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ABSTRACT

A series of experiments has been conducted in order to evaluate the
relative importance of several recent theories of vibrational dephasing in
solids. The theories are discussed briefly, and are used to interpret the
temperature dependence of the C-H and C-D stretch bands in the spontaneous Raman
spectra of h14» and d14a15254,5~tetramethy1 benzene (durene). The infrared
spectra of these same molecules are also reported in the region of the combin-
ation bands involving C-H (or C-D) stretches and low-frequency modes. The

a1,1“3,'based on

results support the applicability of the model of Harris, et.
energy exchange in anharmonically coupled low-frequency modes. This theory is
then used, in connection with Raman spectra obtained in isotopically mixed

somples of durene, to elucidate the vibrationsl dynamics underlying the dephasing,
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I. Introduction

Processes which cause dephasing of spectroscopic transitions have
been under investigation for many years. Analysis of lineshapes has, in

many instances, provided an understanding of molecular correlations,
1-31

dynamics, and structure. A large body of theoretical work exists to

assist in the interpretation of experimental spectra, and to illuminate
the fundamental interactions responsible for dephasing.

The specific-question of vibrationai dephasing in solids, to which
1-3,29-31

greet deel of recent activity has been direcled, is complicatlce

o

by two general facts: 1) the dephasing time (TZ) of a vibrationally
excited molecule in a condensed phase is very short (typically 1-10 pico-
seconds);4 and 2) intermolecular forces are always present in the condensed
phase, making difficult the interpretation of experimental resuits and the
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4

hrave, in genzsral, velied upon o stochastic description of the relevant
many-body dynamics.

I understanding of vibrational dephasing in solids requires both the
construction of theoretical models and the experimental determination of
which mechanisms and interactions are important. In a previous series of
papers,.i"’3 we have presented data obtained from the temperature-dependent
spontaneous Raman spectrum of h,,-1,2,4,5 tetramethylbenzene (durene),
and successfully interpreted this data by developing a theory based on
intermolecular energy exchange by low-frequency vibrational modes (hereafter

29-31

referred to as HSC exchange). Recent theoretical work has made it



possible to design a further series of experiments in order to test more
conclusively the HSC exchange hypothesis, and to compare that model with
two other theories: one by Abbott and Ox‘toby31 based on interactions
between pairs of vibrational fundamentals (AQ), and the other by Wertheimer30
based on the mechanism of dynamic coupling (DC).

The purpose of this paper is three-fold. First of all, we review
the three theories mentioned above, with an emphasis on how they may be
distinguished experimentally. Second, we present experimental results of

{

threa types: the temporature dependence of the Raman spectrum of pure
d]qndurenes which complements our previously published work on h14wdureno;
the concentration dependence of the d14»durene spectrum as it is successively
diltuted in h14~durene; and the infrared spectrum of both molecules in the
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This paper s cvgenized as follows:  In Secvion 11 we review the
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three theoories mentioned above and compare their experimental predictions.
} [

Section 11T doscribes our experimental proceduras.  Section IV ﬁres&ntg
experimental results, along with a discussion of ihe relative importance
of the dephasing mechanisms treated by the theoretical models of Section II.
Section V presents further results and an analysis of the energy transfer
dynamics of the durene system we have studied, including the evidence in

support of a vibrational exciton model. Section VI summarizes the most

important general conclusions of the work.



I1. Theoretical Treatments of Vibrational Dephasing in Condensed Phase

A. Interaction of a Fundamental and Its Hot Band - HSC Exchange

Figure 1 shows a high-frequency mode A and a Tow-frequency mode B.
Because of anharmonic coupling between the two modes, the energy of the
combination level (nA =1, ng = 1) does‘not equal the sum of the energies
of the singly excited levels (nA =1, ng = 0 and ny = 0, ng = 1). Thus
the transition frequency of mode A depends on the state of mode B; re-
stricting the discussion to the four level system in the diagram implies
thel thire are two possible transition frequencics for mode A 0, when B
is uncexciteo, and w, * Sw when B is excited. The presence of energy
exchange, indicated by the arrows in the diagram, will modulate the fre-
quency of the high frequency mode A, &s mode B becomes excited and deexcited.
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obteined., In the Tow- temperature 1imit this reducss to the f()rﬂufa’my

approximate expressions for the Tineshzpe 1(w):

where the effective Raman frequency is

-E. /KT
L& o+ &1 Sw

O (1 4+ (sw)%?)

(2)



and the effective linewidth 1is

E /kT
( ) T (3)

effy-1 =1
= (T +
) 2) (1 + (80)27%)

(1,
The important points to note are: 1) Both the width and shift
display the same apparent "activation energy", Ei° which is equal to the
energy of a quantum of mode B. 2) The quantities &w,t and Ei can be
extracted frdm a temperature dependent study of the Tinewidth and peak
Trequency of the mode A spectrum.  The physicel m2aning of v, which in this
simple discussion is the 1ifetime of the low frequency mode B, will be
examinéd below in greater detajl. 3) Detailed balance reguires that the

intermolecular exchange rate of a quantum of the mode B, W , be relatec to
-1 ~E. /KT
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the dopinant mecpanism Tor atfecting Uhe lingxhapc, we predict that in the
Tow temperature 1imit the Tineshape should bechave as eqns (1-3). Hote that
i1 one divides the edditions] Vinewidth term in egn, 3 by the frequency
skift, a temperature independent constant, dwr, 1s pradicted by this theory.
The value of this unitless quantity, Swt, parameterizes the "regime" of
exchange; |Swr]<1 is characteristic of fast exchange while |Swt|>1 and

|8wr]nl are associated with slow and intermediate exchange respectively.

