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CHAPTER 1

INTRODUCTION

1. GENERAL REMARKS

IR bandshapes of liquids contain information about molecular
motion and intermolecular interaction, The width at half intensity
and the frequency shift of the bandmaximum with respect to the
frequency in the vapor phase have been investigated to estimate
the influence of these factors on the spectra of liquids (1-19).
Furthermore the study of the integrated absorption intensity may
be useful in this context (16-18).

A more recent method to obtain information about molecular
motions and intermolecular interactions is the Fouriertransformation
of IR absorption bands (20-36). In this way information about the
dipole moment correlation function ®(t) is obtained. ®(t) can be

written as (37)

dw cotgh(jBhw)n(w)k(w)coswt
@(L)=§<[\1 W(t) > <[M \1]> / (1)

ﬁ//du cotgh (§fhw)n (w)k (w)

in which M is the total dipole moment of the system, y the frequency
(in rad.sec—]) and n(w) and k(w) are the real and imaginary parts of
the complex refractive index. The brackets[ ] , indicate an
anticommutator, the brackets <:;>indicate the averaging procedure,
&"‘-=(k'l')_l and h is Planck's constant. Usually the frequency wo oOf
the bandmaximum of an investigated absorption band is chosen as

frequency zero. The normalized time correlation function C(t)




obtained in this way is given by

_;j/éw cotgh (48hw)n (w)k(w)cos{ (w-wglt}

C(t)= e
_%//&u cotgh ($Rhw)n (w)k(w)

The optical constant k(w) is proportional to a(u)w_](3l) (a(w)
is the molar extinction coefficient at frequency w which can be
obtained from IR absorption bands). At sufficiently high frequency
cotgh(3Bhw) is an insensitive function of w and in that case C(t)
is proportional to the cosine transform of n(w)k(w). For IR
absorption bands it will usually be justified to neglect the
frequency dependence of cotgh(jfhw).

Often n(w) is not taken into account and it is supposed that
the cosine transform of k(w) yields the dipole moment correlation
function (38). However, as pointed out by Fulton (37), the dipole
moment correlation function is related to the Fouriertransform of the
complex dielectric constant £(w). Using the relation between £(w) and
i(w), the complex index of refraction, it can easily be shown that
the cosine transform of n(w)k(w) yields the correct correlation
function. Neglect of the frequency dependence of n(w) introduces
considerable errors in the dipole moment correlation function in many
cases,

Especially those IR absorption bands which are isolated from
other bands in the spectrum are suitable for investigation by
Fouriertransformation. The macroscopic dipole moment correlation
function obtained in this way is determined by the rotational and
vibrational behavior of the molecules in the liquid; the loss of
correlation is due to rotational and vibrational relaxation.

Rotational relaxation is caused by the reorientation process
of the molecules in the liquid. The directions of all microscopic
moments which are rigidly determined by the orientation of the
molecular frame will change in time. This obviously results in a loss
of correlation for the macroscopic dipole moment.

Vibrational relaxation affects only the oscillating part of the




total dipole moment, which is due to the intramolecular vibrations
in the liquid. This relaxation mechanism causes the finite lifetime

of an excited vibrational state (e.g. due to de-excitation and

energy transfer).

In the case of an isolated IR absorption band at frequency wy
the cosine transform according to eqn.(2) is mainly determined by the
part of the total dipole moment which is oscillating with frequency
wg+ Usually the microscopic transition dipole moments which
contribute to the total electric moment are assumed to be mutually
uncorrelated if localized on different molecules. Using this
assumption the time correlation function may be interpreted in terms
of the average time evolution of a molecular transition dipole moment.
The interpretation of the correlation functions is, however,
complicated because the separation of the rotational and vibrational
relaxation contributions is generally not possible exactly. This
point will be amplified in this thesis,

Different methods have been developed to perform this
separation approximately. These methods (9,40,41) are reviewed in
section 3 of this chapter together with the main experimental results
obtained from IR bandshape studies. In section 2 the most important

theories concerning IR bandshapes are reviewed.

2. REVIEW OF IR BANDSHAPE THEORIES

One of the first authors who has discussed vibrational spectra
in terms of correlation functions was Sobelman (39). It was argued
that depolarized Raman lines are dependent on time correlation
functions describing the rotatiomal behavior of the molecules.

A more detailed theoretical approach of both Raman and IR
bandshapes in terms of time correlation functions has been presented
by Gordon (38,42,43). The discussion of Gordon's treatment is

confined here to its description of TR bandshapes.

The interpretation of IR correlation functions by Gordon is




based on the assumption that the lifetime of an excited vibrational
state is infinite compared with the time scale of interest for dipole
moment correlation functions (0-3 psec.). In fact the vibrational
relaxation is neglected. In this way the dipole moment correlation
functions are interpreted completely in terms of the rotational
motions of the molecules.

The short time behavior of the correlation function reflects
the free rotation behavior of the molecules in liquids. Gordon has
treated this behavior by an expansion in powers of t of the correlation
function., For short times the first terms of this expansion may give
a reasonable description of the decay of the correlation function.
The coefficients of this time series have been related to equilibrium
properties of the molecular system under investigation. For instance
the coefficient of the t2 term has been related to the rotational
kinetic energy of a free rotor,

At longer times, when collisions randomize the orientation
of the transition dipole moment a stochastic model has been used for
the interpretation of the correlation function. Gordon has treated
the long time behavior in terms of the rotational diffusion model.

In this way IR bandshape studies may be used to determine rotational
diffusion constants.

However, the description of IR correlation functions by
rotational relaxation only is insufficient in many cases. Therefore
several attempts have been performed to treat the correlation
functions in such a way that vibrational relaxation can be taken into
account (40,41,44-46). Two approaches will be reviewed here; the
theories of Bratos et al.(44) and Morawitz et al.(46). Because the
treatment of Bratos is most widely used in the literature and
discusses many aspects of dipole moment correlation functions a
fairly detailed description of this theory will be given here.

The theory of Bratos is concerned with IR spectra of diatomic
molecules in inert solvents. The system is composed of one IR
active molecule surrounded by a large number of nonabsorbing inert

solvent molecules. The vibration of the IR active molecule is

anharmonic and is modulated by a stochastic potential Vs(r,t) due to
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the surrounding solvent molecules. The parameter r in Vs(r,t)
describes the dependence of the potential on the vibrational
coordinate,

Bratos has simplified the treatment by a few basic assumptions.
The total dipole moment of the molecule consists of two parts; the
permanent and transition dipole moment. Induced moments due to other
processes in the liquid have been neglected. Furthermore, there is
no vibration-rotation coupling. This implies that the intramolecular
vibrational degree of freedom and the molecular reorientation are
uncorrelated. The molecular reorientation has been described by a
stochastic model, which is a classical treatment. In contrast with
this the intramolecular vibration has been described
quantummechanically. Therefore the theory of Bratos is semiclassical.
The liquid has been assumed to be isotropic and the incident lightbeam
is non-polarized.
The treatment starts from the following expression for the

dipole moment correlation function Oc(t),
<bc(t)=<f& §~Y(t)> (3)

in which ﬁ(t) is the Heisenberg representation of the dipole moment
operator M as in eqn.(1). The subscript c¢ indicates that contrary to
the definition of the correlation function in eqn. (1) the classical
definition of the correlation function is used by Bratos.

The function ¢C(t) is separated into a product of two time
correlation functions. This has been performed by writing ﬁ(t) in the

following form;
M(t)=M(t)u(t) (4)

in which M(t) is the length of the dipole moment vector and G(t) is
the unit vector describing the orientation of the dipole moment.

Using the assumption that the vibrational and rotational motion
of the IR active molecule are uncorrelated and averaging independently

over the vibrational coordinate and over the stochastic variables




Bratos obtains the following expression for tr(t),

8 (€)= CTrogh M(e) > (u u(e) )

where py is the vibrational density matrix. Trpp indicates the

averaging over the vibrational coordinate (quantummechanically) and

the brackets <:>Q indicate the averaging over the stochastic variables.,

At this point the vibrational correlation function & (t) and
Vv

the rotational correlation function :r(t) are defined;

N<n=<T““}IM“)>s
ir(t)=<ﬁ Il(t)>s

Using these definitions & (t) is written as
! i

0. (£)=2 (£)¢ (t) (7)
Eqn.(7) shows explicitly the most important assumption of this
theory already made in deriving eqn.(5); the independence of the
rotational and vibrational relaxation. On the basis of this equation
the majority of the experimental data from IR bandshape studies have
been discussed. Notwithstanding the fact that Bratos' treatment is
concerned with diatomic molecules in inert solvents eqn.(7) is used
to interpret the spectra of both solutions and pure liquids.
An expression for the vibrational correlation function iw(t)
has been calculated using the Kubo theory on lineshape and relaxatién
(47) . The excited vibration is treated in this way as a randomly
wodulated oscillator; the fluctuation of the vibrational frequency
is considered to be a random process. In such cases the nature of the
modulation process determines the time dependence of :V(L). For dilute
solutions Bratos assumes that translational diffusion is the most
important relaxation mechanism for Iv(t). In other words, the
perturbation of the vibrational frequency is modulated by the

translational diffusion. In this case the ratio of Ty (the

12




translational diffusion time which characterises the rate of change
of the surroundings for the excited oscillator) and (Luv)_l ( lifetime
of an excited vibration) determines the behavior of ?V(t).

If Luvrt<(l the system is in the fast modulation limit. An
exponential decay for

A

uv(t) is then expected for t/~TL. If on the
other hand Amvrt>>l the perturbation is treated in the slow modulation
limit. This results into a Gaussian decay for tv(t) if the
perturbation is a Gaussian process. For other types of perturbations
the solution of ¢V(t) will be complicated. In Bratos' treatment the
slow modulation limit is considered. This is, together with eqn.(7),
the most important assumption of this theory.

Using the Kubo theory an expression for Qv(t) is derived.
Systems are considered where only the vibrational ground state is

populated. For a O-a transition rv(t) is given by
- 12a 2 Dot -
o (£)=0_(0)exp - (001(0)>CL + 1i%ug (0 ), (8)

The brackets { >c indicate the cumulant averages (47). The
function mOéO) is the random perturbation of the vibrational frequency
in which (0) means that the time dependence is suppressed due to the
fact that the slow modulation limit is considered.

However, eqn.(8) is generally not suitable for a detailed
calculation of 1V(t), because of the fact that many terms of the
expansion must be included. Only if the perturbation is a Gaussian
process ¢V(t) can be written in a more simplified form. In this case
the first two terms of the expansion are important and higher order
terms may be neglected. Still, even the calculation of these terms
is complicated.

The rotational correlation function Cr(t) is treated by using
a stochastic model. Three cases are distinghuished; free rotation,
rotational diffusion and an intermediate case of free rotation and
rotational diffusion (44).

Combining one of the resulting rotational correlation functions
with the vibrational correlation function, a theoretical expression

for &c(t) is obtained. The expressions for @C(t) are then used to



calculate theoretical IR bandshapes by Fouriertransformation.

Finally it is interesting to note that it is assumed that
vibrational relaxation is temperature independent. This implies that
the temperature dependence of ¢C(t) originates from the rotational
correlation function, It is this assumption which is of major
importance in connection with a well-known experimental method
developed to separate approximately the vibrational correlation
function from the rotational correlation function (9,40). This will
be discussed in section 3 of this chapter.

The most striking feature of the Bratos theory (and of nearly
all IR bandshape theories) is the complete neglect of the possibility
that vibrational relaxation may depend on the rotational motions of
the molecules., This is remarkable because the intermolecular
interactions depend in principle on the relative orientation of the
interacting molecules. Especially when vibrational relaxation due to
intermolecular interactions is important, it is reasonable to expect
that the neglect of the influence of the reorientation of the

molecules on the vibrational relaxation is not justified. This implies

furthermore, that the separation of ¢C(t) as in eqn.(7) is unjustified.

The theory of Morawitz and Eisenthal (46) is a second example
of a treatment including vibrational relaxation. The investigated
liquid model consists of a large number of identical molecules. For
the sake of simplicity each molecule contains only one internal degree
of freedom (one intramolecular vibration). The Hamilton operator for
the system has been defined in such a way that the molecular motion
is described in terms of coupled rotational-translational degrees of
freedom. Furthermore, the Hamilton operator contains a term
representing the coupling between the IR active vibration and the
rotational—-translational degrees of freedom. This coupling term causes
a frequency shift and a broadening of the bandshape.

Physically the interactions between the molecules in the liquid,
which determine the time dependence of the dipole moment correlation
functions, are considered to be collision processes. From this point
of view, the rotational-translational part of the Hamiltonian

describes dephasing (soft) collisions. These collisions reorient the
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molecules without de-excitation of the vibrations. The interaction
between the rotational-translational degrees of freedom and the
intramolecular vibrations causes vibrational relaxation (energy
transfer and de—excitation). This is considered to be the result
of strong collisions,

Morawitz and Eisenthal assume that the relaxation processes
due to soft and strong collisions can be separated. This implies the
assumption that vibrational relaxation does not depend on rotational

relaxation, Finally the following result for ¢ (t) has been obtained

£l
:.C<t)=¢r(c>ov<o>ﬂ] ' (9)
in which y 1is the reciprocal vibrational correlation time.
Analogous to the treatment of Bratos the dipole moment
correlation function has been written in a product of the rotational
correlation function and an independent vibrational correlation
function. In the treatment of Morawitz the vibrational correlation
function shows an exponential decay, however, contrary to the result

obtained by Bratos.

