + 31 Or,7 

vw .3872 25 825 1200 os.7 
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79TABLE 4.6 (Continued) 

Position ~v(cm-1) Assignment 

A(nm x 10) i.l(cm-1 ) 

w 3884 25 745 1280 0 ,10 + 2 x 22 ;Os,11 + s 
20 ;0 6 ,11 + 32 ;0

5 
,28 

vw 3903 25 620 1405 0 ,10 + 338 

vw 3914 sh 25 550 1475 Os,10 + 12 

w 3924 25 485 1540 0 ,10 + 20 ;Of ,56 

s 3934 25 420 1605 0 ,5
8 

w 3955 25 285 1740 Os,10 + 11 

vw J965 sh 25 220 1805 0 ,9 + 11 
5 

w 3982 25 115 1910 0
8 

,8 + 11 ;Of ,2 x 10 

w 3992 25 050 1975 0 ,2 x 10
8 

w 4001 24 995 2030 os.9 + 10 

w 4013 24 920 2105 0
8

,8 + 10 ;0
6

,2 x 9 

vw 4026 24 840 2185 0 ,7 + 10 ;Of ,46 

m 4036 24 775 2250 0
8 

,4 

vw 4042 sh 24 740 2285 0 ,2 x 10 + 2 x 22 ;0 ,10+28
8s 

m 4053 24 675 2350 Os,5+11 

vw 4070 24 570 2455 Os,5 + 20 + 33 

w 4081 24 505 2520 or.5 + 10 

m 4092 24 440 2585 0 ,5 + 106 

vw 4101 24 385 2640 0 ,5 + 9
8 

w 4113 24 315 2710 06 ,5 + 8 

vw 4126 sh 24 235 2790 0 ,5 + 7
6 

w 4140 24 155 2870 05 ,5 + 10 + 2 x 22 .' () 5+2 8s. 



80 TABLE 4.6 (Continued) 

I Position ~v( cm-1 ) Assignment 

A{nm x 10) v{cm-1 ) 

vw 4153 24 080 2945 Of ,4 + 11 

vw 4168 23 990 3035 Os,4 + 11 

vw 4180 sh 23 925 3100 0 ,8 + 2 x 10 s 
w 4186 23 890 3135 Or,2 x 5 

m 4196 23 830 3195 Os,2 x 5 

vw 4201 sh 23 805 3220 Os,4 + 10 

vw 4222 23 685 3340 08 ,5 + 10 + 11 

vw 4233 sh 23 625 3400 Os,5 + 9 + 11 

vw 4250 23 530 3495 0 .5 + 8 + 11s 
vw 4261 23 470 3555 0 ,5 + 2 x 10

8 

vw 4274 23 395 3630 0 ,5 + 9 + 108 

vw 4287 23 325 3700 08 ,5 + 8 + 10 

vw 4301 23 250 3775 0 ,5 + 7 + 10 ;Of ,4 + 5s 
w 4312 23 190 3835 0

8 
,4 + 5 

vw 4J34 2J 075 3950 0
8

,2 x 5 + 11 

vw 4J54 22 965 4060 Os,2 x 5 + 20 + 33 

vw 4363 22 920 4105 Of ,2 x 5 + 10 

w 4376 22 850 4175 0
8

,2 x 5 + 10 

vw 4J87 22 795 4230 Os,2 x 5 + 9 

vw 4400 22 725 4300 0 ,2 x 5 + 8 s 
vw 4407 sh 22 690 4335 Of ,2 x 5 + 7 

vw 4416 22 645 4J80 0 ,2 x 5 + 78 

vw 4431 22 570 4455 0 s ,2 x 5 + 10 + 2 x 22 

08 ,2 x 5 + 28 
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81TABLE 4.6 (Continued) 

PQsl:~l.on .Av(cm-1) Assignment 


A(nm x 10) v (cm-1) 


vw 4448 22 480 4545 Of ,4 + 5 + 11 

vw 4460 22 420 4605 08 ,4 + 5 + 11 

vw 4477 22 335 4690 0
6

,5 + 8 + 2 x 10 

vw 4484 22 JOO 4725 Of ,J x 5 

w 4497 22 235 4790 0 ,3 x 5s 
vw 4502 sh 22 210 4815 0

6 
,4 + 5 + 10 

vw 4515 22 150 4875 Of ,2 x 5 + 10 + 11 

vw 4529 22 080 4945 0
6 

,2 x 5 + 10 + 11 

vw 4557 21 945 5080 Os,2 x 5 + 8 + 11 

vw 4570 21 880 5145 0 ,2 x 5 + 2 x 10 
8 

vw 4584 21 815 5210 0 ,2 x 5 + 9 + 10 
6 

vw 4599 21 745 5280 0
6 

,2 x 5 + 8 + 10 

vw 4617 21 660 5365 Os , 2 x 5 + 7 + 10 

vw 4631 21 595 5430 0 ,4 + 2 x 56 

vw 4654 21 485 5540 Os,3 x 5 + 11 

vw 4702 21 270 5755 Os,3 x 5 + 10 

vw 4711 21 225 5800 06 ,3 x 5 + 9 

vw 4730 21 140 5885 0 ,3 x 5 + 8
8 os, J x 5 + 2 8 

vw 4764 20 990 6035 0 ,3 x 5 + 10 + 2 x 22 j ~ 
6 

vw 4799 20 840 6185 0
8 

,4 + 2 x 5 + 11 
vw 4843 20 650 6375 0

6
,4 x 5 

vw 4851 20 615 6410 0
8 

,4 + 2 x 5 + 10 

a , b See subscripts in TABLE 4.2 

http:PQsl:~l.on
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4.2 Vibrational Analyses of Fluorescence 

The fluorescence spectra were obtained with 10-J

10-4 molar solutions of the benzonitriles in cyclohexane 

and methylcyclohexane. With higher concentrations, the 

0,0 region intensity was diminished due to self-absorp

tion ( overlapping of the emission and absorption bands 

and there also appeared a very broad structureless band 

with Amax. at around 325 nm • This was probably due to a 

dimer or excimer formation in the concentrated solution. 