B. Interacting Fundamentals ({AQ) Exchange)
31

Abbott and Oxtoby~  (AO) discuss a different type of exchange process,

illustrated for the simplest case in Figure 2. In this model, the modes A



and B are fundamentals lying close in energys;with an energy splitting of
Sw. As in HSC exchange theory above, it is assumed that the thermal
activation of a low-frequency mode causes the dephasing, but here fluctuating

anharmonic terms of the form:
- 2
Varh = Fiinp{t)050005 + fp(t)Qy0p (4)

provide the coupling, where A and B are fundamentals and i denotes a Tow-
freausncy vode,
. . PR s e s . 34
The AD approach is similar to the formalism of Nitzen and Sitbey
where the equation of motion for the matrix elements of the vibrational
“superoperator" is obtained te second order in a cumulant expansion. As
in the HSC case, the Varkev approximetion i dnvoked. From this model,
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(6)
Now 1 is the decay time of the Tluctuating perturbation autocorrelation
function of the form:
<Fiag(t)Foinp(0)> o exp (-t/7) (7)

where it is assumed that all the relevant decay times are the same in order

to obtain the simple expressions eqns. (5) and (6). Note that all the



time dependence is included in F and not in-Q%Z.

Thus this theory, like HSC exchange theory, predicts (in the selec-
tive coupling cases of Figures 1 and 2) an exponential temperature de-
pendence for the broadening and shift with an activation energy equal to
the energy of some low frequency mode. The following predictions also
result: 1) In the specific example of Figure 2, the two isolated fund-

amentals A and B should shift toward each other and display the same Ei

so the tewperature is increesed. 2) 1 is the bath correlation time for
ithe anhaviconic Torce, and s typicadly 0.7-1.0 psec. It should also be
moenticned in passing that the presence of the factor A in egns. (&) and
{6) makes it impossible to extract the parameters of interest, namely

Gw angd T, as can be done in the HSC exchange model,
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the exchange processes of Sections A and B, The effects of various energy
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yelexation ang redictribution processas, o3 well as cross-correlotion

effects, are taken into ercount. As was pointed cut in reference 30, the

HSC exchange model of Section A emerges as a restricted case of the dynamic
coupling theory. In the Appendix we discuss the nature of the approximations
necessary to reduce the more general theory to this special case, and sug-
gest how the validity ﬁf these approximations can be tested experimentally.
As the Appendix shows, the general form of the DC theory jntroduces a
dephasing mechanism based on the presence of a dispersive frequency shift

T’"js which results from the decay of the low-frequency modes into the



bath. This dispersive shift effectively brings nearly into resonance a
fundamental and its anharmonically shifted hotband. This results in the
transfer of energy as well as phase information, and if this transfer
occurs rapidly enough then one must consider the collective vibrational
correlation functiongo for all the modes. The importance of this con-
tribution relative to the HSC exchange contribution depends sensitively
upon the magnitudes of the various parameters, which are difficult to
measure or estimate. Nevertheless, the line-shift and broadening shéu?d

=
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a hich frequency mode to a specific Tow frequency mode will often be
observed, but the presence of additional unknown parameters makes the

extraction of information from experimental data difficult.
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a single low-freguency mode, and an equal "activetion energy” for the

brocdening and the frequency shift., They differ, however, in expliaining
the cbsorved coupling of high and Tow freguency modes, and in the meanings
of the frequency-shift and time parameters. In Table I we have summarized
briefly the various predictions of each model, and these are illustrated
in Figure 3. In this section, we discuss how the differences between

the theories can be related to the experiments We have performed.

In the HSC model, coupling between high-frequency and low-frequency

modes is thought to result from steric interactions.3 Therefore, we would



predict that isotopic substitution should notlchange the mode coupling
scheme, i.e., a high-frequency mode sﬁou?d couple to the same low-frequency
mode in both the protonated and deuterated molecules. The quantity T,

which can be regarded as a resident Tifetime for the low-frequency vibration,
should show a concentration dependence that can be interpreted on the basis
of resonant energy transfer models. The four-level exchange scheme predicts
the presence of a combination level at wy ooy F Sw (see Fig. 4). Since Sw
is extracted from the analysis of ‘the tempareture-dapondant 1ineshep
is possible to compare experineniet cowmbination band Trequencies with
exchange theory calculated frequencies. Finally, the ratio of the
width to the shift at a given temoerature, for all modes studied,

should yield a temperature-independent quantity approximately equal to
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thoeovy s corvect.  In eithor molecuic, howvever, two dsolsted fundamentols
arc predicted to shift towerd ecch other with increasing temperature. Also,
since the guantity 1 in the AD thecry is a bath correlation time, it would
be expected to show at most a weak concentration dependence.