Several other theoretical contributions to the subject of
IR bandshapes have been published (3,48,49). Especially the theory
of Valiev (49) is important here. Valiev gives a calculation of the
contribution of the transition dipole-transition dipole coupling to
the halfwidth of an absorption band. This mechanism may be
responsible for the resonant transfer of vibrational energy between
identical oscillators in liquids, which is an example of
intermolecular vibrational relaxation. As the subject of the present
study is intermolecular vibrational relaxation due to interoscillator
coupling, it is of interest to describe the calculation of Valiev
in some detail here.

The contribution of the transition dipole-transition dipole

coupling to the halfwidth Awi(in rad.sec_]) has been obtained using

the relation




i ¢ - J
duy = ﬁK%m)] W (10)

where Gdip is the transition dipole~transition dipole interaction.
The brackets indicate the averaging procedure over the molecular
orientations. The factor wst in eqn.(10) has been defined to be the
probability that one of the two interacting oscillators is in an
excited vibrational state; in fact this takes into account the
population of vibrational energy levels,

The coupling between non-identical oscillators in the system

has been neglected in the calculation., After performing the averaging

procedure in eqn.(10), the following expression has been obtained

ol A
el }

ém£=(3QJ 27N 'wst (11)
30_\(‘, d”? ’

In eqn.(11) y is the dipole moment, Q the normal coordinate, wy

is the vibration frequency, N the number density of identical
oscillators and d represents the distance of closest approach between
two oscillators. It should be borne in mind that the expression

obtained for Aw, is independent on the molecular reorientation. As

[0

shown by Valiev, eqn.(l1) predicts values of Aw;, which indicate that
transition dipole-transition dipole interactionzhas a negligible
influence on the halfwidth of an IR absorption band.

However, as pointed out by Fujiyama (3), realistic values for
lw% can be obtained by ommitting the factor wst' It is argued by
this author that it is only necessary to take into account the
probability that an excited vibration can transfer its vibrational
energy. Obviously this probability is nearly equal to unity.

Recently it has been pointed out (48,23) that intermolecular
vibrational relaxation due to tramnsition dipole-transition dipole
coupling should depend on the molecular reorientation. A detailed

treatment of this dependence will be presented in this thesis,




3. REVIEW OF EXPERIMENTAL DATA

The work of Gordon (38) on dipole moment correlation functions
is used by many authors to discuss their experimental data (4,26-29,
32-36) . For instance, Crawford et al.(26,27,34) have discussed dipole
moment correlation functions completely in terms of the molecular
reorientation. Absorption bands of C6F6, CHBJ and CDBJ have been
interpreted in this way. The long time behavior of the obtained
dipole moment correlation functions has been discussed in terms of
the rotational diffusion model. At short times the decay is Gaussian
and can be used to determine angles of free rotation before the
molecules in the liquid undergo collisions., In this way Rothschild
(32) has determined the rotational diffusion tensor of CHZCl2 using
the assumption that all investigated fundamental absorptions of
CH2C12 can be discussed in terms of molecular reorientation.
Furthermore, the influence of molecular association on the rotational
behavior has been investigated (33,36). In rather weakly associating
systems, such as CHCl3 - C6H6 solutions, no influence on the dipole
moment correlation function was found.

It has been stressed by Crawford and coworkers (27) that the
dipole moment correlation functions are very unreliable at longer
times. This has been concluded on the basis of a detailed estimation
of errors (such as truncation and baseline effects). Therefore it is
usually assumed that especially the short time behavior of the
correlation functions is the most interesting part to study, because
this part may be known accurately. 1In chapter II of this thesis it
will be pointed out that Crawford's result is incorrect.

Although the results obtained by interpreting the data
according to Gordon's theory are interesting, it has been stressed by
several authors that the interpretation of IR correlation functions
in terms of reorientational motions can be very complicated (25,30,31).
These problems are due to experimental errors (31) and processes

occuring in the liquid (25) which influence the bandshape considerably

(e.g. vibrational relaxation) .




As pointed out by Young and Jones (31) IR transmission
measurements may be obscured by interference and reflection loss
distortion. Especially strongly absorbing liquids, which have to be
measured as thin films, give rise to large problems even when thin
films of high accuracy have been constructed. Detailed criteria have
been given by Young and Jones, which indicate under what circumstances
significant disturbances of the spectrum will arise.These criteria
have been presented in terms of the magnitude of the optical constant
k(w) and the path length of the liquid cell used in the experiment.

A paper considering the possible influence of several physical
processes in the liquid on dipole moment correlation functions has
been published by van Konijnenburg and Steele (25). It has been shown
that before dipole moment correlation functions can be interpreted
in terms of molecular reorientations contributions due to other
processes have to be removed. Possible cooperative behavior of the
molecules and collision-induced effects have to be taken into account.

Furthermore the existence of isotopic species (e.g. 35Cl and 37Cl)
and hot bands may influence the absorption band in an important way.
A method to correct for these effects has been given. Vibrational
relaxation has been neglected by van Konijnenburg, although many
authors have pointed out that this relaxation mechanism is important
(3,23,30,40,48).

In this context it is clear that the separation of the
vibrational and rotational contributions is one of the main
difficulties in the interpretation of IR bandshapes. Two methods
have been developed to obtain the rotational and vibrational
contributions to IR bandshapes separately (9,40).

The first approach was developed by Rakov (9) and has been
extended recently by Bartoli and Litovitz (40). Here, temperature
independence of the vibrational relaxation is assumed, From the IR
bandshape at low temperature, the intrinsic vibrational linewidth

is determined. This intrinsic linewidth is then used to determine

the reorientational linewidth at higher temperatures by subtracting

from the whole bandwidth at a given temperature the intrinsic width.

This method is only applicable if the bandshape is Lorentzian (or
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nearly Lorentzian) over a large temperature range. It has to be
stressed that the additivity of the rotational and vibrational
contributions to the linewidth is only justified if vibrational
relaxation is independent of the rotational relaxation.

Because IR bandshapes are never exact Lorentzians it is clear
that the Rakov method has large limitations. Therefore, attention has
been focused recently on another approach discussed by several authors
(40,41,50). The only assumption included here is the independence of
rotational and vibrational relaxation. Using this method the
vibrational lineshape is obtained from Raman scattering data.
Therefore the applicability of the method is confined to IR active
vibrations which are also Raman active. Fouriertransformation of
Raman bands yields information about the correlation functions for
the elements of the polarizability tensor (40,41). The correlation
function of the isotropic part of the polarizability tensor obtained
in this way is independent on the reorientation of the molecules and
is assumed to be the vibrational correlation function both for the
IR correlation function and the correlation function of the
anisotropic part of the polarizability tensor. The vibrational
correlation function can then be used to extract from the IR
correlation function the reorientational correlation function. However,
until now this method is scarcely used to correct IR correlation
functions. It will be pointed out in this thesis that both the Rakov
and the Raman method are incorrect.

A considerable amount of experimental results concerning
correlation functions, both from IR spectra and Raman spectra, have
been discussed using the two preceding methods (40,48,50-54). Using
the Raman method Raman scattering measurements have shown that the
vibrational correlation function can be temperature dependent (48,51,
54). This is in contradiction to the usual assumption that vibrational
relaxation is temperature independent. Concerning the vibrational
relaxation several mechanisms have been proposed; e.g. vibrational
energy transfer between molecules (resonance broadening), molecular
association and electrostatic interactions (3,48,49,55),

With respect to the present study vibrational energy transfer
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is the most important mechanism. Transfer of vibrational energy
between identical oscillators in the liquid may occur due to an
electrostatic interaction between these oscillators.An example of
such a coupling is the transition dipole-transition dipole interactionm,
as discussed by Valiev (49). Experimentally this relaxation mechanism
may be investigated by comparing IR bandshapes of pure liquids with
corresponding bands in isotopically diluted solutions (1,23,54). It
is then assumed that diminishing of the probability of resonant
transfer is the only change on dilution, while other relaxation
mechanisms remain unchanged. Inert solvents and solvents which have
the same molecular volume and dipole moment as the investigated pure

liquid have also been used (2,56).

4, OUTLINE OF THE PRESENT STUDY

As pointed out in the previous sections, it is generally
assumed that the dipole moment correlation function obtained from an
IR absorption band can be written as a product of two independent
correlation functions. These functions are called the rotational and
the vibrational correlation function. The vibrational correlation
function is usually defined in such a way that it contains all
contributions to the IR bandshape which are not of a purely
reorientational character. However, as already noted in section 2, it
seems reasonable to expect that when intermolecular vibrational
relaxation is important the assumption of the independence of
vibrational and rotational relaxation can not be justified.

In view of this, intermolecular vibrational relaxation due to

the coupling between identical oscillators is the main subject of

this study. Using the isotopic dilution method (23) the influence of
the interoscillator coupling on IR correlation functions has been
investigated for several systems. Also dilution series in other
solvents have been performed. In this way it is possible to demonstrate
that the isotopic dilution method is the most suitable one for the

investigation of interoscillator coupling. Furthermore the temperature
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dependence of the isotopic dilution effect has been measured. The
experimental data are presented in Chapter III.

Before presenting the experimental results, a detailed discussion
of the method used and its reliability is given in Chapter II.

A theory describing the transition dipole correlation functions
will be given in Chapter IV, This treatment is based on the linear
response formalism, as presented by Kubo (57). An expression for the
transition dipole correlation function has been derived which is
suitable for calculating the effect of intermolecular interactions
on IR bandshapes. In this way it is shown that the transition dipole-
transition dipole coupling may account for the observed isotopic
dilution effect. Both the magnitude and the temperature dependence
of the theoretically predicted effect are in reasonable agreement
with the experimental data. This is pointed out in Chapter V, where
a comparison between theory and experiment is given together with a
review of the obtained results., It is then concluded that vibrational
relaxation is generally not independent on the reorientational

behavior of the molecules.
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CHAPTER 11

EXPERIMENTAL TECHNIQUE

l. THE METHOD

The investigation of intermolecular vibrational relaxation has
been performed by using the isotopic dilution method (1). The IR
bandshape of a neat liquid is compared with the bandshape of the
same compound in isotopically diluted solutions. On dilution the most
important change of the environment of the investigated molecules is
due to a shift of the frequencies of the surrounding oscillators. It
may be expected that the microdynamical behavior of the molecules is
unchanged. In this way the influence of intermolecular vibrational
relaxation on IR absorption bands can be studied in favorable cases.

As pointed out before (1), it is necessary that an absorption
band is isolated from other absorptions in the spectrum. This
condition will be met readily if over a frequency range of about ten
times the width at half intensity no other absorptions are found.
This experimental condition implies that the isotopic dilution method
is only applicable to a limited number of absorption bands.

The spectra have been recorded using a PE-325 doublebeam

; =1,
spectrophotometer. The spectral resolution was about 0.5 cm and the

- : =
spectra were recorded with a scanning speed of about | cm /min. KBr

windows separated by a lead spacer have been used to construct
appropriate liquid cells. Using a variable path length cell in the
reference beam the spectra were corrected for solvent absorption. The
temperature during the measurements was kept constant to within 1°C.

From the experimentally obtained IR transmission data dipole
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moment correlation functions have been calculated using a computer

program (2). The calculation may be illustrated by Fig.! which shows

a possible result as obtained from an IR transmission measurement.

- : ; A . <
The frequency unit has been given in rad.sec . The distance CD marks

the span of the recorder. The transmission values of the bandshape
are recorded on punched paper tape using a digital voltmeter
(Solartron LM 1450) connected to the slave recorder output. The
digital voltmeter has a 34 digit display. The density of punched
values is 4 per wavenumber for all measurements, except for the
absorption band of CDCl3 at 910 cm‘_l where the sampling density is
per wavenumber. Furthermore the position of the zero—transmission

line (line A in Fig.l ) has been determined in voltmeter units The

value of the 1007 transmission position in voltmeter units is obtained

by choosing two frequencies (wa and Wy in Fig.1) as far as possible
in the wings, which define the integration interval. The line
connecting the transmission values at these frequencies is used as
the 1007 transmission line (line B in Fig.l). An interpolation

procedure in the computer program gives the 100% transmission




position at each frequency.
In this way the molar extinction coefficient a(w) can be
calculated using the relation
a(w= (x.d)"'.1010g| Tzero ~ L1002 4 (a()wk(w)) (1)
(1 = £)

zZero m w

in which x is the concentration of the investigated compound (mol.l_]),

d is the path length of the cell (in cm), Izero is the zero-transmission

position (in voltmeter units), 11007 is the 1007 transmission
position and Im is the measured transmission,
The normalized correlation function C(t) can now be obtained

using the following expression

Efa(w.)cos{(m.-wo)t} + a(w,, ,)ecos{(w., .~wg)t}}iw
clt)= 1 1 1 1+] 1+] 2)

%{a(wi) + a(mi+])}Aw

In eqn.(2) Aw is the frequency difference between succeeding punched
transmission values, wp is the frequency at which a(wi) reaches its

maximum value and the summation extends over all recorded values of

the integration interval chosen (between W, and wb).