The analyses presented below are for twice cooled cyclo

hexane solutions ( see p. 40 ) but t~e analyses are also 

valid for methylcyclohexane solutions although the spec

tra obtained in the latter solvent are not as detailed 

and are complicated by the appearance of splittings mask-

i ng some very weak peaks. 

a- Benzonitr1le-H5 

The 0,0 band of fluorescence at 36 075 cm -1 is 

weak in benzcmitr1le-H , figure ( 4.7 ), and ln a11 the
5 

1benzon1triles. It is shifted 445 cm- to lower energy as 

compared to the vapor 0,0 band reported by Bass ( 1.1 ). 

In methylcyclohexane, the split 0,0 bands are at 36 165 

cm-1 and 36 050 cm-1 • The former is predominant for a 

s low-cooled sample. The analysis is g iven in table ( 4.7 ) • 
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1The first transition after the O,O ba.nd occurs at 450 cm-

and is assigned as 0, v12 • Bass has reported three funda

1mentals at lower energy, i.e., at 173, 270, and 382 cm

1respectively. The next band at 540 cm- is assigned as 

0, v since perdeuteration, see figure ( 4.8 ) , does not
32 

indicate the presence of O, v20 which would underlie the 

0, v band in H • The first major bands of the spectra
32 5 

appear at 1000 cm-1 and 1195 cm-1 assigned as O, V10 and 

O, V respectively. The main feature of the spectrum is
7 

the long progression in up to ) plus thev10 5 x v10 

progressions in V and • The great majority of the7 V 12 

rest of the bands is due to transitions to vibronic states 

involving conbinations of these three fundamentals. All 

the fundamentals reported in table ( 4.7 ) appear in the 

vapor fluorescence of Bass ( 11 ) . 

b- Benzonitrile-D5 

Perdeuteration increases the 0,0 energy gap by 

155 cm-1 • An analysis, table ( 4.8 ) , of the fluorescence 

spectrum shown in figure ( 4.8 ) indicates that the str0ng 

-1 11000 cm in benzon1trile-H5 is shifted to 970 cm- and 

the 1195 cm-l band has moved down to 1155 cm-1 • These 

observations are consistent with the H5 assignments of 

10, v and 0, V for these bands. The 775 cm- ba.nd has10 7 
now shifted to 720 cm-1, consistent with a O, v assign11 

http:cm-ba.nd
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ment. Similarly, the appearance of a weak band at 855 c~-l 

and a strong one at 1385 cm-1 fits the expected deutera

tion effects on v and • The spectrum is very simi
9 

v6 
lar to thatof benzonitr1le-H5 except for the increased 

intensity of the 1280 cm-1 and 1385 cm-1 bands. The main 

feature still remain the long progression of V plus10 
and v combining with other fundamentals and combiV 10 7 

nations. 

c- Para-deuterated benzonitrile ( p-DC6H4CN ) 

Deuterium substitution in the para position of 

benzonitrile blue-shifts the origin band by about 40 c~-1 • 

The general appearance of the spectrum is very much the 

same as benzonitr1le -H • As can be seen from a comparison5
of figure ( 4.9 ) with figure ( 4.7 ) , there is only one 

small difference in the entire 0-2500 cm-1 region, name1y 

that the band at 2405 cm-1 and 2475 cm-1 in H
5 

now appears 

1as one broader band at 2435 cm- from the 0,0 band. Based 

on the assignment for these bands in H5, one would expect 

them to move closer to each other in para-, meta-, and 

ortho-monodeuterated benzonitrile. From table ( 4.1 ) , 

calculations would expect the separations between 0,2 x v? 

and 0,2 transitions to be 30 cm-1 , 65 cm-1 andx V10 + v12 
45 cm-1 respectively. In meta, the two bands are clearly 

resolved, fi gure ( 4.10 ) , and in ortho, one appears as 
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a shoulder on the other band. The analysis of para-mono

deuterated benzonitrile is consequently very similar to 

that of benzonitrile-H •5

d- Meta-deuterated benzonitrile ( m-DC6H4cN ) 

The spectrum in figure ( 4.10 ) is again very 

similar to that o·f benzonitrile-H5 as is the vibrational 

analysis in table ( 4.10 ). The 0,0 band is now shifted 

125 cm- to higher energy. One of the few differences is 

that on an expanded scale, the 1025 cm-1 band seems to be 

resolved from the 1000 cm-1 band; these are assigned as 

0, V 
9 

and 0, V 10 respectively. Also ,as mentioned for para

deuterated benzonitrile, the 0,2 x V and 0,2 x V + V
7 10 12 

bands are now separated. This adds weight to the proposed 

1assignment of V to the shoulders on 1000 cm- in H and
9 5 

para-deuterated benzonitrile. None of the bands seems to 

be very sensitive to deuterium substitution. 

e- Ortho-deuterated benzonitrile { o-DC6H4CN 

Replacement of hydrogen in the ortho position by 

deuter ium alters the fluorescence spectrum only negligibly 

as seen from figure ( 4.11 ). The assignments proposed in 

table ( 4.11 ) agree quite well with those for the other 

benzonitriles. The 0,0 transition band has shifted to 

higher energy by 40 cm-1 • As in the phosphorescence, the 
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sum of the O,O shifts in the monosubstituted species 

( counting meta and ortho twice ) adds up to the total 

shift in benzonitrile-D5 , within experimental error. It 

is to be noted that the separation between O, V
9 

and 0, V10 

is now greater and the two bands are now resolved at 990 

1cm-1 and 1040 cm-1 • The shift in V 10 from 1000 cm- to 

990 cm-1 has the effect of changing slightly the position 

of the bands in the 3000 cm-1 region. The two series of 

peaks at 2920, 2965 cm-1 and 3005, 3040 Cffi-l in benzoni

trile-H5 have now combined to form a triplet of which 

3 x v10 pays the major contribution at 2960 cm-1. 