In the DC model, couplings between modes result from a near resonance
between the dispersive and the anharmonic freauency shift. Since such a
resonance effect is strongly affected by small changes in either parameter,
the coupling schemes in the protonated and deuterated molecules may be

considerably different. The direction of shift of a given fundamental may

be different in the two isotopic forms, and the ratio of the broadening



to the shift is not expected to be independent of temperature (see Appendix).
The time parameter here is essentially the same as in the HSC model, but

the anharmonic shifts are expected to be small and positive (5-10 cm”1)e

This latter prediction can be tested by observing the combination band

spectrum.

ITT. Experimenta]

Y Various
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jusvy

-Tive samples of polycrystalldine durens wers

50% d14’ eh% d}Q, and 10% d14 in h?é' The samples were placed in an Air
Products portable helium dewar, which could be varied in temperature from

approximately 10°K to room temperature. The temperature was measured by a

bremel o ve, Cold thoermocounte relorenced to ice s o
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vwith @ Jobin-Yvon Raminer BEZD Ramsn spectrophotemeter.  The resglution of
1.0 em * was adequste for these studies. Experimental spectra from a

chart vrecorder were subscquenily digitized using @ Tektvonics 4662 Digita)
Plotter, and computer Tineshape analysis was performed in those cases
where overlapping occurred between neighboring bands., In this way, ac-
curate values for the linewidths and peak frequencies as a function of
temperature were obtained, and were then used to extract the exchange

theory parameters using a least-squares fitting procedure as dfscussed

in reference 2.
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1V. Results and Discussion

We previous1y1’2 reported our analysis of the temperature-dependent
Raman spectrum of the C-H stretch region of h34mdurene. The results of
that analysis are reproduced in Table 2, and were obtained by fitting the
experimental data to the lineshape expression given in reference 3. As

can be seen from Fig. 5, the Raman spectrum of d, ,~durene in the C-D

14
stretch region also exhibits the broadening and shifting with temperature
thet is characteristic of exchange, and cen therefove be znzlyzed in the

e qeemia g SJCTPRECES SUn S e s 2 N g e ey ey - P .
same way. For this pursose, the specltrim wes measured

t 10 temperatuvos

jut]

from 10°K to roowm temperature, and the resulting perameters obtained frow
the fitting process are presented in Table 3.

An important piece of evidence for the applicability of any of the

three nodels of Section IT s the mateh hetweon the "activetion cnevgies”
Tinted an Tatle 3 el ibhe bnows evevoies o She Too-Trvourney wodes o 10
otecute, As tho Toblo dndicetes, dn five o7 seven cnses, the obs
Ertivatinn enovey corresponds Lo too epevoy of & tow-freguanoy fundoso oo
the olbor Lo cozon, Uhe activalion coovgy corvantonds o tho oneroy
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cxnected for a Raman-inzctive combination band (1106 an  torsion plus

[0

83.5 cmﬁ] 1ibration).3 This agrees generally with our earlier results
ch h14wdurene, |

EFvidence in support of HSC exchange is oblained from the dimension-
less quantity Swt, which is plotted in Figure 6 for the transitions studied
in d14=durene, As in the case of h14»durene,}’2 Swt is approximately unity
(intermediate exchange) and is independent of temperature within experi-
mental error. The dynamic coupling model does not, in generaT, predict

temperature independence for this parameter, while the HSC exchange model

does assume that both 1 and Sw are constant over the temperature region
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of interest.

The foregoing results could also be explained on the basis of the AQ
exchange model. However, the data presented in Fig. 7 contradict the
prediction of A0 exchange that two well-separated fundamentals must shift
together with increasing temperature. The figure shows two bands from the

-1

spectrum of d34sdurene; there are no Raman peaks within 100 ¢m ° on the

high-frequency side nor within several 100 cm*} on the Tow-frequency side.

yert wilh incressing

occuys between the observed Ramen peaks and some Raman-inactive trensitions

nearby. le have examined the IR spectrum of d14=durene in this region and

. - ] 3 . . -« - ]
found only a single peak at 2050 cm !, and no others for at least 60 cm
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simall anu positive (b oo ). fhe observation of fhese combination bhands

spectroscopically therefore constitutes a crucial test of these iwo models.
Using Fourier Transform Infrared Spectroscopy, we have successfully ob-
served these weak bands with adeauate (1 cmmT) resolution, and these
spectra for a thin crystal of h14~durene and for d14wdurene in KBr are
plotted in Figs. 8 and 9 respectively. The arrows on the graph indicate

the peak positions predicted on the basis of exchange theory. No predictions

are made for the following modes: the 2957.7 cmﬁl mode in h]4adurene, which
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has an activation energy that does not match with a Tow-frequency mode;

the modes at 2250.1 cmm]

and 2238.9 cm“i in d14=durene, which are over-
lapping and for which it was therefore difficult to get accurate data; and
the 2191.1 cmm1 mode in d14—durene, which appears to be a special case and
will be discussed below in detail.