Furthermore the integrated intensity of the absorption band
is calculated.

If necessary it is also possible to take into account the
refractive index (3). Then a(ui) in eqn.(2) has to be replaced by
a(mi)n(mi). The refractive index has been measured using an
interferometric method. However, the variation of the refractive
index over the absorption band has turned out to be negligible in
nearly all measured spectra. Only the dipole moment correlation
function obtained from the absorption band of CDCl3 at 910 cm—]
changes significantly if this correction is applied. This is
illustrated by Fig.2 and 3, where for CHCl3 (absorption band at

1215 cm—l) and CDCl., (at 910 cm-]) 1nC(t) is shown both with and

3
without the correction for the frequency dependence of the refractive
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It is to be noted here that eqn.(2) is only correct if the width
at half intensity Awi << ug( Awé is determined by the frequencies at
which a(wi)= ja(wg)) and if the absorption band is localized at
sufficiently high frequency. If these conditions are not fulfilled it
is necessary to calculate the cosine transform of cotgh(3ffiw)n (w)k(w).

Four absorption bands have been studied using the isotopic

dilution method; the band of CH,Cl, at 1265 cm-l (in CD

,CLl,y Clz), CHC1

2 3

at 1215 cm—.I (in CDC13), CHBr3 at 1142 cm-| (in CDBrB) and CDC1

910 cm_I (in CHC13). All systems have been investigated over an

3

extended concentration range, at a temperature of 30°C. The bandshapes
of CH2C12 and CHCl3 have also been studied at various temperatures.
For the bandshapes of CHClB, CDCl3 and CHBr3 dilution series in other
solvents have also been performed to investigate the difference with
isotopic dilution series. All chemicals used were obtained from

E.Merck (Darmstadt) and were of spectroscopic grade.

2, THE RELIABILITY OF THE TIME CORRELATION FUNCTIONS

The dipole moment correlation functions will be discussed in the
next chapters, especially relating to the long time behavior
(1-3 psec.). Therefore it is necessary to investigate the reliability
of the correlation functions in this time region.

Although many data concerning IR correlation functions have
been published recently, it is striking that little attention has
been given to the estimation of possible errors. Until now the
reliability of dipole moment correlation functions has only been
discussed in some detail by Crawford (4) who pointed out that errors
may arise by several causes; the finite resolution of the
spectrophotometer, the numerical procedure of integration, the
truncation effect ( dependent on the magnitude of the integration
interval), the baseline effect (i.e. the 1007 transmission line may
be chosen wrongly) and random errors in the transmission values.

Because the spectral resolution was about 0.5 cm_] the influence

of the finite resolution is neglected here., This is justified by the
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fact that a considerable improvement of the resolution by varying the
slitwidth does not influence the bandshape. Errors due to the
numerical procedure may also be ignored, because of the fact that the
sampling density of transmission values is sufficiently high for each
absorption band. This has been verified by varying the sampling
density.

However, according to Crawford the truncation effect, the
baseline effect and the random errors should give rise to dramatic
deviations and oscillations of the time correlation functions.
Especially at longer times (t>] psec.) the correlation functions
become increasingly inaccurate (the magnitude of the relative error
in In C(t) may be about 407 (5)). Therefore it is concluded that only
the short time behavior gives reliable information on the investigated
systems, This explains that several authors interpret only the short
time behavior of the dipole moment correlation functions (4=11) .

With respect to the present study, it is important to know if
Crawford's conclusion is justified or not.

The truncation effect arises from the fact that the numerical
calculation is performed over a limited frequency range. Therefore the
importance of the truncation effect has been investigated by
Fouriertransformation of a Lorentzian bandshape at different
integration intervals. In this way reliable information over the

truncation effect has been obtained. The 1007 transmission line (or

m A Im B
baseline AL o
\ ;/v// L "///I
! : AT A
1 1 1 ]
Wa Wh Wa Wh :
w (rad sec™") w (rad sec™')

Fig.4. A: Baseline as used in the present study.

7

B: Baseline as used by Crawford (4).

29




baseline) is determined by the integration interval as pointed out in
section l. This means that the baseline is given by the line
connecting the transmission values at the frequencies 0 and Wy« It
should be noted that this procedure is different from the method used
by Crawford (4). There, the baseline is independent on the integration
interval. Variation of this range keeps the baseline at a fixed
position, usually determined by transmission values as far as possible
in the wings. This is illustrated in an exaggerated way by Fig.4,
where for an arbitrary bandshape the baseline is indicated, using the
method described in the previous section (Fig.4; A ) and the method

of Crawford (Fig.4; B ).

The truncation effect on 1n C(t) has been investigated for a
Lorentzian bandshape (width at half intensity 14 cm_l). It should be
noted here that throughout this thesis the width at half intensity is
usually expressed in cm_-l units. This is indicated by using the symbol
Ao“l ( AO£=ZKCAm$ 3 ¢ is the velocity of light). The frequency range

has been taken respectively 13,8,7,6,5,4 and 3 times the width at half

ig.6a. Im C(t) for a Loren

v

bandshape (Ac%:14 em ~)

using baseline method A.

:integration interval 13h0y
2

InC(t)

-2.04




intensity. The results are shown in Fig.5a and Table I (method A).
Apart from the deviations of the short time behavior of the
correlation functions, the long time behavior is very insensitive to
the narrowing of the frequency range. Although the value of 1n C(t)
changes systematically at longer times due to the narrowing of the
integration interval, the slope of 1n C(t) at longer times remains
constant. The correlation functions are not oscillating, contrary to
the results of Crawford (4). It seems sufficient to take a frequency

range of about five times the width at half intensity of the absorption

band.
t(psec)
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TABLE I

Slope of 1In C(t) (in psectl) for a Lorentzian (See Fig.5a and 5b)

Baseline method 1340 8Ac 740 6Ac SAc 4Ao 3Ac
'8 B’ 3 4 3 5 :

2

A =1:28 | =1:28] =1,29 | =1.28| —1.30| =1.24| =1.34

B =1328] =14526] =1.27 | =1:28| =1.30| :=1.42 | =0.79
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The reason that the data given here do mot confirm Crawford's
results is due to the different choice of the baseline., Investigating
the truncation effect using a fixed baseline (Fig.4;B) the time
correlation functions show oscillations with the narrowing of the
frequency range, like Crawford's data (4). This is shown in Fig.5b.

However, using baseline method B the slope of ln C(t) is
reasonably accurate. The slope, determined from the long time
behavior, corresponds reasonable well to the slope obtained from the
other baseline method (Table I). In this context the slope has been
defined as the slope of the straight line fitted to the oscillating
function In C(t) by a least squares procedure in the time interval
I1-3 psec. In Table I method A is the treatment in which the baseline
is changed on narrowing the frequency range. Method B is used to
indicate the approach with a fixed baseline.

The difference between the truncation errors of method A and
B (Fig.4) is caused by the presence of a stepfunction in method B.
This stepfunction is indicated in Fig.4(B) by the hatched area. The
cosine transform of such a function obviously gives rise to strong
oscillations in In C(t). Therefore using a baseline as defined in
method A, the enormous error at longer times, due to possible
deviations in the position of the baseline are absent contrary to
method B (4).

The investigation of the experimental random errors is very
complicated, because there is no straightforward method to do this.
For example, it is unknown how errors at different frequencies are
correlated. Therefore only a rough estimate of the random errors
is possible. The calculation of the error in ln C(t) has been

performed by Crawford by substituting in eqn.(2) the expected

maximum deviation Ak(wi) of k(mi) for the extinction coefficient a(mi).

In this way the maximum error in the correlation function is
obtained as a function of time. It is shown that after 0.5 psec. the
time correlation function becomes very unreliable,
However, on the basis of the experimental reproducibility it
may be expected that Crawford's considerations give an overestimation

of the errors. This is underlined by comparing the dipole moment
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correlation functions calculated from k(ui) and k(;i) + Lk(wi)
respectively, Obviously this gives a more realistic impression of the
effect of random errors, than substituting Lk(;i) in eqn.(2).
Treating in this way the values of k(@i) and Ak(mi) for CDjJ
(absorption band at 495 cm_l) presented by Crawford (4), it can be
shown that the errors ak(ui) only affect significantly the short

time behavior. The slope at longer times remains unchanged (Fig.6).
This result supports the impression already obtained from experimental
reproducibility that contrary to Crawford's opinion the long time
behavior of the correlation function is less sensitive to errors than

the short time behavior,
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To consider the reliability of In C(t) at longer times in more
detail, absorption bands have been distorted by cosine functions.
This procedure has been applied to the absorption band of neat CHClB
, =] s ; . = ;
at 1215 cm and to a Lorentzian bandshape (width at half intensity
5 em ). A cosine function with an amplitude of 2.57 of the difference
between I and I ., and having half a period over the investigated
zero 1007% - :
frequency range has been added to the observed transmission spectra
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=4 (o J o .
of CHC]3 at 30°C and -60°C. This has been repeated with a cosine
function having a whole period. The same procedure has been performed

using a cosine function with an amplitude of 5% of )+ The

[ = !

zero 100%
results are shown in Fig.7 and 8. It is clear from these figures that
the relative decay at longer times (t> 0.5 psec.) is very insensitive
to the perturbation. However, the short time behavior of the

correlation functions is influenced strongly.

In the case of the Lorentzian the cosine functions have been
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added to the extinction curve rather than to the transmission curve

(as was done in the case of CHCI3). Therefore the numerical calculation
procedure used for the Lorentzian curve, introduces oscillations due

to the fact that the baseline is not determined by the extinction
values at the boundaries of the integration interval. The cosine
functions have been added to the Lorentzian in such a way that the

boundaries of the frequency range investigated have an extinction




Illustration of the

Extinction

tepfunction introduced

T
We
Wirad sec—)

W(rad sec™!)

value, being the sum of the amplitude of the cosine function and the
extinction value due to the Lorentzian, This is illustrated by Fig.9.
Irrespective of these oscillations, however, the results obtained
from the calculations underline the opinion that the relative decay
of the correlation functions at longer times (the slope as defined
before) is very reliable. This is shown in Fig.10, where the true
Lorentzian time correlation function is compared with functions
obtained from extinction curves, distorted by cosine functions whose
amplitudes are 2.5% of the maximum extinction value. The number of
periods over the frequency range investigated is respectively 1,2,8,
32 and 128.

Another uncertainty concerning time correlation functions may
arise from an inaccuracy in the determination of the zero transmission
line. Investigating the influence of a change on Lzero of about 0,5%
(which is a reasonable estimate for the experimental fluctuation)

no effect on the time correlation function occurs. This is illustrated

in Fig.11 for the absorption band of CHBr3 at 1142 cm_] (in CDBr3
’
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33 vol.Z).
Due to the fact that very short pathlength cells have been used
in several measurements (especially in the case of pure liquids), the
reflection loss effect has to be taken into account. As pointed out
in Chapter I, a detailed discussion of this problem has been presented
by Young and Jones (12). The reflection errors depend on the pathlength
of the cell, the value of k(w) and the refractive index of the windows.
Based on the results of Young and Jones it may be expected that
reflection loss errors are of minor importance for the systems studied
in this thesis (shortest pathlength used is 2.5 umj; k(w) is about 0.2
and KBr windows have been used).This is supported by considering the
influence of pathlength variation on the time correlation function
of neat CH2C12 at 1265 cm_{. The results are listed in Table 1II,
where both &c% and |££E%I£i£llf

correlation function at longer times) remain fairly constant.

(from the slope of the time

TABLE II

iA(ln c(t))

s |(psec_])

Pathlength Aaé(cm_]) From 1-2 psec, | From 1-3 psec.

(um)

6.4 6.9 0.639 0.631
543 7.0 0.632 0.631
3.9 7.1 0.665 0.670
2.8 ol 0.634 0.639

o] o2 0.690 0.610
1.0 v 0.635

Therefore it may be concluded that reflection loss does not impair
the reliability of the autocorrelation functions obtained.

Finally the conclusion is justified that the dipole moment
correlation functions obtained are rather reliable. This is contrary

to the widely accepted opinion of Crawford (4). It is underlined by

38




the experimental reproducibility of the time correlation functionms,
which is fairly good.