4.J Phosphorescence Polarization Measurements 

The lowest triplet state is assigned by using polariza

tion results of the pure electronic transition between 

the triplet state and the ground state. The intensities 

of the vertically and horizontally polarized emission of 

the 0,0 band of phosphorescence of a 10-3 molar solution 

of benzonitrile-H5 in 3-methylpentane glass at 770K were 

measured following excitation with vertically and hori

zontally polarized light. The degree of polarization P 

was determined from P = N - 1 I N + 1 where N = Ivv· IHH I 

IVH• IHv ; this result contains correction factors due 

to instrument favoring, glass strains, etc. The subscripts 

in the intensities I refer to the orientation of the exci
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ting and analysing polarizers in that order respectively. 

The wavelengths of excitation were 277 nm. and 230 nm.~ 

corresponding to the 0,0 region of 

band in Flatt's notation ) and 

band ) transitions respectively. 

1When exciting in the Lb band, the degree of pola

rization was found in the range of -5% to -12% , whereas 

excitation in the 1La band produced a degree of polariza

tion in the range of -15% to -27%. For a given experiment, 

the degree of polarization was always more negative when 

exciting in the 1La band than when exciting in the 1Lb band; 

but the results from day to day varied somewhat probably 

due to the method of glass preparation, freshness of sam

ple, etc. The above results, that the degree of polariza
1 1 1 1

tion was less negative for the A1--+ than for Af-+ A1B2 

transition, allows one to assign the orbital symmetry of 

the phosphorescent 11- 11 * state as 3A1 for benzonitr11e 

having a c2v symmetry. A similar assignment was proposed 

earlier ( 16 )although its justification is not obvious. 
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F'1gure 4. 7 

Fluorescence of 10-4 M benzonitr1le in polycrystalline 

cyclohexane at 77°K. 
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TABLE 4.7 

Vibrational Analysis of Fluorescence of C6H5cN in 

Polycrystall1ne- Cyclohexane at 77°K 

Ia PQs1t1Qn .4\/(cm-1) Assignment 


A(nm x 10} v(cm-1) 


w 

w 

vw 

vw 

vw 

vw 

s 

w 

vw 

s 

w 

vw 

vw 

m 

w 

w 

w 

m 

2772 


2807 


2814 


2821 


2823 


2845 


2851 


285.3 shb 


2857 sh 


2867 


2870 sh 


287.5 sh 


2883 


2890 


2892 sh 


2897 


2903 sh 


2905 


36 075 


35 625 


35 535 


.35 450 


35 JOO 


35 150 


35 075 


35 050 


35 000 


34 880 


34 845 


34 785 


34 685 


34 600 


.34 580 


34 525 


34 445 


34 425 


0 


450 


540 


625 


775 


925 


1000 


1025 


1075 


1195 


1230 


1290 


1390 


1475 


1495 


1550 


16.30 


1650 


o.o 
0,12 

0.32 

0.31 


0,11 


0,2 x 12 


0.10 

0,9 

0.12 + Jl 

0,7 


0,11 + 12 


0,11 + 32 


0.3 x 12 ;0,11 + 31 


0,10 + 12 


o,6 ;0,9 + 12 


0,10 + 32 


0,10 + .31 


0. 7 + 12 
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I 

TABLE 4.7(cont1nued) 

PQSl.t~Q!l t&v (cm-1) Assignment 

A !nm x lQl v!cm-ll 

VI 2908 sh 34 390 1685 0.11 + 2 x 12 

w 2913 )4 JJO 1745 0.7 + J2 

w 2921 34 235 1840 0.7 + 31 

w 2929 34 140 1935 0,10 + 2 x 12 

m 2936 34 060 2015 0,2 x 10 

w 2943 33 980 2095 0,10 + 12 + 31 

s 2952 33 875 2200 0 t 7 + 10 

m 2955 33 840 2235 0,10 + 11 + 12 ;0,4 

m 2959 33 795 2280 0,7 + 12 + Jl 

m 2970 33 670 2405 0,2 x 7 

m 2976 J.3 600 2475 0,2 x 10 + 12 

w 2983 sh JJ 525 2550 0.2 x 10 + J2 

w 2986 sh 33 490 2585 0,2 x 10 + Jl 

m 2993 JJ 410 2665 0,7 + 10 + 12 

w 2996 33 JBO 2695 0 ,10 + 11 + 2 x 12 

w 3001 33 320 2755 0.7 + 10 + J2 

w .3009 .33 235 2840 0,7 + 10 + .31 

0.2 x 7 + 12 

vw 3016 sh 3.3 155 2920 0 ,2 x 10 + 2 x 12 

vw 3021 33 110 2965 0,2 x 7 + .32 

w 3024 33 070 3005 O,J x lo · 

vw 3027 sh 33 035 3040 0,2 x 7 + 31 
vw JOJO sh 33 005 3070 0 ,2 x 10 + 12 + Jl 
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I Po§l.tl.Qn dV (cm-1) Assignment 

l <run x iol v(cm-1 ) 

w 3043 32 860 3215 0,7 + 2 x 10 

w 3047 32 820 3255 0,2 x 10 + 11 + 12 

0, 4 + 10 

vw 3050 sh 32 785 3290 0,7 + 10 + 12 + Jl 

w 3060 32 680 3395 0,2 x 7 + 10 

w 3065 32 625 3450 0,3 x 10 + 12 

w 3080 32 470 3605 0,3 x 7 

w 3086 32 405 3670 0,7 + 2 x 10 + 12 

vw 3090 sh 32 365 3710 0,7 + 2 x 10 + )2 

w 3102 32 235 3840 0 ,2 x 7 + 10 + 12 

vw .3107 .32 185 3890 0,3 x 10 + 2 x 12 

vw 3118 32 070 4005 0,4 x 10 

vw .312.5 32 000 4075 O,J x 10 + 12 + Jl 

vw .31.38 .31 865 4210 0,7 + J x 10 

vw .3142 31 825 42.50 O,J x 10 + 11 + 12 

o,4 + 2 x lo 

vw .3156 31 685 4390 0,2 x 7 + 2 x 10 

vw Jl61 31 635 4440 0,4 x 10 + 12 

vw )176 Jl 485 4590 O,J x 7 + 10 
vw 3183 Jl 415 4660 0,7 + 3 x 10 + 12 

vw 3206 Jl 190 4885 0,4 x 10 + 2 x 12 

vw 3217 31 085 4990 0,5 x 10 

vw 3224 Jl 015 5060 0,4 x 10 + 12 + 31 

http:Po�l.tl.Qn
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I 

TABLE 4.?(Continued} 

AssignmentPosition 

vw 3239 30 880 519.5 0,7 + 4 x 10 

vw 3244 30825 5250 0,4 x 10 + 11 + 12 

arntensit1es uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very. 