Several points should be borne in mind concerning the combination
band spectra. First, the combination ieve?s will themselves be expected

v .
cerature dependence, and since the spectra ware obtainsd ot

to show a te
roum temperature, the peaks are shifted in freguency from their zero-
temperature positions by an unknown amount. Second, the spectrum of
d14~durene was measured in KBr, which contributes a matrix shift to the
observed peak positions. Third, the spectrum of h14=durmne in the region
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data is particularly convincing in the d g CSEs since the spectvum s not

B
complicated by extra bands, and the corvespondsnce betuweon the predictod
and observed spectra shows up clearly., HWe believe thot this result
constitutes a major piece of corroborative evidence for the exchange model.
On the basis of the evidence presented in this section, we feel
justified in retaining the simple HSC model for the purpose of analyzing
the dynamics of the durene system. We recognize that the A0 exchange

mechanism and the dynamic coupling mechanism must be included in any

complete description of dephasing, however, our aim has been to attempt to
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determine the most important dephasing pathways operating in durene. ATl
of the data available can be sufficiently explained using the HSC model.

The chief advantage of the HSC model is that it allows the ready
determination of physically meaningful molecular parameters. These
parameters are of interest in their own right, but in addition, they can
be used to gain insight into those energy transfer and relaxation processes
which give rise to the dephasing. In the remainder of this paper, we
assuine the vé1idity of the HSC exchange model in order to use the inTormeticon
wivich 7t yields to cain @ deeper vadsvstencing of the mochenisms restonsiLie

Tor the dephasing in this system.

V. Mixed Crystal Studics and Interpreétation of Results
Ni i1es ang Inter ,
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In a previous paper,” it was concluded that an anharmonic term of

the form C where QA‘and Q, are vibrational normal coordinates)

2.2
nnoala O B
is chiefly responsible for the coupling which produces the anharmonic
siiift Sw. One possible physical basis for this, as discussed in reference
3, is a steric interaction between the moving atoms of the modes in question.

This served as an adequate explanation for several of the observed couplings
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in h14;durene, and also can be applied to d14¥durene with success, although
in both cases the arguments are hampered by the lack of a full assignment
of the spectrum in the C-H or C-D stretch regions.

Isotopic dilution experiments carried out on d]4~durene have pro-
vided a striking piece of evidence in favor of the assumption that, at
least in some cases, steric effects are responsible for the observed
couplings. Fig. 10 presents the exchange parameters as a funciion of

concentration for the 21277 o T-0 ¢lve

~

£ e e mhmnrs e e e
Boih L, ond ¢ change significentiy

coupled Lo the methyl rock at 250 om

L

with concentration, which is not the case with any other mode stuciced.
At the highest dilution (10% d14)’ E,i takes on the value of the methyl

rock in h3[adtvene (282 c¢cm '), and 1 takes on the value measured for the
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durens as dilution increases. Figure 10 shows the crystal structure of

. A
fovrsn, WS B IPIAN RS S S PS RGO R P R O
curene, ana Pliuvstretes hoy this propesed intersoloecular steric inter-

action takes place. It can reasonably be assumed that the 2970.3 !
mode in h14~durene is coupled by a similar mechanism, and that a general
understanding of the nature of the steric couplings in a given molecule
may require knowledge of the crystal structure as well as the geometry of

the isolated molecule,



B. Low-Frequency Spectra and the Exciton ModeT

In carrying out an exchange analysis, it is obviously necessary to

know the energies of the low-frequency modes of the molecule. In some

cases, additional information can be obtained from a careful spectral

study of this frequency region as a function of temperature and concentration.
The first example is shown in Fig. 11, which shows the spectrum of

a mixed crystal in the region of the CH. and CD3 in plane methyl rocks.

3
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2

valuas of 1 are chserved for this mode. This ap

t
parent contradictiongl is resolved by the data, since in both molecules the

methyl rock transition is clearly split into two components at the Jowest
40,47
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moaes for the wmothyl rook, and that the two nodes have different 's.

This conclusion is summarized in Figure 12.

A more dmportent question concerns the dynamics of the energy transier
in the low-frequency modes. On the basis of the observed Raman linewidths
of these modes, their dephasing times can be calculated. These dephasing
times are tabulated in column 6 of Table 3 and are, in several cases,
longer than the measured value of 1 by up to a factor of ten.g] This implies
that some process which contributes to 1 does not contribute to the Tine-

width; we postulate that this process is coherent, resonant energy transfer
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of low-frequency vibrational quanta.

In a manner analogous to that of

reference 30, we separate the two contributions to 1T into a resonant and

a relaxation term:

1/t 1/t + 1/

res rel

(5)

Using the measured values for 1 from the exchange analysis, and approximating

L -
rel
; .
PR - .
Calt QoLINn an as

neeas Tinewidth, us

it

transfer rate. 17 this transier rate

excitetion can traverse more than one

b

by the dephasing time obtained from the appropriate Tow-frequency

-1
res

]

ate for v s resonant ensroy

@ ogiven

the relaxation rate,

molecule In its Tifetime, and can

properly be described as being partially delocalized or "excitonic" in
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semiquantitative picture can he oblained from the dota in a straigniforeard

An examination of the low-frequency linewidths, in conjunction with

the values of 1 obtained from the exchange analysis, can yield an indication

of the degree of delocalization present in each low-frequency mode.