Because in the present study special attention is focused on
the long time behavior of the dipole moment correlation functions
it is convenient to introduce a presentation of the results which
gives immediately the relative decay at longer times. Therefore the
experimental data are not discussed relating to the behavior of ln C(t)

but with respect to a function f(t), defined as

34 D B e (2 = 1In C(tp) (t3tg) (3)
The time t; is chosen to eliminate the unreliable short time behavior.
Throughout this study C(t;) represents the value of the correlation
function at 1 psec. The behavior of f(t) after | psec. will be
presented in the following chapters.
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CHAPTER III

EXPERIMENTAL RESULTS

In this chapter the experimental data are presented. The IR
bandshapes have been recorded and transformed into time correlation
functions according to the method described in Chapter II. The
results of the isotopic dilution series are given in section |
(measurements at a temperature of 3OOC) and 2 (study of the influence
of decreasing temperature). Section 3 deals with dilution series in

various solvents (such as CCl CS,, etce),

4?
: s . -, . - - : o,
The investigation of the isotopic dilution effect at 30 C has

been confined to four absorption bands; the 1265 cm—] band of CH7C12,

the 1215 cm | band of CHC1,, the 910 e band of CDCl, and the band

of CHBr3 at 1142 cm_l. The influence of the temperature has been

studied for CH,Cl, and CHC13, while for CHCIB, CI)Cl3 and CHBr3

dilution series have been performed using several other solvents,

l. ISOTOPIC DILUTION SERIES AT 30°C

The absorption bands considered here all satisfy the condition
that they have to be isolated from other absorptions in the spectrum
( See Ch.II). Furthermore, the solvents used are transparent over a
wide range in the frequency region of interest.

The variation of the refractive index n(w) was taken into
account in the calculation of the time correlation functions (1).
However, as pointed out before, the refractive index has a negligible

influence except in the case of CDCIq ( See Ch.II; Fig.2 and 3).
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TABLE 1

=
Absorption band of CH,.Cl, at 1265 cm ( in CD Cl.)
i 2°"2 2 FREE) T
concentration path shift B uo-i ™AL (psec
mol.l?l molfr. length(um) Ac(cm—l) (l.mol?lcm-z) (cm l) 1-2 ps.| 2-3 ps
1557 1.0 235 0.0 1420 P42 0.69 0.69
13.0 0.84 2.8 +0,2 1380 6.9 0.63 0.67
10.0 0.64 3.4 +0,3 1310 6.6 0.63 0.61
8.0 0.51 4.4 +0.2 1300 6.5 0.59 0.57
6.0 0.39 7.8 +0.4 1260 6.3 0.57 0.58
4.0 0.26 8.1 +0.4 1240 6.1 0.56 0.54
1.5 0.094 34.5 +0.5 1230 5.8 0.55 0.55
Absorption band of CHCl, at 1215 cm | (in CDC1,)
concentration path shift B Lci '“f(t) | (pse —l)
mol.l?l molfr.| length(um) Ao(cm-l) (1.mol?1cm-2) (cm l) l—h ps.| 2-3 ps
12,31 1.0 A 0.0 1600 8.2 0.75 0.86
10,0 0.82 7.8 +0.3 1530 a7 0.70 0.77
8.0 0.65 8.1 +0.3 1380 7.4 0.68 0.73
4.0 0.32 8.1 +0.5 1530 Tic2 0.63 0.68
1.0 0.082 34,5 +0.5 1390 6.4 0.60 0.61
0.5 0.041 80.4 +0.6 1480 6.4 0.57 0.62
Absorption band of CDCl, at 910 em ' (in CHC1,)
. . r(é.f(t | X )|
concentration path shift B avi At (psec
mol.l?I molfr,| length (um) AJ(cm_l) (1.moltlcm )| (em I) 1=2 ps.|2=3 ps.
12.45 1.0 25 0.0 4790 14.5 1.30 1.81
5.0 0.41 4,2 0.0 4950 11.8 L7 1.62
3.0 0.25 4.2 +0.4 5270 11.0 1.05 1.48
1.6 0«13 4.2 +0.2 4310 10.0 0.91 1S
0.60 0.050 33.1 +0. 1] 4880 9.8 0.88 1.02
0.30 0.025 90.4 0.0 5030 9.8 0.93 Dol
Absorption band of CHBr3 at 1142 cm’l ( in CDBrB)
concentration path shift B Ani ]ﬁfét)|(pse :
- - — -} —
mol.l.] molfr.| length(um)| Ao (cm ]) (l.mol.lcm “I) (cm ]) 1-2 ps.
11.40 1.0 5.4 0.0 2700 12.8 1.30
8.55 0.75 S/ +0.5 2589 12.3 1.26
5.70 0.50 9.9 +1.0 2276 11.6 Ie 5
3.80 0.33 9.9 +1%.3 2341 LEe3 ke b2
a3 0.20 10.2 ol 1955 2435 11.0 1.08
0.569 0.05 90.4 +1.9 2546 10,2 1.02




t (p sec)
20 30

i 1

CH,Clz 130°C)
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The results are presented in detail in Table I and Fig.l-4.
Table I gives for each solution measured the main parameters,
characterising the correspondihg absorption band and dipole moment
correlation function; the width at half intensity of the absorption
band Ac,, the frequency shift Ac with respect to the frequency oy of

Ao,

the absorption band maximum of the pure liquid, the path length of the

: . = . =
cell used in the experiment, the concentration in mol.l. and

expressed in molefractions, the integrated absorption intensity B (in

t (p sec)

10
0

CHCl3 (30°C)




1.m01._]cm_2) and |£%é£1| (in psec_]) which is a measure for the decay
of £(t) (as defined in Ch.II; eqn.(3)). In the table two values of
fi%éill have been listed determined from two different time intervals
ofnthe correlation function (From 1-2 psec. and 2-3 psec. respectively;
with exception of CHBr3 because in this case only data till 2 psec.
have been obtained).
Especially when the time correlation functions correspond well

to exponential functions (i.e. the absorption band has a Lorentzian
ilf(t)i

At

shape) the change of | on isotopic dilution gives a good

estimate of the effect of the intermolecular vibrational relaxation

t (psec)
1.0 1.5 20
O ' 1
a: molfr., 0
x\x ) 0
=054 \x
\K
\K
\l
-1.04 S
f(t)
CHBr3 (30°C)
-15
A . . (Af (L) |
on the bandshape. In these cases uJi 1s directly related to EE A
. Af ( | 3
as 1s well known ([—7%51!=WCAG£ ) and may equally well be used to

discuss the influence of the interoscillator coupling. However, the
presented values for ]£§§£l| show that an exponential decay for the
correlation function is-not generally found. This is demonstrated

by Fig.1-4, although it may be concluded that especially for CH,C1,
an exponential decay is a reasonable approximation. In section 5 the
results at low temperatures will show much larger deviations from an
exponential behavior. In these cases a simple relation between Ao

2
and f(t) fails; the change of Ao, on isotopic dilution will only be a

o
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rough estimate of the effect on the bandshape. To obtain detailed
information about the isotopic dilution effect on IR bandshapes it is
preferable to consider f(t) as displayed in Fig.l-4.

For the four investigated absorption bands f(t) is shown for
several concentrations and the infinite isotopic dilution. The
infinite dilution curve (f5(t) in the following) has been obtained
by an extrapolation of f(t) to concentration zero.

It is clear from the listed data in Table I and the curves in
Fig.!-4 that all the investigated absorption bands show a significant
isotopic dilution effect. Considering [f(t)| it can immediately be

shown that |f(t)| decreases gradually with decreasing concentration

for each absorption band. Furthermore a significant narrowing of

. 1 A = . .
Aoi and a corresponding decrease of;—é{—lﬂ is found. Comparing the

measured effects for the four absorption bands, it may be concluded
that the effect increases with increasing absorption intensity. With
respect to this, it is interesting to note that earlier isotopic
dilution measurements (2) of the weak absorption band of CHBJ at
522 cm_l did not show any narrowing of the bandshape (the integrated
absorption intensity of this band is about an order of magnitude
smaller than the intensities of the bandshapes considered here).
Because the integrated absorption intensity is proportional
the square of the transition dipole moment, this indicates that

t(psec)
30

i

CDCl, (30°C)




transition dipole-transition dipole interaction may be involved.With
respect to this it is important to remark that dilution series often
show an intensity dependent effect on Ao£ (3-5). Relating to this,
several theoretical calculations have been performed to estimate the
contribution of the transition dipole-transition dipole coupling to
the halfwidth (3,5,6).

In Chapter IV the contribution of the transition dipole-
transition dipole coupling to the intermolecular vibrational
relaxation is estimated theoretically. It should be noted here that
the theoretical expression, which will be derived in the next chapter
can be compared directly with f(t)-fy(t).

Furthermore, it is interesting that the frequency shift Ac is
very small. Because a shift can be interpreted in terms of a change
in the intermolecular interactions (7) this supports the opinion that
the physical environment of the investigated molecules does not
change much on isotopic dilution.

Concerning the integrated intensity B it is to be noted that
this parameter is very unreliable, contrary to the function f£(t)

(See Ch. II.2). This is probably due to the fact that small
uncertainties in the baseline and the 100% transmission line give
rise to large errors in B, The magnitude of the values obtained agrees

well with data in the literature (Table II).

TABLE II

B(l.mol?lcm_z) Literature values
CH2C12 1420 1174 (8)
CH()I3 1600 1261 (9)
1660 (10)
CHBI‘3 2700 2448 (10)
CDCl3 4790 5826 (11)
5156 (10)

o
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2. ISOTOPIC DILUTION SERIES AT VARYING TEMPERATURES

As pointed out in the preceding section, the intermolecular
transition dipole-~transition dipole interaction may contribute to the
isotopic dilution effect. This type of interaction depends on the
relative orientation of the interacting molecules. Therefore it is
interesting to study the effect of a varying rate of reorientation
of the interacting molecules on the isotopic dilution effect. This
may be performed by repeating the experiments given in section 1 at
varying temperatures. Obviously lowering of the temperature will

decrease the rate of reorientation.

The absorption bands of CH,Cl, (1265 cm_]) and CHCl3 (1215 cmyl)

have been investigated. CH2C12 has been studied between 30°C and

-9OOC; CHCl3 between 30°C and -60°C. The results of these experiments

are presented for each temperature in the same way as the presentation

of the results in section | ( See Table III (CH7C12), Table IV (CHClj),

t (p sec) t(psec)
30 0

CHz Cl; (0°C) CH2Cly (-20°C)




Fig.5-10 (CH,,Clz) and Fig.11-14 '(CHC13)).

TABLE III

CH,CL, (1265 cm ') at 0°C

7 =
concentration path shift B Lui ’iééil[' sec :
molfr. length(um ﬁs(cm_l) (l.mol?lcm—z) (cm l) 1-2 ps.| 2-3 ps
1.0 2e5 0.0 1470 6.8 0.62 0.66
0.84 2.8 0.0 1490 6.5 0.5 0.62
0.64 3.4 +0. 2 1300 6.3 0.57 0.56
0.51 A +0. | 1310 6.3 0.55 0.59
0.39 7.8 +0.4 1320 Deid 0.51 0.54
0.26 8.1 +0. 4 1390 5%7 «31 0.49
: o ~% 0
Cchl? (1265 em ) at =20°C [
concentration path shift B ﬂci j“fét)](pscc_l)
= S =5 A
molfr. length(um)| Ao (cm l) (l.mol.lcm )| (em l) 1-2 ps.| 2=3 ps
1.0 245 0.0 1420 6.8 0.59 0.67
0.84 2.8 0.0 1560 6.4 0.56 0.62
0.64 3.4 +0,3 1310 6.2 0.54 0.55
0.51 4.4 +0.2 1460 6.1 0.56 0.56
0.39 7.8 +0.6 1330 563 0.49 0.51
0.26 8.1 +0.5 1380 543 0.48 0.50
s e =1 0
LH2L19 (1265 cm ') at =40°C
~ , at1 p hift Ay A \ -
concentration path bhlf:] B—I . _Vil '”fét)](psec l)
molfr. length(ym)| Ac(em )| (L.mol, cm “)|(em ')[1-2 ps.|2-3 ps
1.0 255 0.0 1460 6.9 0.58 0.70
0,84 2,8 0.0 1610 6.6 0.56 0.63
0.64 3.4 +0.2 1360 6.4 0.56 0.62
0.51 4.4 +0.2 1470 6.2 0.56 0.57
0.39 7.8 +0.5 1410 Ded 0.46 0.53
0.26 8.1 +0.3 1410 5.4 0.46 0.49
0.096 34.5 +0.5 1340 4.8 0.44 0.44
- g = o
CHZCI2 (1265 cm ) at =60 C
concentration path shift B &ni lbfét){(psec— )
molfr., length(um) Ao(cm_] (1.mol?lcm_2) (cm I) 1-2 ps.|2-3 ps.
1.0 2.5 0.0 1590 7462 0.62 0.73
0.84 2.8 0.0 1600 6.9 0.58 0.69
0.64 3.4 +0.2 1530 6.8 0.58 0.67
(continued on page 48)




TABLE III (continuation)

0.51 4.4 +0.2 1490 6.5 0.56 0.61
0.39 7.8 +0.6 1450 5.8 0.48 0.55
0.26 8.1 +0.4 1410 5.8 0.46 0.51
CH,CL, (1265 cm ') at -75°C

concentration path shift B Aci IAf(t)[(ps. l)

molfr. length (um) Ao(cm-]) (1.mol?lcm_2) (cm l) 1-2 ps{ 2-3 ps.
1.0 255 =052 1700 8.2 0.68| 0.88
0.84 2.8 -0.2 1630 Y i3V § 0.63| 0.85
0.64 3.4 +0.2 1490 1id2 0.57)| 0.70
0.51 4.4 +0.1 1590 Fiaid 0.59| 0.70
0.39 7.8 +0.4 1470 6.3 0.51| 0.61
0.26 8.1 +0.5 1370 6.0 0.48 )| 0.56