bsh= shoulder 
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Figure 4.8 

Fluorescence of 10-4 M perdeuterated benzonitrile ln poly

crystalline cyclohexane at 77°K. 
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TABLE 4.8 

Vibrational Analysis of Fluorescence of c6n5cN in 


Polycrystalline Cyclohexane at 77°K 


Ia Posit!Qn 

A(nm x 10) v(cm-1 l. 

vw 

w 

vw 

vw 

vw 

vw 

vw 

s 

w 

w 

s 

w 

m 

s 

s 

w 

w 

m 

2760 36 230 

279.5 35 775 

2801 3.5 700 

2806 35 62.5 

2816 35 510 

2827 35 375 

2832 35 310 

2836 3.5 260 

2840 shb 3.5 210 

2844 35 160 

2851 .35 075 

2854 sh 35 040 

2861 J4 950 

2870 J4 84.5 

2873 34 80.5 

2880 .34 720 

2886 sh 34 650 

2888 34 625 

41 v(cm-1) 

0 

455 

·530 

605 

720 

855 

920 

970 

1020 

1070 

11.5.5 

1190 

1280 

1.38.5 

142.5 

1.510 

1.580 

160.5 

Assignment 

0,0 

0,12 

0,32 

O,Jl 

0,11 

0,9 

0,2 x 12 

0,10 

0,12 + .32 

0,12 + 31 

0,7 

0,11 + 12 

0,9 + 12 

o,6 ;0,3 x 12 

0,10 + 12 

0,10 + 32 

0,10 + 31 

0,7 + 12 
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95TABLE 4. 8( Cont1nued) 

PQs!tlon i:l 'II ( em-1) Assignment 

;>.(nm x 10) v(cm-1 ) 

w 2892 sh 34 580 1650 0,11 + 2 x 12 

w 2895 sh 34 540 1690 0,7 + 32 

m 2900 34 480 1750 0,7 + 31 

w 2907 34 400 1830 0,6 + 12 ;0,9 + 10 

w 2910 34 365 1865 0,10 + 2 x 12 

m 2915 34 315 1915 0,2 x 10 

w 2920 sh 34 245 1985 0,10 + i2 +32 

w 2924 J4 200 2030 0,7 + 9 :0,10 + 12 +31 

w 2929 sh 34 140 2090 0,7 + 2 x 12 

s 2932 34 105 2125 0,7 + 10 

w 2934 sh 34 085 2145 0 ,10 + 11 + 12 

w 2942 sh 33 990 2240 0,4 ;0,7 + 12 + 31 

w 2944 sh 33 965 2265 0,9 + 10 + 12 

s 2947 33 935 2295 0,2 x 7 

s 2951 33 885 2345 0,2 x 10 + 12 

w 2953 sh 33 865 2365 o,6 + 10 

w 2959 33 795 2435 0,2 x 10 + 32 
m 2967 33 705 2525 0,2 x 10 + 31 :o,6 + 7 

m 2970 sh 33 670 2560 0,7 + 10 + 12 

w 2980 33 555 2675 0,7 + 10 + J2 

m 2986 33 490 2740 0,2 x 7 + 12 

w 2991 sh 33 430 2800 0,2 x 10 + 2 x 12 

w 2999 33 J45 2885 0,3 x 10 



I 

96TABLE 4. 8( Continued) 

Pos1t~on ~v(cm-1) Assignment 

). (nm x 10) v(cm-1) 

vw .3006 .3.3 265 2965 0,7 + 9 + 10 

w 3015 .3.3 170 3060 0,7 + 2 x 10 

vw .3019 sh 3.3 125 .3105 0,2 x 10 + 11 + 12 

vw .3029 sh .3.3 015 .3215 0,9 + 2 x 10 + 12 ; 

0 ,4 + 10 

m .3032 32 985 3245 0,2 x 7 + 10 

w .3037 .32 925 .3305 0,3 x 10 + 12 

vw 3043 32 860 3370 0,2 x 7 + 12 + 31 

w 3047 32 820 3410 0,3 x 10 + 32 

w 3053 32 755 3475 0,3 x 7 

w .3056 sh 32 720 3510 0,7 + 2 x 10 + 12 

vw 3063 sh 32 650 3580 0,7 + 2 x 10 + .32 

w 3072 32 550 3680 0,7 + 2 x 10 + 31 

o,6 + 2 x 7 

vw 3077 32 500 3730 0,2 x 7 + 10 + 12 

vw 3080 .32 465 3765 0,3 x 10 + 2 x 12 

vw 3091 32 350 3880 0,4 x 10 

vw 3106 32 195 4035 0,7 + 3 x 10 

vw 3119 32 060 4170 0,7 + 2 x 10 + 11 + 12 

0,4 + 2 x 10 

vw 312.3 .32 020 4210 0,2 x 7 + 2 x 10 

vw 3128 .31 970 4260 o,4 x lo + 12 

vw 3140 31 845 4.385 0,4 x 10 + 32 
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TABLE 4. 8 (Continued) 

I P52sit1on AV(cm-1) Assignment 

.A(nm x 10) v(cm-1 ) 

vw 3144 31 80.5 4425 0,3 x 7 + 10 

vw 3162 31 62.5 460.5 0,7 + 3 x 10 + 12 

vw 3183 31 41.5 4815 0, 5 x 10 

vw 3225 31 005 5225 0, 2 x 7 + 3 x 10 

a 
Intensities uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very. 