We

define a quantity <n>, the average number of coherent jumps for a given

mode:

<n>
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This qUantity is tabulated in column 7 of Table 3, and it can be seen that

1 1

the Targest values of <n> occur for the modes at 2191.1 cmf and 2225.9 cm ',
which are both coupled to the Ag methyl rock motion at 240 cmq° In agree-
ment with reference 36, we advance the assumption that this methyl rock
exhibits significant excitonic character, and present the results of an
investigation of this hypothesis. This investigation has relied upon
direct obseryation of the Raman spectrum of the methyl rock as a function
of temperature and concentration, and also indirect observation throﬁgh
nalysis of the coupled high-frequency mode at 2225.9 ow

The concentration dependence of the tow-temperature spectrum of the
methyl rock in both d14~durene and hiamdurene ié given in Table 4. The
important point to note is that as each pure species is substituted with

2o I . o 3.} Ayt PR i . B T AN T S e v s Yy
its dsotepic snatou, the methyl rock peal shifls Lo Tower Treguency b
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Livte band of stotes dotermines Uhe observod peal D aguency. ho oheevyod

frequency in a dilute species, on the other hand, is simply the transition
frecucncy of the isolated melecule, since resonant energy transfer is
forbidden and the exciton picture is invalid. The data of Table 4 there-
fore implies that, in the pure crystal, the transition frequency of Z=0

1

is raised approximately 3 cm ' above the transition frequency of the

isolated molecule, and hence the full width of the exciton band is approx-
imately 6 cm"1° It should be mentioned that the data cannot be accounted
for by assuming that the frequency shift results from a change in inter-

molecular potential upon isotopic substitution, since both peaks shift in
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the same direction with dilution.

Further evidence for the validity of the exciton picture emerges
from a consideration of the temperature dependence of the linewidth of the
d14=durene methyl rock, shown in Table 5. It is known from studies of

37

electronic exciton spectra™ that, at elevated temperatures, phonon

scattering serves to localize the excitations. 1In effect, this results
in the redistribution of oscillator strength into exciton states other

R . T w3 R P R D | 21 ER
than & = 0, and consenvently oo > 1% inoveasea, the Tine-

WA AL O VU R
o reflect the en stotes comprizing the

exciton band. This explains the behavior observed in dy4-durenc, where

sy - “"T -
ihe methyl rock broadens from 4.0 cm =~ at low temperature to 6.2 cm 1 at

275°K, in agreement with our estimate of 6 cm“1 for the exciton bsndwidth.
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durenc wode and the corresponding hjswuuy;“V nmooe is less than the Jine-

widths of thosec modes, or in other words, the trap depth for lattice modes

36,39

is less than their bandwidth (the amalgamation limit). Converseiys the

resonant energy transfer time (t in Equation 5) may be concentration

res
dependent, since from Fig. 11 the lineshapes of the methyl rock in the

two isotopic species are well separated. If the molecule under observation

is present in a concentration ¢, its effective Tres will be a function of

\ S N e - iy - . + ~ Ay 1A A s
the concentration and the pure crystal resonant transfer time, “res,pure’
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Tres,pure | . (7)

Substitution of (7) into Equation (5) now gives:

1 1 1 :
— = afc)] 1+ (8)
T Tres,pure

The function o(c) characterizes the type of energy transfer: 1in a localized,

non-excitonic picture, where nearest neighbor interactions are important

from afc) = T at ¢ = 1T toale) = 0 et c= 05 in a

(r) decressae smoolhly
¢elocalized, excitonic picture, where resonant interactions extend over
several lattice sites, ofc) remzins constant from ¢ = 1 down to some

critical concentration (typically 10%), below which Anderson Teca11zatwor
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This behavior, teken with the other available evidence, provides justification

1 g
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RO

abing the dynemics of this mode.
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for the use of the exciton modal in

P

A diffe‘euJ trend appears in the data from the 2035 cm”T mode, which
is coupled to the B.I methyl rock. In this case, 1 lengthens by a factor
of 2 over the concentration range studied, as given in Table 6 and shown
graphically in Fig. 13. By a simple linear extrapolation of the data,
we estimate Trel® the relaxation time into lattice modes for the 819 methyl

rock, to be 1.4 .1 psec, and the energy transfer time, T to be 1.2 =

res’
.1 psec. The value of Trol obtained in this way differs by less than a
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factor of two from the inverse linewidth of this mode. Based on these
values, we conclude that the exchange mechanism for thfs mode consists of
excitations and de-excitations of isolated molecules.