=1 (6)
CH2C12 (1265 em ) at =90 °C rX}(
concentration path shift B Aai [ t)l(

molfr. length (um) Aa(cm—]) (l.mol?lcm_z) (cm l) 1= 2 P 2=3 ps}
1.0 Ay -0.4 1660 8.9 0.74 | 1.05
0.84 2.8 ={rd 1720 8.6 0.69 | 0.97
0.64 3.4 0.0 1540 7.9 0.63 ]| 0.83
0.51 4.4 +0.2 1600 7.8 0.63 | 0.83
0.39 7.8 +0.4 1480 6.8 0.53 ] 0.68
0.26 B +0.3 1420 Oa:l 0.52 | 0.65
0.096 34.5 +0.4 1270 6.2 0.48 | 0.56

Using the presented results interesting conclusions can be
drawn. From Fig.5-14 it is clear that ]f(t)—fo(t)i increases for each
concentration with decreasing temperature. It is shown that the
influence of the temperature becomes more important at longer times.
Furthermore both for CH2C12 and CHCl3 the narrowing of L\oi with

isotopic dilution increases on decreasing the temperature, As
described in the previous section, CH2C12 shows a narrowing of 1.4 cm—l
( difference between the widths at half intensity of the pure liquid
and the solution with concentration 1.5 mol.l?l) at 30°c. Decreasing
the temperature to —9OOC, this narrowing becomes 2.7 cm_l. For CHCl3

the narrowing at 30%C is 1.8 cmml (between neat liquid and the

solution of 0.5 mol.l?l) while at -60°C it is 3.1 cm_l. The changes
of Iéééﬁll on the temperature decrease behave roughly in the same way.
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TABLE IV

CHCl3 (1215 cm-l) at 0%

concentration path shift B Aci

molfr. length (um) Ao(cm-]) (1.mol?lcm_ (cm l)

1.0 . 1730
0.82 : . 1540
0.65 . 1460
0.32 . 5 1500
0.082 . 1570
0.041 . . 1560

CHCL, (1215 cm ') at -20°C

concentration path shift B Aoj
|

molfr. length (um) Ao(cm—l) (l.moltlcm_z) (cm )

1.0 . =-0.4 1770
0.82 . 0.0 1620
0.65 . +0.2 1470
0.32 . +0. 1 1510
0.082 5 +0.5 1430
0.041 . +0.6 1650

CHCL, (1215 o3 et ~40%e

concentration path shift B Aci

]

molfr. length (um) Ao(cm-]) (1.mol?lcm- (em )

1.0 . =0.5 1800
0.82 0.0 1610
0.65 . 0.0 1520
0.32 . +0.1 1520
0.082 . +0.5 1450
0.041 . +0.6 1580

CHC1, (1215 em 1) at =60°C

concentration path shift B Aci
1

molfr, length(um) Ao(cm—l) (l.molrlcm- (em )

1.0 . =0.5 1800 1
0.82 =-0.2 1650
0.65 . 0.0 1490
0.32 +0.1 1500
0.082 +0.4 1400
0.041 +0.6 1580




t(psec) t(psec)
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-2.04 OO ~2.04 CHCl3 (-207°C)

)

0n®

a: A 0. 8¢ a: molfr. 1, A 8¢
0 . O & X2U.
f;f([) . 7
The values for —TF"—’ in Table III and IV show clearly that the

deviation from exponential decay for the correlation functions becomes
increasingly important at lower temperatures. This is illustrated
in the plots of f(t) in Fig.5-14.,

On these grounds it may be concluded that the vibrational
relaxation observed here depends on the reorientational behavior of
the molecules in the liquid. Therefore, the Rakov method €12513)
discussed in Chapter I can not be applied. Rakov (12), Bartoli and
Litovitz (13) assume that vibrational relaxation is temperature
independent. This implies that the observed temperature dependence
of a correlation function can be completely ascribed to the
reorientational correlation function. If this method is correct AG£
and |f(t)| will always decrease with decreasing temperature. The
temperature dependence of the isotopic dilution effect directly shows
that the basic assumption of the Rakov method (the vibrational

relaxation is assumed to be temperature independent) is incorrect.
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t(psec)

CHCl3 [-40°C)

CHCl3(-60°C)

=25
Fig.13. CHCL, in CDCZ3 (=40°C). Fig. 14. C}iCZ',5 n CDC’Z'3 (-60°¢).
v
a: molfr. 1.0 A: 0.82 a: molfr. 1.0 A: 0.82
os 0.32 x: 0.0 o 0.82 xe 0.0

This may imply that the widely used method (13,14) to separate the
dipole moment correlation function into independent rotational and
vibrational parts is incorrect, too.

It should be stressed that the temperature dependence of
vibrational relaxation is not only due to the intermolecular
vibrational relaxation, as determined by the isotopic dilution
method. The experimental data clearly show that isotopically diluted
solutions exhibit a temperature dependence, which is contrary to the
assumptions underlying the Rakov method. This is illustrated by

Fig.15-18, where for several concentrations the temperature dependence

of Aoi and If(3)[ (value of lf(t)] at t=3 psec.) is shown, both for
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Fig.16, The temperature dependence of Ao% for CHCL, at several
v

concentrations, x: molfr. 1.0 o: 0.08
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Fig. 17. The temperature dependence for CH at
di fferent concentrations. 1. A: 0,38
2504
\l
CHCly
[f(3)]
x
= \
!\
X\
1.504
1.204
T T T T T )
-60 -40 -20 0 20 40
temp.(°C)
Fig.18. The temperature dependence of |f(3)| for CHCL, at
different concentrations. x: molfr. 1 o: 0.08




CH2C12 and CHCIB. The observed behavior is characteristic for all
concentrations. Obviously the extrapolation to low temperature in
order to find a temperature independent vibrational linewidth or
correlation function is impossible, because an increase of Aai and
|[£(t)| with decreasing temperature makes the Rakov method unuseful.

The temperature dependence of |f(3)| is characteristic for [£(t) |

over the whole time region of interest.,

Obviously the reorientational part of the correlation function
will diminish when the temperature is decreased. Therefore it may be
concluded that the results indicate an opposite temperature dependence
for the vibrational and reorientational part of the correlation
function.

It is striking from Fig.17 and 18 that |f(t)| (as Ac%; Fig.15,16)
for CH,Cl, decreases from 30°C till about =30°C and then starts to
increase, while for CHCL3 these parameters show a gradual increase
over the whole investigated temperature range. Probably this must be

ascribed to the fact that the reorientational contribution to the

correlation function is more important for CH,Cl,. This can be

2001
If(3)1

1.504

1.001

0.70+

1 1 T
0.0 0.2 0.4 0.6 0.8 1.0
molfr. CH2Cly

Fig.19. Concentration dependence of f(ﬁ)[ for CH,CL, at —-40 C.
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illustrated using NMR results (15,16), From these data it is known

that the rotational correlation time 1. of CH2C12 (15) 1is considerably

2
shorter than the one for CHCl3 (16). Therefore it may be expected

that the reorientational part of lf(t)[ for CH2C1 is larger than

2

for CHC13. Taking into account that |£(t)| for CHCl, exceeds the

|£(t)| value for CH,Cl,, it is clear that in the case of CH,Cl, the

reorientational part is more important than for CHC13.
Finally it is interesting to investigate the dependence of
|£(t)| on the concentration. Taking into account the experimental
errors, it is concluded that a linear dependence of |£(t)| on the
concentration is most probable, although the experiments are not
conclusive. In the next chapter it will be pointed out that a linear
dependence is expected on theoretical grounds. An illustration of the
change of [f(t)| on dilution is given in Fig.19 for CH2C1 at an

2
arbitrarily chosen temperature ( ]f(3)|is considered ).

3, DILUTION SERIES IN DIFFERENT SOLVENTS AT 30°C

With respect to the isotopic dilution measurements presented
in the previous sections it is interesting to investigate dilution
series in other solvents, too. This is because of the fact that the
results of such dilution series are often interpreted in terms of
intermolecular vibrational relaxation (3,4,5 ). Usually solvents are
used which are of the "inert'" type or possess the same dipole moment
as the compound to be studied. Therefore such dilution series have
been performed here for CHC13, CDCl.3 and CHBr3. The results are shown
in the Tables V-VII. The presentation of the data is such that
comparison with the isotopic dilution measurements is easy.

A detailed comparison of the results with the corresponding

isotopic dilution measurements shows considerable differences. Both Ao,
Af (L)
2t |

dependent. This is demonstrated in Fig.20-21 where for CDCl3 the

concentration dependence of ArJi and Ao in several solvents (including

are clearly solvent

the narrowing of Ac& and the decrease of |

the corresponding isotopic solvent) is shown.
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Absorption band of CHCI3 (1215 cm-]) in

IAEEC)E(PSQC—I)

mol.l?l molfr.|length(um) Ao(cm_l) (I.moljlcm_ 3 1-2 ps.|2-3 ps.

concentration path shift B

12.31 1.0
6.0 0.51
3.0 0.26
1.5 0.13
0.70 | 0.06
0.30 0.03

0.0 1580 0.75
0.0 1400 . 0.77
-0.3 1370 .2 0.74
=05 1210 . 0.75
=07 1190 . 0.72
-0.8 1250 p 0.73
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l-2 ps.|2-3 ps.

12,31 1.0

0.42
0.27
0.20
0.095
0.044
0.019

0.0
=13
=144
~1.6
=1¢9
=2l
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12,31 1.0

. 0. 0.75 0.85
6.0 0.56 : +0.,
0.
0.

0.59 0.59
0.52 0.52
0.46 0.46
0.42 0.43
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V. Dilution series
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TABLE VI

Absorption band of CDC1, (910 cm ') in CS,

concentration path shift B Aoi |Jf(t)|(pse l)
-1 -] - !

mol.l?l molfr. (length(um)| Ac(em ) (l.mol.lcm } (cm )| 1-2 ps. 2-3 ps.

12, .0 2 0.0 4790 14, 1.56 2,07
<34 4. =247 4420 10. 1.07 1.38
o 27 4, =29 4480 10, 0,99 1.29
.13 12, =32 4050 9. 0.91 1.06
.031 33, =36 4320 8. 0.78 0.82
.009 91. =37 4100 8. 0.75 0.77

Absorption band of CDCl3 (910 cm_l) in ©~CcH »

concentration path shift B uqi [Af(t)|(pse =13
1

mol.l?l molfr, |length(pum) Ao(cm_l) (1.mol?lcm— (ecm )| 1-2 ps.| 2-3 ps.

12,45 1.0 . 0.0 4790 14,5 1.56 2,07
Te 0.64 . =1.0 3740 12,4 1.26 1.76
4. 0.39 . =1or] 5090 1. 1.10 1.43
2
1
0

. 0.21 12, -1.4 4740 0.94 1.03

9.
. 0.11 12, =6 4780 9. 0.89 1.02
«50 | 0.057 33. =1.4 4580 8

0.82 0.85

Absorption band of CDCl, (910 cm ) in CH,C1

3 —_—
concentration path shift B Aoi |A§Et)l(psec ])

hol.ltl molfr, |length (um) Ao(cm-l) (l.moltlcm_ (cm l) 1-2 ps.| 2-3 ps.

1.0 4790 14.5 1.56 2.07
0.35 . 5150 12.3 1.24 1.82
0.28 . 5010 11.9 1.18 1.82
0.13 4750 10.9 0.98 1.18
0.066 . 4570 10.8 1.03 1.30
0.032 . 4920 10.6 1.00 1.25

Table VI. Dilution series in different

solvents for CDCZS.