bsh= shoulder. 
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Figure 4.9 

F'luorescence of 10-4 M para-monodeuterated benzon1tr1le 

in polycrystalline cyclohexane at 770K. 
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TABLE 4.9 

Vibrational Analysis of Fluorescence of p-D-C6H4CN in 

Polycrystalline Cyclohexane at 77°K 

rs PQs1t2i.on av(cm-1) Assignment 

A(nm x 10) v(cm-1) 

vw 2769 36 115 0 0,0 

w 2805 35 655 460 0,12 

vw 2811 35 575 540 O,J2 

.VW 2817 35 500 615 O,Jl 

vw 2827 35 370 745 0,11 

vw 2842 shb 35 185 930 0,2 x 12 

s 2847 35 125 990 0,10 

w 2850 sh 35 090 1025 0,9 

w 2854 sh 35 040 1075 0,12 + 31 

s 2864 34 915 1200 0,7 

w 2866 sh 34 890 1225 0,11 + 12 

w 2871 sh 34 830 1285 0,11 + 32 

vw 2880 sh 34 720 1395 0,11 + 31;3 x 12 

m 2885 34 660 1455 0,10 + 12 

w 2889 sh 34 615 1500 o,6 ; 0,9 + 12 

w 2892 34 580 1535 0,10 + 32 

w 2898 34 505 1610 0,10 + 31 

m 2902 34 460 1655 0,7 + 12 

w 2904 34 435 1680 0,11 + 2 x 12 

http:PQs1t2i.on


100TABLE 4.9(Cont1nued) 

I P2s1t1on 4i\/(cm-1 ) Assignment 

ACnm x 10) v(cm-1) 

w 2909 sh 34 375 1740 0,7 + .32 

w 2917 J4 280 18.35 0,7 + .31 

w 2925 34 190 1925 0,10 + 2 x 12 

m 2930 34 1.30 1985 0,2 x 10 

w 29.34 sh 34 085 2030 0,9 + 10 

w 29.38 J4 0.35 2080 0,10 + 12 + 31 

w 2948 3.3 920 2195 0,7 + 10 

w 29.53 sh 33 865 2250 0,7 + 9 ; 0,4 

w 29.57 sh 33 820 2295 0 t 7 + 12 + 31 

s 2969 33 680 2435 0,2 x 7 ;0,2 x 10 + 12 

m 2972 sh 33 645 2470 0,9 + 10 + 12 

w 2977 sh 33 590 2525 0,2 x 10 + 32 

vw 2984 33 .510 2605 0,2 x 10 + Jl 
s 2989 33 4.5.5 2660 0,7 + 10 + 12 

m 2991 · 33 435 2680 0,10 + 11 + 2 x 12 

w 2994 sh 33 400 2715 0,7 + 10 + 32 

w 3004 33 290 282.5 0, 7 + 10 + 31 

w 3010 33 225 2890 0,2 x 7 + 12 0,2 x 10 

+ 2 x 12 

w 301.5 33 170 2945 0,3 x 10 

w 3018 sh 33 130 2985 0,9 + 2 x 10 

vw 3025 33 055 3060 0,2 x 10 + 12 + Jl 
w J0.37 32 925 .3190 0,7 + 2 x 10 
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TABLE 4.9(Cont1nued) 

AssignmentPosition 


A(nm x 10) v(cm-1) 


w 

vw 

w 

w 

w 

w 

vw 

w 

w 

vw 

vw 

vw 

vw 

vw 

vw 

vw 

vw 

vw 

3043 


3047 sh 


3056 


3061 sh 

3073 


3080 


3086 sh 


3103 


3107 


.31.30 


.31.37 


3150 


3156 


3164 


3175 


3199 


3211 


3224 


32 860 


32 820 


32 720 


32 670 


32 540 


32 470 


32 405 


.32 225 


32 180 


Jl 950 


31 880 


31 745 


Jl 685 


31 565 


31 495 


31 260 


31 14.5 


Jl 015 


3255 


3295 


3395 


344.5 

3575 


3645 


3710 


3890 


393.5 


4165 


4235 


4370 


4430 


4550 


4620 


4855 


4970 


.5100 


0,7 + 9 + 10 ;0,4 + 10 


0,7 + 10 + 12 + 31 


0,2 x 7 + 10 


0,3 x 10 + 12 


0,3 x 10 + 31 


0,3 x 7 ;0,7 + 2 x 10 


+ 12 


0,7 + 2 x 10 + 32 


0,3 x 10 + 2 x 12 


0,2 x 7 + 10 + 12 


o,4 x 10 


0,7 + 2 x 10 


0,7 + 9 + 2 x 10 


0,4 + 2 x 10 


0,2 x 7 + 2 x 10 


0,4 x 10 + 12 


0,3 x 7 + 10 


0,7 + J x 10 + 12 


o,4 x io + 2 x i2 


0,5 x 10 


0 '7 + 4 x 10 


aintens1t1es uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very 

b sh= shoulder 
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Figure 4.10 

Fluorescence of 10-4 M meta-monodeuterated benzonitrile 

in polycrystalline cyclohexane at 77°K. 
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TABLE 4.10 

Vibrational Analysis of Fluorescence of m-D-C6H4CN 1n 

Polycrystalline Cyclohexane at 77°K 

Ia 

w 

w 

vw 

vw 

vw 

vw 

s 

m 

w 

s 

w 

w 

w 

m 

w 

w 

w 

m 

w 

Pos~t1on 

A(nm x 10) v(cm-1) 