The results of the foregoing analysis lend new insight into the
detailed nature of the exthange process. They illustrate how spectral
evidence of various kinds may be used to characterize the exchange mechanism
in terms of its Tocalized or delocalized nature, and how the Tinewfdth of
a lew freguency mode, together with exchange analysis of the coupled high-
frequsncy modes, can be used lo provida a direct measure of the deuree
of excitonic character present in that Tow-frequency mode. The data sug-
gests that, in this molecule, different degreés of delocalization occur
for different low-frequency modes, but that the concept of a delocalized
vibretional exciton must not be neglected in modeling the dynamicel behavior

.1 R T T 2 e Tvgr oot S e
o7 wibrations in molecular soiids.

Vi Lonciusion

The results presented heva on d]éwd:rcﬂeg eleng with the eartior
work on h]4wdurene3 provide strong evidence Tor the utility of the simple
exchange model. The presence of intermediate exchange and the excellent
correspondence between calculated activation energies and known energies
of Tow-frequency modes constitute important support for the exchange model.
Of particular interest is the successful observation by infrared spectroscopy
of the combination bands predicted by exchange theory. This latter result,
along with qualitative observations of the temperature-dependent frequency

shifts in these molecules, tends to corroborate exchange theory in preference

to other proposed models.
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The results of the exchange theory analysis applied to high-frequency
modes, plus measurements of the linewidths of the coupled Tow-frequency
modes, have led to the conclusion that the Tow frequency methyl group
modes of these molecules exhibit significant delocalized or "excitonic"
character. The assumption of exciton behavior not only explains the observed

low-frequency mode linewidths, but also enables a series of mixed crystal

\

studies to yield insight into the relative importance of resonant and non-

resongnt energy Lirensfer processes in the exchange mechanism.,

The use of exchange theory to interpret this simple series of

iey
i

iments has resulted in a deteiled understanding of the dynamics of this

system. Further applications of this theory to other such systems and,

~

in particular, to the problem of vibrational dephasing in Tiquids is cur-

- e
rencly in progresi.

Inothe Zoenzic-tort vorme tise, i wotion of o dynowical vari ;
o caseribed byoen equation of the fol
d ‘ , t, L el
) - A ML) = S o(tes)Als)ds & f(t) (A1)

where w 1s the froequency, 7(1) is a random force acting vpon A, and ¢ is

a damping function related to f(t) by the fluctuation-dissipation theorem:
o(t) = <f(t)f*(o)> (A.2)

The brackets represent ensemble averages. In order to describe the motion
of more than one dynamical variable, equation (A.1) can be regarded as a

matrix equation. The solution of (A.1) is
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A(t) = B(t)A(o) + s tE(tes) F(s)dis (A.3)

where the correlation function Z(t) is defined in terms of its Fourier

transform:

— _ 1

2(w) = Ty ) (A.4)
and

Hlw) = f: exp (~iwt)a(t)dt (A.5)

The problem is reduced to the evaluation of ¢{w) according to (A.2),

i.e., finding the Fourier transforms of the force autocorrelation functions.
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where ¢ij(t): <f1(t)fj*(o)> and fi(t) is the random force on dynamical
variable Ai’

In the Markoff approximation, it is assumed that ¢1j(t) = constant
x8{t) and hence ¢ij(w) = constant. The exchange theory of HarrisS can be

readily derived by considering two modes: A1 with resonance frequency

w., and A2 with resonance frequency w, + Aw. The quantity T characterizes

OB
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the linewidth in the absence of dephasing, r“1 is the depopulation rate

of mode 2, and the quantity o = exp(—Ei/kT) is introduced in the ensemble

averaging process to satisfy detailed balance:

¢11(w} = T+ GTQT
doplw) = T+ !
$p1(w) = ot
byplo) = 17!

W T g

Woo = We, + A

Combination of (A7) with (A.6) and (A 4) aives.
A K 3

Timic o<t

T 3 ._H}
e A
* el -
{ i S § [N 1 (i 1(*
f cevibed by caleulating L}:

A\.U‘;
(exchange) = w_ + T - io 5:I~~wwwi-
Thw + o

(A.7a)
(A7)
(A.7¢c)
(A.7d)
(M.7e)

(A.71)

in the Tow temparstunve

(A.G)

Using the fact that Re(L) = frequency and Im(L) = damping, we obtain

2 2
Re(L) = o = gy + 9T W
eff 0 1 + (M)ZTZ
Aw
Im(L) = T =1 +
eff 1 + (M)ZTZ

which are the same as reference 3.

(A.10)

(A11)



24

A more careful and comprehensive deve?oﬁment along these lines sheds
further Tight on the meaning of the parameters in (A.10) and (A.11), and
allows the inclusion of additional dephasing and relaxation mechanisms.
This more careful approach differs from the derivation above in three
important respects: 1) The presence of more than one pair of exchanging
modes can be readily represented. 2) Additional dephasing mechanisms are
included by adding more terms to the force autocorrelation functions (A.2).
Any physical process whose contribution is to be considered can be des-
cribed by choosing an appropriate functional form for ¢(t). 3) The
Markotfian approximation need not he invoked; instead, Wertheimer employs
a "quasi-Markoffian" approximation3o in which ¢(w) is a complex constant