TABLE VII

Absorption band of CHBr3 (1142 cm_l) in CClA
concentration path shift B Lci [Afét)|(psec-])
mol.l?l molfr.| length (um) Aﬁ(cm_l) (l.moljlcm_z) (em l) 1-2 ps.
11.40 1.0 5.4 0.0 2700 12.8 1s 32
7.09 0.65 9.8 +1:4 2443 10.4 1.02
5.42 0.50 9.8 +1.9 2332 9s5 0.90
4.06 0.37 9.8 +2.:3 2371 8.7 0.82
2.42 0.23 9.8 AT ) 2375 7.8 0.75
0.41 0.04 90.8 +35.1 2584 6.3 Q.57
Absorption band of CHBr, (1142 cm 1) in CHC1,
concentration path shift B Ac} [ﬁfﬁt)T(psec— )
- - - - =
mol.l.] molfr.|length(um) (Ao (cm I) (l.mol.lcm )| (em ]) 1=2: pse
11.40 1.0 5.4 0.0 2700 12.8 .32
5.86 0.50 9.8 +1.9 2332 10.3 1.03
3.09 0.26 9.8 +2.6 2575 9.5 0.91
1.23 0.10 334 s R 2169 8.3 0.75
0.37 0.03 90.8 353 2229 7.8 0.74
Absorption band of CHBr3 (1142 cm-l) in CHZCI7
T¥F -
concentration path shift B Lci !:ééﬁl](psec )
mol.l?l molfr.|length(um) Ao(cm_l) (1.mol?1cm—z) (cm l) 1-2 ps.
11.40 1.0 5.4 0.0 2700 12.8 1.32
7.74 0.61 10.5 17 2281 R 1522
5.56 0.41 10.5 +2.6 2358 11.6 1. 14
4,22 0.30 9.8 +3e 2 2477 LYo oy 2
3.62 0.25 10.5 307 2315 I11.6 13
2.24 0.13 33.4 +3.8 2302 G | 1.07
0.30 0.02 97.0 +4.4 2353 10.8 1.00

Table VII. Dilution series in different

: o Y
solvents for CHBv
solvents for CHBr..
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It may be concluded from the data presented in Table V-VII and

Fig,20-21 that isotopic dilution is to be preferred, especially in

view of the fact that the shift Ac is small in isotopic dilutions

compared with Ac in other solutions (Fig.21). This confirms the

impression that the change of the molecular environments in these

solvents may complicate the extraction of the influence of

intermolecular vibrational relaxation on the spectrum,
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CHAPTER IV

1. INTRODUCTION

The purpose of this chapter is to investigate the validity of
the usual assumption that dipole moment correlation functions may be
separated into a vibrational and rotational correlation function (1-4).
Furthermore the neglect of the temperature dependence of vibrational
relaxation is discussed (1-2).

Therefore the contribution of intermolecular vibrational
relaxation is estimated theoretically for a representative system,
using a simple model for the liquid. In particular neat liquids having
a high density of intramolecular normal modes at the same frequency
facilitating intermolecular vibrational relaxation are considered.

As pointed out before (5), when absorption bands of neat
liquids are compared with isotopically diluted solutions, it is
possible to estimate experimentally the influence of intermolecular
vibrational relaxation.

The liquid is assumed to be isotropic. The intramolecular
vibrations are treated in the harmonic approximation. Effects due to
the polarizability of the molecules are not taken into account
explicitly.

The theoretical considerations will follow closely the linear

response formalism, as presented by Kubo (6,7) to treat for example

resonating spin systems. The main difficulty in the application of

this type of theory to IR bandshape problems arises from the fact that

whereas in NMR the nuclear spin system is space-quantized, the
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vibrational degrees of freedom are not. The electric moment is fixed
to the molecular frame and although at sufficiently high frequencies
the oscillatory motion may be loosely coupled to the bath, the
molecular motion reorients the direction of the transition dipole
moment. Given an intermolecular interaction which is bath modulated,
the time correlation function for the electric moment will be
represented in a form, displaying the influence of the intermolecular
vibrational relaxation on the unperturbed autocorrelation function.

In this way, without precise knowledge of the molecular motions, the
contribution of the intermolecular vibrational relaxation may be
estimated theoretically if cross correlations between different
mechanisms coupling the system to the bath may be neglected. It should
be realized that at low frequencies (fiwg kT) the vibrational motion
may not be sufficiently isolated to be treated as a degree of freedom
which is loosely coupled to the bath.

It will be shown that the transition dipole-transition dipole
interaction leads to an acceptable qualitative estimate for the
intermolecular vibrational relaxation measured by the isotopic
dilution method. Furthermore, the dependence of the intermolecular
vibrational relaxation on the molecular reorientational motion will

be explicitly formulated.

2. GENERAL THEORETICAL CONSIDERATIONS.

As is usual the imaginary part of the admittance tensor x" (w)
will be expressed in terms of the time evolution of the total electric

moment operator M of the system under consideration (8).

x" (w)= Zé:@:j-:m dt e_iwg<[ﬁ,g(t)]+> (1)

Here E8 is the average energy of an oscillator with frequency w at

a temperature T:




Eq ()52 cotgh(4ho) 5 ( g=(kT) )

Confining the treatment to the dissipative response of isotropic
systems to linearly polarized radiation, only the zz-component of the

imaginary part of the admittance tensor will be discussed

" o w +o -iwt
URORE oy iy Lo <[“zr“z<t>}>

The average (1%) is defined as <A>= TrpA, where p is the density matrix.
X;z(w) is proportional to n(w)k(w)(9), which may be determined
experimentally; n(w) and k(w) are the real and imaginary parts of the
complex refractive index at frequency w, respectively. For relatively
narrow bands at sufficiently high frequencies w/Eq(w) is an
insensitive function of w in the region of intere;t. In that case

the cosine transform of n(w)k(w) is proportional to the

quantummechanical autocorrelation function @zz(t) defined by

¢zz(c)=$<[mz,mz(c)]+> (3)

In eqn.(3) Mz(t) describes the time dependence of the z—component of
the electric moment operator of the system due to the complete
Hamiltonian.,

The Hamilton operator may be written as

H=Eg? + P+ c° (4)

E® is the Hamilton operator of the intramolecular vibrational degrees
of freedom of the isolated molecules. F is used to denote the
Hamiltonian of all other degrees of freedom; it will be referred to
as the bath Hamiltonian. G is the interaction Hamiltonian, coupling
the intramolecular vibrational degrees of freedom to the bath.

It is convenient to rewrite the total Hamiltonian by addition

of the bath averaged interaction<(30>F to the vibrational Hamiltonian
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: . ! ; 0
and subtraction of the same quantity from the interaction G (10)

Here G = G° = 6%, and E = E° +{¢°), with

<GO>F= '['rF Q_SFGO

o 3 . = AN : , s "
<G >F is still an operator, Tr_. indicating that the trace has only

v
been taken with respect to the bath coordinates.
The density operator p will be assumed to be closely
approximated by the expression
-8 (E+F)
e
o=

Tr e-} (E+F)
This assumption is justified, if the influence of G on p is
negligible. As G has been defined in eqn.(5) as the fluctuation of
the interaction with respect to its bath average, the assumption in
eqn. (7) will be valid, if these fluctuations are small, For
interactions involving oscillators of sufficiently high frequency
this condition will be met readily. Contrarily, the fluctuation of
the coupling between permanent dipoles is not negligible with respect
to kT in polar liquids at room temperature.

For any given molecule, the part of E up to and including the
second order in the displacement coordinates of the nuclei of this
molecule only, with respect to its centre of mass frame, may be used
to define intramolecular normal coordinates Q, as usual. These normal
modes will be numbered for the complete system Q;» Qi..., with no
index to indicate the molecule in which the oscillation is localized.
Anharmonicities, interoscillator interaction etc. may now be expanded
using the Qi as a basis. The normal coordinates defined in this way
may differ considerably from the normal coordinates defined in the
same way for the isolated molecules due to the inclusion of <GO>F

in E.




To study the effect of small interactions on the liquid state
spectrum the normal modes defined in this way constitute a convenient

basis. Now the potential energy V. included in E may be expressed as:

E
P 2 ©
2v= § A.Q° s SR e e s

£ % %" 4 i * (8)

Of course <Cij>F#O implies that Q; and Qj are situated on different
molecules. This coupling coefficient introduces a second order shift
which will be neglected together with higher order terms in VE: for
the calculation of the intermolecular vibrational relaxation rate the
intramolecular oscillators will be assumed to be harmonic. For low
frequency modes (g 200 cm_]) the definition of E and the harmonicity
approximation will not usually be physically meaningfull., The
influence of inhomogeneous broadening will not be treated here: in
this case the system must be treated as an inhomogeneous collection

of subsystems leading to a distribution function for each Ai.

G can now be expanded as

N Ay -~ X \‘ = 2 \u 4 :
B SrCorh s et Tty kPGt e O

i<j

The fluctuations in the interaction may be divided:

G = Gl * 02 (10)
where
6 = L. CiiCCigde %4 G

In eqn. (10) 02 is defined to contain only the interactions between
normal coordinates in different molecules, while all other interactions
involving normal modes are contained in Gl'

By the definition of E® the operators E° and F commute;
[E°, F] _ = o.

Because evidently P<GO>F’ F] _ =0, it follows immediately, that




[E,F]_ =0 (12)

The assumption stated in eqn.(7) combined with eqn.(12) allows
independent averaging procedures over vibrational and bath coordinates

respectively. .
e : g igiie X : . A A -A
Using the definition A'B = |A,B|_ and the identity e B =e Be ,

Mz(t) can be written as

i S 1 : -
M (£)=e BEFHO Yy exp (L O%t' &'y W (e) (13)

where exp indicates a time-ordered exponential,

In this expression the double bar means that the operators are written
in the interaction representation under E and F. In the following
treatment a single bar indicates the interaction representation under
F
ei/ﬁ(E+F)xt i/JhE)(t

M = e

- Mz(t) E Mz(t) (14)

Using (13) sz(t) can be written in a form suitable for

perturbation expansion

e, (t) = i<[mz, expo(i/-ﬁ det' (L") ?{z(t)]+> (15)

The motion of ﬂ;(t) under the influence of E will now be written
in a spectral resolution using an eigenbasis of E. Each microscopic
transition moment contained in ﬁz(t) will be assumed to be
proportional to the normal coordinate involved. The resulting spectral
components are time dependent due to F only. The components of the
spectral resolution of the normal coordinate Ql will be denoted

Q?l. Explicitly this results in
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=3 - o]
Hz(t) = Mz(t)

+
=

> (o) >
aM(t) o au (t)

=0
= F
%(t)
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1]
WS
Q
—
T

_ w0 T (t) 014 iat
Mz(t) % g{g ( 3Q >1 le & =ae

+

0 o iat _ uw iwt
= ﬁzm gﬂz(t)e =) M, (t)e (16)

In the last summation the permanent moment (w=0) is included for

cqivenience. Furthermore it is implicitly assumed in eqn.(l16) that
(éi&t))(o) ] (ﬁi&tﬁ , where u is the dipole moment of the molecule
aQ1 z aQ 152

at which the normal mode Q] is localized.

The study of the absorption spectrum is, in the present context,
always confined to one particular band centred at frequency ag. If
such an absorption band is isolated from other bands in the spectrum
it is mainly determined by ¢Zg(t) involving the two spectral

components (o=t ap) of the normal modes with frequency ay(7)

0.0 2 =0 i/ t B T)) logt
¢Zz(t) i(:%u 2€XP e q//ét G (t ))ﬂZ (t) |, ye (17)
¢;; (t) is now written in the form of a dimensionless average

involving the exponential exp (i/ﬁoj/at' fx(t'))’because in this
Q

form it is suitable for application of the cumulant expansion

theorem (7). In order to arrive at this form ﬁzg (t) is divided by

0o

the zero order autocorrelation function sz (t) defined by

0 = —aQ T--[xg ifl.(;t
@Zz(t)—£<[Mz , 10 (t)]+>e (18)

Dividing (17) by (18) and rearranging yields

=0 i t P EX a0
qu(t) - &° (t)<:[Mz ”, expo(l/ﬁ oz/&t G (t ))MZ (c)}+>>
2z zz - =i g :
<:[M2 U MZ‘(C)]:;7
A0 - 4© i i t P % T o)
"zz(t) 1] "‘zz(t)<<€)(po( /ﬁ o/jt G (e ))>> (12
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Application of the cumulant expansion theorem to (19) gives

second order

@:2(t)=¢zz(t)exp[i/ﬁ O;/ét'é(EX(t')§>c +
= /,nzoycic'OYdt"«Ex (eME (t! )>> C]

Substituting eqn.(10) for G and assuming as a first
approximation that GI and G2 are statistically uncorrelated in the
sense defined by the averaging procedure introduced in eqn.(19)

2
vanish (11)) :Z;(t) can be written as

t;;(t)=$zz(t)exp[i[ﬁ (:/ét'<<ij(t')+éx(t'>>
} 2 dt' /dL"<<( (t")G (i ?" L")c (t! )>>

Now it is supposed that it is experimentally possible to

(i.e. all cross terms of Gl and G, in the cumulant expansion will

suppress the influence of G2 on @Z;(t) without changing the physical

environment of the molecules in the system in any other way.

Then it is easy to see that the autocorrelation function is changed to

lk‘(t) (t)exp[ /% /dL <C (e’ )>>

1/1,] /5 /dt"«C (t")z (et )>>

Dividing eqn.(21) by eqn.(22) the following expression for ‘éé(t)

is obtain?d
¢Zg(t)='¢zg(t)exp{i/ﬁ 07dz'<(?,;(c')>>c +
S CORy £ (CACRLAC R

It is important to note here that the neglect of cross
correlations leading to eqn.(21) is essential in the derivation of
eqn, (23) where the influence of a part of the coupling between system
and bath on the correlation function is shown explicitly. Although
the importance of this approximation cannot be estimated in general
it will be assumed that the main effect of 02 is contained in the
autocorrelation.