2770 36 100 


2805 35 650 


2811 35 575 


2818 35 485 


2830 35 335 


2843 shb 35 175 


2849 35 100 


2851 sh 35 075 


2855 sh 35 025 


2865 34 905 


2871 sh 34 8JO 


2876 sh 34 770 


2881 34 710 


2887 J4 640 


2890 sh J4 600 


2894 
 34 555 

2900 sh J4 485 


2903 34 445 


2910 34 365 


AV(cm-1) Assignment 

0 


450 


525 


615 


765 


925 


1000 


1025 


1075 


1195 


1270 


1330 


1390 


1460 


1500 


1545 


1615 


1655 


17.35 

0,0 

0.12 

0.32 

0,31 

0,11 

0.2 JC 12 


0.10 


0,9 


0,12 + 31 


0,7 


0,11 + 32 


0,3 x 12 


0.11 + 31 


0,10 + 12 ;0,9 + 12 


0,6 


0,10 + 32 


0,10 + 31 


0.7 + 12 


0,7 + 32 
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104 
TABLE 4.10(Cont1nued) 

PosltlQn .AV(cm-1) Assignment 

>. (nm x 10) v(cm-1) 

w 2919 34 260 1840 0,7 + 31 

w 2927 34 165 1935 0,10 + 2 x 12 

m 2934 34 085 2015 0,2 x 10 

m 2937 34 050 2050 0,9 + 10 

w 2940 sh 34 015 2085 0,10 + 12 + 31 

s 2950 33 900 2200 0,7 + 10 

s 2953 33 865 2235 0,7 + 9 ;0,4 

m 2957 sh 33 820 2280 0,7 + 12 + 31 

s 2966 33 715 2385 0,2 x 7 

m 2973 33 635 2465 0,2 x 10 + 12 

w 2977 sh 33 590 2510 o,6 + 10 

w 2981 33 545 2555 0,2 x 10 + 32 

w 2987 sh 33 480 2620 0,2 x 10 + 31 

m 2991 33 435 2665 0,7 + 10 + 12 

w 2998 sh 33 355 2745 0,7 + 10 + 32 

m 3006 33 265 2835 0,7 + 10 + 31 

0,2 x 7 + 12 

w 3014 33 180 2920 0,2 x 10 + 2 x 12 

w 3022 33 090 3010 0,3 x 10 
w 3026 33 045 3055 0,9 + 2 x 10 
w JOJO sh 33 005 3095 0,2 x 10 + 12 + 31 
m 3040 32 895 3205 0,7 + 2 x 10 
m 3045 32 840 3260 0,7 + 9 + 10 ;0,4 + 10 



105 TABLE 4.10(Con~1nued} 

I PQs1t1on 6V(cm-l) Assignment 

A(nm x 10) v(cm-1 > 

w 3048 sh 32 810 3290 0,7 + 10 + 12 + 31 

m 3057 32 710 3390 0,2 x 7 + 10 

m J062 32 660 3440 0,3 x 10 + 12 

w 3075 32 520 3580 0,3 x 7 

w 3083 32 435 3665 0,7 + 2 x 10 + 12 

w 3088 32 385 3715 0,7 + 2 x 10 + 32 

w 3099 32 270 3830 0,7 + 2 x 10 + 31 

w 3105 32 205 3895 0,3 x 10 + 2 x 12 

w 3114 32 115 3985 0,4 x 10 

w 3121 32 040 4060 0,3 x 10 + 12 + 31 

w 3134 31 910 4190 0,7 + 3 x 10 

w 314o 31 845 4255 0,7 + 9 + 2 x 10 

0,4 + 2 x 10 

vw 3152 31 725 4375 0,2 x 7 + 2 x 10 

vw 3159 31 655 4445 o,4 x 10 + 12 

vw 3171 31 535 4565 0,3 x 7 + 12 

vw 3179 31 455 4645 0,7 + 3 x 10 + 12 

vw 3199 31 260 4840 0,4 x 10 + 2 x 12 

vw 3213 31 125 49?5 0,5 x 10 

vw 3222 31 035 5065 0,4 x 10 + 12 + Jl 
vw 3229 JO 970 5130 0,7 + 4 x 10 
vw 3241 JO 855 5245 0,? + 9 + 3 x 10 

o,4 + J x 10 
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Figure 4.11 

Fluorescence of 10-4 M ortho-monodeuterated benzonitrile 

in polycrystalline cyclohexane at 770K. 
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TABLE 4.11 

Vibrational Analysis of Fluorescence of o-D-C6H4CN 1n 

Polycrystalline Cyclohexane at 77°K 

ra 

vw 

w 

vw 

vw 

vw 

vw 

s 

m 

w 

w 

s 

w 

w 

vw 

m 

m 

m 

w 

PQsiti:on 4'11(cm-l) Assignment 

). <run x iol v(cm-1) 

2769 36 115 

2804 35 660 

2810 35 585 

2817 35 500 

2829 35 .350 

2842 shb 35 185 

2847 35 125 

2851 35 075 

2853 sh 35 050 

2856 sh 35 015 

2864 34 915 

2867 sh J4 880 

2872 sh 34 820 

2879 sh 34 735 

2885 34 660 

2890 J4 600 

2892 sh 34 580 

2896 sh 34 530 

0 

455 

530 

615 

765 

930 

990 

1040 

1065 

1100 

1200 

1235 

1295 

1.380 

1455 

1515 

1535 

1585 

0,0 

0,12 

0,32 

0,31 

0,11 

0,2 x 12 

0,10 

0,9 

0,12 + Jl 

0,8 

0,7 

0,11 + 12 

0,11 + .32 

0,11 + Jl ;0, .3 x 12 

0,10 + 12 

o,6 ;0,9 + 12 

0,10 + J2 

0,9 + 32 
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108TABLE 4.11(Cont1nued) 