¢, near a resononce of interest o = w,. In other words, ¢{w) is still
a. d

P L B N T T, Ly T T Y DY P o S e S [ R TS
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o efteels of dynamio covnting betwonn o Glven highed roGUInCy modd oo
1o et haring modes (this is parlicuiarly imoortant when Fermi resonznces
NETGHRBOYING Modes (Ta5s 15 pavraicularly Tmportant vinen reyml resonsnces

are present), the effects of crosswcorrcﬁatiqnfg and the effects of re-
Taxation of the Tow-Trequency modes. 1t 1is showng& that when only one pair
of modes is important, equation (A.9) is still the correct functional form
to describe the lineshape, but that the quantities Aw and v have imaginary
components. The presence of these components, denoted by Aw' and 1’

respectively, produces a dephasing contribution which differs physically

from exchange, and is described by
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o ~ |"1
L](dynam1c) 5wy AT - g ' 7 AW ;

]
(T‘_‘] - Aw)Z + (T==1 - Aw»)Z

el - aw) - (!

- Aw')] (A.12)
Two important conclusions can be drawn from this equation. The

1

first stems from the consideration that t' ' is, according to the dis-

cussion of ref. 29 andv30, temperature-dependent. Since the frequency
shift from (AQTQ) isg proportionél to (T‘”1 - An), the possibility exists
that the dircction of the frequency shift could reverse with increasing
temperature.  We have never observed such behavior experimentally. In
any case, the ratio of the broadening to the shift, which is temperature-

. s e - U N N P VAN SNV SRR SV
indepondent in the HSC moded, s not erpzotod to he tomperature independont
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combinztion bang spectra shown in the body of the peper, the positions ©
the whserven prrls soom more consistent with the exchange predicticns thiy
with the scheme suggested by (A.12).

The available evidence tends to indicate that the imaginary components
of &w and t are in fact small, in which case (A.9) retains its usefulness.
It should be noted, however, that both of the mechanisms (A.9) and (A.12)
will be present to a greater or lesser extent in any given situation, and

a choice between them depends on a knowledge or estimate of the parameters

involved. It seems desirable, therefore, to retain the exchange model (A.9)
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whenevér possible, owing to the clear physical interpretation of the

parameters Sw and T.
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Table 1. Vibrational Dephasing Models
Hse A0
Width a exp (-ghw) Same as HSC

Shift a exp (-ghw)

w is frequency of the
coupled Tow-freauency
mode.

Results from anhar-
monic shift; dominant
term is, of, the general
form QAZQBZ; suggests
steric interaction.

S is anharmonic
shift of combinztion

lTevels may be of either

sign

Results from an-
harmonic term of
form QizQAQB; no
specific interpre-
tation.

6w is spacing be-
tween two adjacent
fundamentalss they .
must shift together
with increasing

e A vy e r e e
LemneraTure.

DC
Very complicated,
but approximately
exponential as in
HSC

Results from ac-
cidental equality
of dispersive shift
and anharmonic
shift.

Results from dif-
ference hotween
dispersive and
anharmonic shifts;
may have either sign.
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Table 2. Parameters obtained from least-squares analysis of tempera-
ture-dependent lincshape data.

Raman Active
C-H Stretch Low Frecuency Dehasing Channels
wo (em~1) Mode Dephasing Mode ei(cm"l) éwlem=1)  1(ps)

a. 2929.0 Ags 819 839 - Torsion 194210 +13.6 0.36
b 2957.7 | 229421 +10.5  0.86
. Ag> Big |
¢ 2970.3 ' Big, Ag - HMethyl 2065%0 -24.2 0.19
Rock
d 2987»3 qu’ 839 83(1,5 829 OU’C"OTC* 341"13 ""ZOnG Oe25
T plane
Methyl Bend
e 3027.5 B, Bra, Agetiotiy] £53710 “21.7 G0
- 0Dt

PR
RSN

e
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Tab1e 3. Exchange Parameters ‘in d14»durene

wo(cm“1) s (em™1)  Coupled Tow-frequency mode®) 6w (em™!) T (psec) Tre a)

2035.4 252410 B}g methyl rock b)‘ -12.0+.5 .66+03 2.65
2049.9 19012 Inactive combination band 8.8+.4 77206 c)
2191.1 240420 A, methyl rock 19.541.0  .30£.06  2.65
2211.6 20010 Iﬁactive combination bandb) -11.4%.6 .45%,05 c)
2225.9 24015 Ag methyl rock =76,1i,7» 36,07 2.65
2250,1d) 10510 -4.9%.3 3.1+3 4.42

2235.99) 90415 ‘ 5642 4.3+.7 2.52

a)

Calculated from the observed FWHY of the Tow-freguency Raman spectrum, using
= 1/mc{FUHM).