The first order term in the exponent of eqn.(23) is a rather

complicated average value of the fluctuation of Gg. Due to the




; - - - o =x
approximation introduced with eqn.(7), both<G2>F and <<G2(t'>>

will vanish if G2 represents any electrostatic intermolecular

interaction between molecules bearing no net charge. Only these
interactions will be considered here and the first order term may
therefore be omitted. As a consequence the second order cumulant

average reduces to a normal average in the sense of eqn.(19),
0
%0 (+)=20 1 t o B B P >
839(£)=020(¢) exp[ /42 o/dr_ o/d‘ (BT e )
=¢a8(t) exp -l/ 2 Yaer £ dc"< Ex(t")ix(t'»
zz he o o 2 2

For ease of notation the function F(t) is defined as

F{t) = exp -l/hZ oydt'oydt"<<52(t")gz(t')>>

Using the averaging procedure as defined in eqn.(19)

FlE)w eip -1 /p2 o%:'oydc'qm;“o,[E;"z(t"),[Ez(c'),ﬁ‘;o(cﬂj> (26)

-0 =0
<i Pz O’Mzo(t)]{>>

ﬁzo(t) , the component with frequency ag of the spectral
resolution of the macroscopic dipole moment operator, is now written

as a sum over microscopic transition dipole moments using eqn. (16)
M0 (¢)= ) cosf. (t) il Q20 (27)
2 § 1 3Q ), 1

In this expression the direction cosine cos8](t) of the microscopic
transition moment, defined with respect to a laboratory fixed frame,
moves under F.

In the same way EZ(:) can be written as
» Binfj 1 (BitBj)t
(Cy5(0) <Cij(t)>F)Qi Q;Je (28)

The time dependent function (Cij(t)—<?ij(ti>F) 1s the part of Gz(t)




which moves under F, while e1<81+ Bjt describes the time dependence

due to E. For convenience in notation the time dependent function

Elj(t) is defined

Substituting (27), (28) and (29) in eqn.(26) yields

F(t)=exp | ————— //Gt' detaliaye |} E ) cosek(O)cosel(t)x
N(t)‘h (e) l<_] p<q k 1 81 J Yp fq
au au " oo Dl J YpoYq %0
(BQ) ('Q) (t )C (t ) @ [ Q {Q Q Q b o X
p ei(:zvsj)c"ei<yp+yq>t'> (30)

in which N(t) can be written as

N(t)= Z cosB (O)cosG (t)<ﬂ ) (a“) [%‘@n,QaU :> (31)
K, 1 %9\ %@ +

The expression for F(t) is now simplified by using the following

rules;
a) C (t) 0

b) Each commutator should contain the same normal coordinate twice.

c) Each normal coordinate must appear an even number of time in the
anticommutator,

d) The frequency components should fulfill the following relation:

—ao+8i+8j+yp+Yq+ao = 0. This condition is only valid under the

assumption in eqn. (7).

Using these rules the eqn. (30) and (31) become

t -y 2
-1 : Tl e s
F(t)=exp| —— [dt' /dt" } M coss 1 (0)cos8, (t —) Gy (EME.. (EN )
N(t)ﬁ2 0/// o ktl 8 9Q Lk 1k
g [QIQQ[Q?OQE.[Q;‘%QI“D,QTO:I ] } gt (Bo*RIt" 1 (=ag=B)t > (32)
-J=J+

and
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L A
N(t)= {<cosal(,0)coswl(t)<—?-‘6) 9 008 > (32a)
1 s

+

In eqn.(32) terms depending on three different normal
modes, have been neglected.

As the treatment is confined to harmonic oscillators, the
summation over B consists of two terms only; f=*B8p). Because the
adiabatic or near-adiabatic perturbations are most important, only
one term contributes i.e. the term making (ag+B8) as small as
possible. After performing the summation over B and averaging the
system operators over the vibrational states (12), the result is

finally

*(t)=exp dt’ &Y << cos (U)CO\ (t)( Q) lk(L")Elk(t')x
\(t)‘h

("=t Py
s Lutgh(sﬁlh‘:>e 0) (£” : (33)

8apf 0

with

2

N(t)= ) cos8, (0)cost . (t) gf»cocghﬁéfﬂw.):> (34)
1 1 1 Q 2oy

This result is now applied to a specific example of the interaction

GZ'

3. APPLICATION OF THE THEORY

An example of the interaction G, is the transition dipole-

transition dipole coupling G , defined as (13,14)

dip
= ” 1 s 1 2 vty ¥ s .
ghaltey= S Y SRS ) AP lyy i ol TR e gy
s r?J-(t) (35)
(g?':(g‘i‘je‘(“i”_j)t
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In this equation the functions YT(QE), YT (Qi) and Y;m—m (2:1J) are
the spherical harmonics, determined by the orientation of the
transition dipole moments i and j and the distance vector ;ij of the
oscillators i and j at a given time t in a laboratory fixed frame.

= ; mm' . ( .
I'he quantity a 1s a constant factor, dependent on the values of
m and m', It has been listed in Table I for the values of m and m' of

interest presently.

TABLE I

m'=] m'=0 m'=~]

g8
]
|
o0
i
UWO
3
b LSS
Dt
Im
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uw' W
3
SN—
Nt
|
o0
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| T =
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Mot

W=

wloo u‘oo w'
) 3 _
> |G
\‘;ﬁl

3 S 3
3 4 3
) )
- 3\5 3 5 5
- mm" : -
Table I. Values of a a8 function of m and m',

Considering the definition of E:(t) in eqn, (28) the factor

Cij(t) is in the case of G 2

dip"®
o ' 1 ' 1 —m=m ! . 31 a4
Ci.(t)=§ & Y ()Y (@)Y, " (ail) (%5) (%3) (36)
] m,m’ = s | j
r3. (t)
ij

It is assumed that the transition dipole moment vectors are
placed in the centres of gravity of the molecules. Furthermore the
assumption of isotropical rotational diffusion for the molecular
reorientation is made. Using this model the averaging procedures
over the orientations of the transition dipole moments i and j, and
the distance vector ;ij can be performed independent of each other.

Now it is easy to show that the bath average of Cij(t) is zero
and therefore E;j(t) as defined in eqn.(29) equals Cij(t) in this

treatment,
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Clj“) = Cij(t) (37)
Substituting eqn.(36) and (37) in eqn.(34) and (33) and writing
cosel(O) and cosﬂl(t) as spherical harmonics the following result is

obtained

F(t)=exp dt' £ <Y (g )Y (n ) agkgﬁ AL AT o
‘\(L) 0o m,m' L,U

m, 1 ..m' k  _-mm'
& Y](Jtu)Y] (Jtn)\z

3 " L
SR rkl(t )

X | >ei(u,_j-3n)(t”-t')

4‘,’1(]@0

(ackLyvi ey, )vh @k, v, H (aid,

3 (38)

in which

o N - e Yo s |
Mc)-Q](JO)&I(,zt)) (38a)

As this investigation is restricted to isolated absorption

bands only the interaction between identical oscillators will be

considered. For identical oscillators:|2k| = and ag=Bq.

9/ k
This gives the following expression for F(t)

4
F(t)=exp t" §< (q >Y (a )(—‘é) ) L a
N(t) o ,m' u,u’ (39)

m
Y@Y] @5 @il vt ok )5 @tk I>
X
3 " 3 ' 2
rkl(t ) rkl(t ) bag

in which N(t) is defined by eqn.(38a).

Because the time scale of interest of autocorrelation functions,
obtained from IR-absorption bands is 0-3 psec, translational
diffusion is neglected in first approximation. Using the well-known
orthogonality properties of spherical harmonic functions (15) , this
results in the following expression for the r

eqn, (39)

kl—dependent part 1in




Bt RIS USRS TE S TR o
sz - (a kDY, (“Eb‘d) N ! :
ﬁ ) r3 (t") 343 *mem! et 1) 5
kl kl

In eqn. (40) N is the number density of identical oscillators and
d is the distance of closest approach between two oscillators.

Now the averaging over the orientation of the oscillator 1 in
N(t) and the orientation of the oscillator k in F(t) is performed
by using the isotropic rotational diffusion model (16). In this way
the part of F(t) dependent on the orientation of the oscillator k

can be written as

I L R T ok e i —{t'-t"f/t] ” i !
<‘l] (-ltn)‘ll (--t|)> 4 € “ml _;‘l ( l) (4])

The result for N(t) is therefore
= I ==lE|Ffr
N(t)=z-;e’ |71 (42)

Considering only identical oscillators the same value of T is
obtained both for the oscillator k and for the oscillator 1.
> . O b om0 T TR (P
Finally the function {Y,(Q)Y. (. ,)Y, (R ,)Y. (27)} of the
S SR i LB I I R

oscillator 1 has to be averaged. This is performed by using the
conditional probability P(ojt";t':t) for the orientation Qi of the
oscillator 1 at t, if its orientation at the preceding times £y &

and t=0 is given by ul Ql" and Ql respectively. In the case of

s o 0
isotropic rotational diffusion this probability is given by

(b5
Il ¢

< . P O TP O [ -1 14 e O O, AN (O 7
) s N Mes C 0 1 = () = (0 = T
P((_,t St R K\T(d )YT(ACH)e =l l(wtn)\l(-‘tl)‘» X
1,m 1,7
cof, 1 . B 1 <|e-t']/cT
x L YP@,)Yf(R ) /=1 (43)
1,m

The result of the averaging procedure is, expressed in Clebsch-Gordan

coefficients 0(111213;mlm2m3) (15)
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O ralyeMmol (ol ol (001 3 ={|t"|+]|e=t" [}/
(% Y ’u\A o ) = o R
QY @Y} @)Y Y (a0) > - e x

16 ‘ 44)
c . - S G - e | A i o A
) C(111;0mm)C(111;000)C(111;mu0)C(111;000)e ! Py et
3 m,m m,—y
I,

Substituting eqn, (44).(42),(41) and (40) in eqn.(39) F(t)

reduces to:

C _’,n_Ln /_
5 3 C )
F(t)=exp dt' Y1+ 2e <} (45)
0
In this equation 71, is the correlation time of the second order

)
Legendre polynomial, which may in favorable cases be determined by

NMR spectroscopy. Performing the two time integrals in eqn. (45), F(t)

becomes

N el o al e -l t| /s : EA
F(C)=exp |[=Atst" + 21 {|t] *+ 1, (e R W (46)
in which
/ 4
:~xki:
aQ ;
A = s I-‘ (46a)

Now it is possible to obtain an expression for measured isotopic
dilution effects (5) under the assumption that transition dipole-
transition dipole interaction is responsible for the entire effect,
The cosine transform of n(w)k(w) around the frequency o, obtainable
from IR data will be denoted with C(t). For an isolated symmetrical

. = - a ¢ 1 I
absorption band at ag C(t) should be proportional to ¢ V(t) and

\

therefore:

0 07 3 . 0,
In F(t)=1n ¢ 9(t) - 1n ¢ (t)=ln C(t) - 1n L‘Lt)
2z zz
2 el ={tfsa (47)
==A{dt +27, {|t|+1, (e RS D, '

Because it is usual to discuss In C(t) rather than C(t) eqn.(47)

has been presented in logarithmic form.
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In an actual experiment G, might be eliminated by the isotopic

2
dilution method (5). An intramolecular normal mode is then isolated
from intermolecular interaction because in its substituted neighbours
there is no mode at this frequency.

In eqn,. (47) Co(t) is the IR correlation function at infinite
isotopic dilution that may be determined by extrapolation from a
dilution series. Small experimental shifts on isotopic dilution are
suppressed by taking the transform with respect to the bandmaximum
for each solution. The theory in its present approximation does not
predict shifts for the interaction considered. However, small
experimental shifts ( vl cm_]) do not invalidate ‘the description of
the relaxation with eqn.(47) because theoretically such a shift may
be suppressed by a redefinition of E with no appreciable change in A.

It is clear that eqn.(47) confirms qualitatively the main
conclusions drawn from the experimental data., The dependence of
In F(t) on Ty obviously agrees with the experimentally observed
temperature dependence of the isotopic dilution effect. Furthermore
the theoretical expression predicts that the isotopic dilution effect

depends on the integrated absorption intensity B (represented by
3u

3Q

A quantitative comparison between the theory and the experimental

<~— and is proportional with the concentration (N in eqn.46a).

data is given in Ch.V.

4. DISCUSSION OF THE THEORY

The main result of the present treatment is the explicit
dependence of the vibrational correlation function F(t) on the
reorientational motions of the molecules. It must be concluded that
motional narrowing may influence IR bandshapes significantly. As
F(t) is temperature dependent it is clear, that it is incorrect to
assume the existence of a temperature independent "intrinsic"
vibrational contribution to the lineshape (1,2). This implies that

the correction procedure, based on this assumption, to obtain a




rotational correlation function is unjustified.

Now, it can explicitly be shown that an a priori separation of
the time correlation function into independent reorientational and
vibrational factors yields a considerably different expression.

This is illustrated by applying the usually performed separation
(1,2,3,4) on ¢§g(t), as given in eqn.(17).