PQS1t1Qn 4\/ ( cm-1) Assignment 

1-Cnm x 10) ll{cm-1) 

w 2899 34 495 1620 0,10 + 31 

m 2902 34 460 1655 0,7 + 12 

w 2906 sh 34 410 1705 0,11 + 2 x 12 

w 2909 34 375 1740 0,7 + 32 

vw 2917 34 280 1835 0,7 + 31 

w 2924 34 200 1915 0,10 + 2 x 12 

m 2930 34 130 1985 0,2 x 10 

m 2935 J4 070 2045 0,9 + 10 

w 2939 sh 34 025 2090 0,10 + 12 + 31 

w 2942 33 990 2125 o. 9 + 12 + 31 

s 2948 33 920 2195 0,7 + 10 

m 2952 33 875 2240 0,7 + 9 ;0,4 

m 2956 sh 33 830 2285 0,7 + 12 + 31 

w 2962 sh 33 760 2355 0,9 + 11 + J2 
w 2966 sh 33 715 2400 0,9 + 11 + 31 

m 2968 33 695 2420 0 ,2 x 7 
m 2971 sh 33 660 2455 0,2 x 10 + 12 

w 2974 sh 33 625 2490 0 .9 + 10 + 12 ;0,6 + 10 

w 2981 sh 33 545 2570 0,2 x 10 + 32 

w 2985 sh 33 500 2615 0,2 x 10 + 31 

m 2989 33 455 2660 0,7 + 10 + 12 

w 2994 33 400 2915 0,7 + 9 + 12 

w 2998 sh 33 355 2760 0,7 + 10 + J2 
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TABLE 4.11 (Continued) 109 

Position 411(·cm-1 ) Assignment 

). (nm x 10) v{cm-1) 

w JOOJ sh 33 JOO 2815 0 '7 + 10 + 31 

w 3009 33 235 2880 0,2 x 10 + 2 x 12 

w 3016 33 155 2960 O,J x 10 

w 3022 33 090 3025 0,9 + 2 x 10 

w 3037 32 925 3190 0,7 + 2 x 10 

w 3042 J2 875 3240 0,7 + 9 + 10 ;0,4 + 10 

w J048 sh J2 810 JJ05 0. 7 + 10 + 11 + 12 

w 3057 32 710 3405 0,2 x 7 + 10 

w 3062 J2 660 3455 O,.J x 10 + 12 

w .3080 32 470 3645 0,7 + 2 x 10 + 12 

O,J x 7 

w 3084 32 425 3690 0,7 + 9 + 10 + 12 

w 3100 32 260 3855 0,2 x 7 + 10 + 12 

w 3106 32 195 3920 0,3 x 10 + 2 x 12 

w 3112 J2 135 3980 0,4 x 10 

vw 3120 32 ·050 406.5 0,2 x 9 + 2 x 10 

vw 3131 Jl 940 4175 0,7 + 3 x 10 

vw 3137 31 880 4235 0,7 + 9 + 2 x 10 

o,4 + 2 x 10 

vw 3144 Jl 805 4310 0,7 + 2 x 10 + 11 + 12 

vw 3151 31 7.35 4380 0,2 x 7 + 2 x 10 

vw 3157 31 675 4440 0,4 x 10 + 12 

vw .3174 31 465 4650 0,7 + 3 x 10 + 12 



110TABLE 4.11 (Continued) 

I PQs1t1on AV{cm-1) Assignment 

A(nm x 10} v(cm-1 ) 

vw . 3181 31 440 4675 0.7 + 9 + 2 x 10 + 12 

vw 3201 31 240 4875 o.4 x 10 + 2 x 12 

vw 3208 31 170 4945 0.5 x 10 

vw 3230 30 960 5155 0.7 + 4 x 10 

arntens1t1es uncorrected for instrumental response; 
s= strong; m= moderate; w= weak; v= very. 

bsh= shoulder 
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CHAPTER V 

DISCUSSION 

The luminescence spectra obtained in this inves

tigation were very dependent on the method of sample 

cooling. The doublet nature of the phosphorescence and 

fluorescence in cyclohexane has also been observed for 

benzene ( J.Q. ), and attributed to emission of the so1ute 

in two different crystalline environments of cyclohexane, 

the high temperature cubic form and the low temperature 

monoclinic form. Evidently. with rapid immersion of the 

benzonitriles 1n cyclohexane into the liquid nitrogen, 

some of the high temperature modification is present. By 

cooling more slowly, more o~· the monoclinic phase is formed: 

after thawing and 'slow-cooling' again, only the red part

ner of the doublet bands is observed. This is the behavior 

found by Spangler and Kilmer ( J.1 ) for benzene. Hence the 

spectra shown in figures ( 4.7 ) - ( 4.11 ) are considered 

to be fluorescences of the benzonitriles in the monoclinic 

form of cyclohexane. The broad background still present 

under all the main bands may be unresolved multiplet 

structure due to various orientations of the solute, or 

to lattice vibrations of the solvent. 

Heat capacity measurements ( 1§. ) indicate the 

presence of only one crystal line phase for rnethylcyclo
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hexane in the region 120K - 298°K ; therefore, other fac

tors need be considered as candidates responsible for the 

doublet splittings in methylcyclohexane. Martin and Ka

lantar ( .12. ) have noted that cooling methylcyclohexane 

produces a glass plus a crystalline mass. The phosphores

cence 0,0 electronic band for benzon1tr1le-H5 in methyl

cyclohexane glass was found in the present study to be 

at 26 910 cm-1 which is quite distinct from the doublet 

bands at 27 010 cm-1 and 27 070 cm-1 • The concentrations 

used here are so dilute that microcrystal benzonitrile 

emission is ruled out; for benzene in cyclohexane, this 

becomes important only at 0.1 M ( .11 ). It seems likely 

that the phosphorescences shown in figures (4.2 ) - ( 4.6 

result from benzonitriles in two different orientations 

in a single crystalline modification of the solvent. 

Differing solute-solvent interactions would explain the 

observed splittings. The ratio of molecules in the two 

orientations would be expected to vary with cooling. Fast 

cooled method spectra mirror the populations at a higher 

t emperature, frozen in to some extent by immersion in the 

l iquid nitrogen. Slow cooling allows the more favorable 

orientation at 770K to predominate. Ethynylbenzene, which 

i s slightly larger than benzonitrile, shows no splittin~s 

i n the luminescence spectra in methylcyclohexane ( 40 ) • 

Presumably in this case there is only one preferred or 
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possible solute orientation. The phosphorescence lifetimes 

of the doublet 0,0 band of phosphorescence in methylcyclo

hexane were measured; both are about three seconds and 

exponential. In cyclohexane, both are about ten percent 

longer and exponential. This is to be contrasted with 

benzene in cyclohexane in which Martin a.nd Kalantar ( 41 ) 

have found that the phosphorescence lifetime in the mono

clinic form of cyclohexane ( slow-cooling ) was longer 

than that 1n the cubic form ( fast cooling ) by a ratio 

of about 4 : 1 • 

The shapes and the vibrational analyses for the 

phosphorescences of all the benzonitriles are very similar 

but distinct from the fluorescences, which a.re also very 

nearly identical. The agreement of the data for the deu

terated benzonitr1les with those for ordinary benzonitrlle 

lends considerable support to the proposed assignments. 

In the phosphorescence, the main progressions are 

in v and V 8 • involves C - C stretching and is5 v5 V 8 

concerned with in-plane C - H bending. An approximate 

p ictorial representation of these mode of vibration can 

be found in f1p;ure ( 4.1 ). From these pictures, it is 

s e en that these two modes are somewhat complementary. 

Their prominence in long progressions is consistent with 

a planar, non-regular hexagon ring triplet state ~eometry. 
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The absence of long progressions of out-of-plane vibrations 

lends support to the proposed planar geometry. Intensity 

measurements on the 1600 cm-1 progression in the phos

phorescence of toluene ( ~ ) indicate that the ring has 

four short bonds and two long ones ( ant1qu1no1d ). The 

resolution at which the spectra of this study were taken 

is not sufficient to warrant such calculations; contri

bution of underlying bands would. give a relatively large 

error to such measurements. 

The same progressions are also evident in the 

rigid glass matrices, 1.e., isopentane, rnethylcyclohexane, 

3-rnethylpentane, ethanol and methanol. Of course, the 

spectra in such glasses look much simplified due to the 

low resolution obtained but the v5 progression is still 

observed. 

The orbital symmetry of the lowest triplet state 

was assigned as 3A1 ( 3A' for meta and ortho ) on the 

basis of the polarization of the 0,0 transition band of 

phosphorescence. With such an assignment, two triplet sub

levels, 'rx and 'ry, ( of symmetry b1 and b2 ) are dipole 

emissive. The appearance of strong a 1 fundamentals in 

progresstons and combinations does not permit a partl

tion lng to be made of the relative contributions of the 

sublevels to the observed bands. Accurate polarization 
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measurements throughout the phosphorescence region would 

be of help in that respect. The weak presence of non

totally symmetric vibrations in the phosphorescence in

dicates that vibrational perturbations are very small. 

To account for their presence, several routes can be con

sidered for combining spin-orbit and vibrational effects, 

such as spin-vibronic coupling ( 1st order perturbation ) , 

vibronic coupling among triplets with sp1n-orb1t coupling , 

and vibronic coupling among singlets with spin-orbit coup

ling (2nd order perturbation). All of these pathways 

predict that b1 vibrations can be evident 1n the spectra 

due to ( z ) and 1B2 ( y ) singlet admixture, and1A1 b2 
1 

1 
1B1vibrations due to A and ( x ) mixing. Polarization 

measurements throughout the entire phosphorescence spec-

t rum could help settle the question of the nature of the 

perturbing singlets, but could not distinguish between the 

t hree aforementioned mechanisms. 

The fluorescence analyses show that the main pro

gress ion is in V10 , the ring breathing mode. Two other 

prominent fundamentals appearing in the spectra are v7 
and , from which the progressions and combinationsV12 

with v10 comprise almost the entire spectra. A glance 

at figure ( 4.1 } shows that v7 and v12 are quite re1a

ted to the breathing mode. Therefore, their appearance ts 

interpreted to signify that the excited singlet state is 
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nearly hexagonal but slightly expanded. In contrast to 

the phosphorescence, no progressions in V 5 and V 8 are 

observed. In benzene and methylbenzene ( ~ ) , the main 

progression in absorption and fluorescence is also the 

ring breathing mode. In benzene, there is an increased 

C - C bond distance of 0 .037 A0 
• 

The predominance of the modes in progressionsa 1 

and combinations, built on the 0,0 band of fluorescence 

suggests that the mixing of with s2 ( 
1

B2 with 1 
) , s1 A1 

giving rise to the b2 forbidden components, is small 

(refer to section 2.5 ). The intensity of the forbidden 

transition will depend on the proximity of a third elec

tronic state, in this case ( ). In fact, the in1A1 s2 

tensities of the b2 forbidden transitions ( and 

anda re very weak compared to the same modes ( 

f or ethynylbenzene ( ~ ) , where the mixing of s1 with s2 

i s strong ( ~ ) and where the main features of the flue

rescence are progressions built on one quantum of nona 1 

t otally symmetric b2 vibrations. The weak mixing for benzo

nitrile as compared to ethynylbenzene is explained by the 

f act that the energy gap between and is much largers1 s2 

f or benzonitrile (--7400 cm-1 ) than for ethynylbenzene 

-1< ~ 5200 cm ) • 
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CHAPTER VI 

SUMMARY 

The vibrational analyses and spectra for the phos

phorescences of all the benzonitriles in methylcyclohexane 

are quite similar but very different from the vibrational 

analyses and spectra for the fluorescences of the benzo

. nitriles 1n cyclohexane. 

The nature of the splittings in methylcyclohexane 

is attributed to two different orientations of the solute 

molecules in a single crystalline form whereas, in cyclo

hexane, it is attributed to solute 1n two different ( cubic 

and monoclinic ) crystalline forms. 

The vibrational analyses of the phosphorescences 

are consistent with a planar, non-hexagonal ring triplet 

state geometry and that of the fluorescences consistent 

with a planar, slightly expanded ring excited singlet sta

te geometry. 

The lowest triplet state orbital symmetry is as

signed as JA1 on the basis of polarization of the phospho

rescence 0,0 band. 
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