Using eqn. (16) @ao(t) becomes then
2z (48)

290 (oo 3% (0) ﬂﬁ(c) > ~ap i E /o m% e vaatol | iagt
,zz(t)—§12k<< 3Q )k Z\ 3Q )1 <[Qk ,expo( /,ﬁ o/it G (t ))Ql }e 0

Z

Eqn. (48) explicitly shows, that the separation of the correlation

function into two independent parts, includgs the assumption that

8X(c') is statistically uncorrelated with SRL0) and L1583, o
aQ kz 3Q lz

Writing ng(t) as defined in eqn.(48), in the form of a
dimensionless average involving expo(i/ﬁoz/at'gx(t')) (dividing by
<<[é;“o, Q?O];>), subsequently applying the cumulant expansion

theorem and "assuming that G; and G2 are uncorrelated, it can be

shown after some rearranging that

g o o e e 4 11
<Pzao ’chlo]+> (49)

In the case of transition dipole-transition dipole interaction,

F(t)=exp

application of eqn.(49) gives

—2|t|/rl

ln F(t)= -3/, At {[t] + 4t (e -1)} (50)

where A is defined by eqn. (46a) and T is the correlation time of the

first order Legendre polynomial.

assumption of neglecting the correlation between %%15-1 and

Comparison of eqn, (50) and egn. (47) immediateéy §hows, that the
Ex(t') leads to an expression for F(t), which differs significantly

from the expression found when this assumption is not made. This
difference arises from the fact that the correct treatment

necessarily leads to a correlation at four succeeding points of time
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for a certain oscillator (e.g. the oscillator 1 in eqn.(39)).
Therefore, a priori separation of IR correlation functions into two
independent factors may introduce serious errors.

The same considerations are also valid for the elements of the
polarizability tensor, which can be studied by Fouriertransforming
Raman bandshapes (1,2). Only the isotropic part of the polarizability
will not introduce correlations at four succeeding points of time.
Therefore the time dependence given in eqn.(50) will be valid for the
correlation function of the isotropic part of the polarizability
tensor. The anisotropic components will give rise to correlations at
four succeeding points of time. This means, that the vibrational
correlation function involving the isotropic part of the
polarizability will in general be different from the vibrational
correlation function depending on the anisotropic component and from
the IR vibrational correlation function., It follows that the widely
used Raman method (1,2) to separate vibrational and rotational
contributions is incorrect, as in this procedure it is assumed that
the vibrational correlation function for the isotropic part of the
polarizability tensor is equal to the IR vibrational correlation
function and the vibrational correlation function of the anisotropic
part of the polarizability.

It should be borne in mind that eqn.(47) is only valid if the
neglect of translational diffusion is a reasonable approximation.
This seems valid for CH2C12;TC=8.5.IO—lzsec.(I7). At longer times
modulation by translational diffusion will be important. Assuming
arbitrarily an exponential decay for the translational diffusion it

can easily be shown that 1ln F(t) then becomes

In F(t)= —A{Tt<lt|+1t(e-|t[/Tt —IJ + 215(7t1+ré(e_‘t|/Té -l))} (51)

Here T is the translational correlation time and ré= T;]+T;l)—l.
Eqn. (51) shows that both in the fast and slow modulation limit
In F(t) reaches the usual time dependences (7).

In the slow modulation limit ([t]<<ré);




3 2
In F(8) = -2/ ,At
and for the fast modulation limit ([t[>>rt);

In F(t)= -A{r_ + 217}|¢t] (53)
When 1n F(t) is calculated, assuming an a priori separation of

the correlation function into two independent factors, the fast

modulation limit will be significantly different from eqn.(53).

Taking into account translational diffusion it can easily be shown

that In F(t) then becomes
In F(t)= —3AT}!c} (54)

where r;= (ér]l+r;l)-l

The treatment of the influence of the transition dipole-
transition dipole coupling on IR and Raman bandshapes, presented here,
differs considerably from other approaches, published earlier (13,18,19)..
Valiev (13) and Fujiyama (18) estimate the influence of the
interoscillator coupling on the halfwidth of IR and Raman absorption
bands by calculating G(Giip(0)> : (See Ch.I.2). However, this gives
only an useful estimate of the contribution to the halfwidth, if the
slow modulation limit can be considered. This can be shown by
Fouriertransforming F(t) both in the fast and slow modulation limit;
the halfwidth of the corresponding spectral densities will depend on
<G§ip(0)> and 6<G§ip(0%>)£ respectively. An expression for F(t)
corresponding with eqn.(50) has been derived by Doge (19) to represent

the influence of intermolecular vibrational relaxation on correlation

functions obtained from Raman data.
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CHAPTER V

CONCLUDING REMARKS

In Ch.III, the experimental data obtained were discussed in
terms of intermolecular vibrational relaxation, It was suggested that
transition dipole-transition dipole coupling may account for the
observed isotopic dilution effects. An important result with respect
to previous work, is the significant temperature dependence of the
intermolecular vibrational relaxation. This fact gives rise to the
conclusion that the Rakov method to separate the rotational and
vibrational linewidth is invalid.

The experimental results are confirmed qualitatively by the
theoretical calculations, given in Ch.IV. The influence of
intermolecular vibrational relaxation due to interoscillator coupling
has been calculated approximately using a simplified model for the
liquid. The experimental results are roughly predicted by the obtained

expression for the intermolecular vibrational relaxation (Ch. IV

eqn, (47)). The theory shows the dependence of the isotopic dilution
effect on the integrated absorption intensity (represented by %% ) s

the temperature dependence (mainly represented by Tz) and the linear
dependence on the concentration (N in eqn.46a). Furthermore it is
explicitly shown that the a priori separation of the dipole moment
correlation function into independent rotational and vibrational
parts yields a different time dependence.

The agreement between theory and experiment is underlined by a
quantitative comparison. This is performed for some data on CH2C12.
Because the experimental error on the isotopic dilution effect is

relatively large for low concentrations the comparison will be
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t (p sec)
3.0

J

t(psec.)

-0.504

F(1)-fot)
£t)-f(t)

-0.75-

J 1 - AT ) AW ArYia O B 2y s
mparison between theory Fig.2. Comparison between

EL i v

and experiment for CH,CL and experiment for

theoretical curves

(see text).

confined to solutions with a high concentration of CH7C12 molecules

(molfr. 1.0 and 0.84). For these solutions f(t)-f5(t) can be

determined at different temperatures using the data, presented in
Ch,III. The Fig.1-2 show for each concentration f(t)-f,(t) at different
temperatures. The figures illustrate that theoretically predicted
curves (according to eqn.(47) in Ch.IV) give a reasonable fit with the
experimental results. It should be noted here, that the theoretical

expression for f(t)-f,(t) is given by
£(t)=fo(t) = ln F(t)-1n F(ty) (1)

in which tg is 1 psec here. The fitting procedure has been performed
by using appropriate T,-values as obtained from NMR-data (1) at

different temperatures. These values have been listed in Table I and II.
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TABLE I

= N =
temp.(OC) Tz(psec) A(psec 2) N(per cm3) (56) (cm3/zsec I)
30 1 0.039 0.928.1022 O.90.IO§
-20 2 0.039 0.991.IO22 0.89.10,
-60 4 0.044 1'04]'102? 0.90.10;
=90 8 0.067 1.079.107° 0.99.10°
- 5 9 3/9 2
ag=27mc. 1265 radsec l,d=&A, (%a) = 0.71.102 ij/“ sec ]
"% /1R

Table I. Data for CH_CL, (molfr.1.0).

TABLE II

temp.(OC) T;(psec) A(psec—z) N (per cm3) (EE) (cmalzsec-])

aQ
22 2
30 I 0.027 0.780.103 0.86. 105
-20 2 0.031 0.832.1057 0.87.10;
-60 4 0.037 0.874.10; 0.90. 10,
-90 8 0.055 0.906.10° 0.98.10
ag=2mc. 1265 radsec | ,d=4%, (i—) 0. 71.10% a2 mac
9Q/1R
Table II. Data for CH,CL, (molfr.0.84).

Z

In this way it is possible to estimate experimentally the quantity A,
defined in eqn. (46a), which has been given in Table I and II.

It may be concluded from these data, that both theory and
experiment show that f(t)-f,(t) is not linear in time and depends on
the reorientational motion of the molecules as represented by t,.

The experimental temperature dependence of the measured isotopic
dilution effect is accounted for in the theoretical expression for

Iln F(t) by the temperature dependence of A and 71 The increase of A

Lo

is predicted theoretically (eqn.46a) by the change of N with

decreasing temperature, assuming that ag and d are temperature

ol
3Q /)’

independent. Especially between 30°C and -60°C the agreement 1is

surprisingly good. The magnitude of N has been obtained using the
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density values for liquid CH2012 at +40°C and -100°C (2) . Assuming
a linear dependence on the temperature, the density can be calculated
at intermediate temperatures.

To test the theoretical result it is important to discuss

the experimentally determined values of A. Using N, d, @y and A as

U 5
given in Table I and II, (3%) can be calculated and be compared with

: 3 - 3} .
the value obtained from IR-intensity measurements ( (3% in the

tables). The effective distance of closest approach d is difficult to
estimate. However, according to the data on the crystal structure of
CH2C12 given by Marzocchi (2), the listed value for d seems
reasonable. The assumption that A is only temperature dependent due to
N, is confirmed by the negligible temperature dependence of %% .

853 n 0
%6 and é% IR
With N, d, ap and (——)1R it is also possible to estimate a theoretical

3Q

value for A; this results in A

Furthermore the agreement between is reasonable.

e 0.015 psec-2 at 30°C for the pure

liquid and At = 0.013 psec-2 at 30°C for the solution (molfr.0.84).

h
3 ; o 15 a 3
Taking into account the large uncertainties 1in d and (5%)IR
combined with the fact, that A depends on d~ and %1 respectively,

3Q

Ath agrees satisfactorily with the experimentally obtained values.
It can be concluded that the transition dipole-transition dipole
interaction accounts for the isotopic dilution effect.

With respect to this, it is important to stress, that for
obtaining a reliable estimate of the importance of intermolecular
vibrational relaxation it is necessary to compare an absorption band
of a pure liquid with the one in infinite isotopic dilution (Both for
IR and Raman bandshapes). For instance the procedure performed by
Doge (3) to ascribe the whole vibrational correlation function to
interoscillator interaction, can give rise to serious errors in the
estimated values of interaction parameters. This is confirmed by the

experimentally obtained value of 1/3 <3Aw)%> for CH.J in Doge's

3
paper (1/3<3Aw)%>5A). Taking into account the IR absorption

intensity of this normal mode (resulting in a value of (ii) =
IR

2 3/2 -1 . aq
0.50.10 cm sec ), the density, the frequency of the bandcentre
and a realistic value for d(még), Ath - 0.0!0.]024 sec_z.




This value of A differs dramaticly from Doge's experimental
=9

‘."ellvlu; £ / v > .

D.E.O'Reilly, E.M.Petersen, E.L.Yasaitis, J,Chem.Phys. 57,

y

M.P.Marzocchi, P.Manzelli, J.Chem.Phys. 52, 2630 (1970)
] ’ J =2y /

G.Doge, Z.Naturforsch. 28a, 919 (1973)
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SAMENVATTING

In dit proefschrift worden de resultaten besproken van een
onderzoek naar de invloed van intermoleculaire vibratierelaxatie op
de correlatiefunctie voor het vibratie overgangsdipoolmoment., Deze
correlatiefuncties worden verkregen door Fouriertransformatie van IR

bandvormen. Het in dit proefschrift beschreven onderzoek is verricht

aan de banden van CH7C12 (1265 cm_l),CHCl3 (1215 cm-]), CDClj (910 cm—l)

en CHBr3 (1142 Cm-l).

In deze vier gevallen is het mogelijk met behulp van de
isotopenverdunningsmethode de wisselwerkingen, die de intermoleculaire
vibratierelaxatie veroorzaken, te onderdrukken. De veranderingen aan
de bandvorm en de correlatiefunctie ten gevolge van isotopenverdunning
kunnen in goede benadering worden toegeschreven aan het verdwijnen
van de intermoleculaire vibratierelaxatie.

De gemeten effecten worden verklaard door de overgangsdipool-
overgangsdipoolwisselwerking tussen identieke oscillatoren in de
vloeistof. Dat deze interpretatie gerechtvaardigd is wordt aangetoond
door de frappant goede overeenkomst tussen de experimenteel gemeten
effecten en een theoretische berekening.

Zowel experimenteel als theoretisch blijkt dat intermoleculaire
vibratierelaxatie afhankelijk is van de concentratie, de geintegreerde
absorptieintensiteit en het reoriéntatiegedrag van de moleculen in de
vloeistof.

Aan de hand van deze resultaten zijn enkele belangrijke conclu-
sies te trekken. Ten eerste is de gebruikelijke scheiding wvan de
correlatiefunctie in een product van twee onafhankelijke correlatie-
functies ( de rotatie- en vibratiecorrelatiefunctie ) niet juist. Dit
wordt aangetoond door een theoretische behandeling van overgangsdipool-
momentcorrelatiefuncties. Ten tweede is het onjuist om aan te nemen,
dat vibratierelaxatie temperatuur onafhankelijk zou zijn. Dit wordt
geillustreerd door de temperatuur afhankelijkheid van de gemeten

isotopenverdunningseffecten, Deze temperatuur afhankelijkheid van de




intermoleculaire vibratierelaxatie kan vrijwel geheel worden toege-

schreven aan de invloed van de moleculaire reoriéntatie op de

vibratierelaxatie.
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