1)

£ A < R SV / " 2 o ORI B . . 3o S L
R Trequency of approximately 200 cm o is expected from 2 combination of the
N T . Lo e ‘"‘l A e TR e S e a2 O T ,,".1 ?’(’
torsienael mode at 110 om ang o P TEyavIon at tooo O .
."\
< P f aL 1 ) - i )
i1 F I I IR IO P HEAVE ot P \ 1 i i v X3 [
?‘i;':
Chaoeddition d souree of ervar s precunt in thore modes since e
{ it (N i a C
\
{ ,)~:-z‘., L NP I STUURCON: VAU A NN P Ty - R T T e b
Fol JOU-TPECULaZY Vioratienig spatriys O u.i[,'- GUYCHC CONgIsts 01 ¢ il oo
; L )
N e ‘A""”I P R LY B ST -1 IR o L 09 I ..“'“i oyl
at 240 cn ., tovsions at 116 om o oang TAO om” ', and Tibretions at 3.5 om0 and

105 o [ . 36



Table 4.

Concentraticn Dependence of S, ~iiipt oon Lincshapes 10 hy,- and dy,-durene.

Environment

i, s-durene

o o-Curene

100% d!4~curene

10% d14—durene
90% hxq-durene

d]a—durene
peak position

(en™")

FWHM (cm™ 1)

hjd-durene

peak position

FWHM (cm_1)

28,2 213.4 247.6
4.9 : 5.0

v s 220.4

oz 3.6

246.6

4.0

280.8

3.6

=2€=s
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Table 5. Temperature Dependent Linewidth of Ag Methy]
Rock in d]4adurene (FWHM 1n cm”7)

10°K 90° 130° 170° 225° 250° 275°

4.0 4.6 4.8 6.0 6.1 6.1 6.2




Table 6.

~34-

Concentration Dependence of EXchange Parameters of

C-D Stretch Modes in dmadurene°

1

2225 cm_ Stretch
Environment Sw (cm“?) E; (cm’1) 1(psec)
100% d]4~durene -16.1+.7 24010 .36 +.07
: (240)
50%'d}4»durene
-15.0:4] 250410 L3520/
50% h14~durene 230)
25% d14»durene
‘ ~-14,14] ZSQiﬂO 342,07
75% h34»durene (240)
PR R V .1 . | .
Fioes S {om 1 & e )
R Gl 12
H0% diﬂwdurgne
o =10.5 4 2171415 LG 05
507 h}é»durﬁne (z40)
25% d14mdurene
=-11.0%1 23015 1.14,08
75% h14=durene (240)
10% decdurene :
-12.04] 235%15 1.2+1
90% h]4=durene (240) '
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FIGURE CAPTIONS

Figure 1. Two anharmonically coupled vibrational modes undergoing energy
exchange. The anharmonic coupling produces a frequency shift
8w, while thermal fluctuations cause an excitation and de-

excitation of the low-frequency mode B.

Figure 2. When two fundamentals differ in frequency by an amount Sw,

energy exchange between them results in dephasing. The coupling

BewiTtonian involves & loo-frequency mode with an cnergy on the
order of KkT.

~
i
H

Figure 3. The qualitative diffcrences in spectral appearance at Tow and

B VPRSI, T SRR SIVRIE NN S [ [ SRS D BN [P

hich tenrerature are lhiusivates vor tne thrao mooois: } (GeH
KRN ~ . 1, - . -

Nt } COn i i oL i i AR RN .

(N s {4 - . Y .l

1 JY,‘ (u)"“ ! GO H ¢ i [N

, 4 b AP BN ¥ P, 1.
Fagu < INeOWLELTON oty O3 } GF Vearanienn, Lol RO TR G R

¢ civen mode cen be obteined from three di

P P T e a e o gyl Ay e ' vt f
spoctral regions:  the Tundgamental region, where the mode £

transition and possibly its hot band can be observed; the Tow
frequency region, where the coupled low-frequency mode B appears;
and the combination band, where the peak positions can be used

to confirm the presence of coupling of mode A to mode B.

Figure 5. The d}a—durene Raman spectrum clearly shows broadenings and
shiftings characteristic of exchange. A similar type of behavior

in hla—durene can be found in references 1 and 2.



Figure 6.

Figure 7.

Figure 8.

5

Figure 10.
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Each point is obtained by dividing the observed broadening by
the frequency shift at a given temperature. HSC exchange predicts
that the resulting quantity is temperature independent and ap-

proximately 1.

A portion of the Raman spectrum of dTQEdurene at several temper-
atures. These peaks, which are clearly separated from other
modes of the molecule, shift away from each other with increasing

temperature, in conlradiction to the AD exchange model.

Room-temperature IR spectrum of neat h14ndurene in the region
where HSC theory predicts the presence of combination bands.

SRR % B . ST 2R U B AT PP S PR 7
Rumbers in parenthosis are tne positions of

PR PPN T T L S N
pesks predicted on

11 o, Ly T ot - I BN
Lho bogis of th 1 iyCoon Cas O Cozorvea pocd
% 1 By ‘WI - ] 3 i

110G Witsin [ o) bl [

Dy v T e v H PRV

OO Gl DU W ¢ - AUTEOD G A |

LA * . .. 1S 4 ' . Y ' N 110 i - <
Ry e R IR ST T P N R 2 S oo G RO, 7 ey S\ e o e
Payenundnls v prodicind peaks besed on ool oxchange:s 45

. - 5 n oy ° N ’”} 1
fig. &, each Talls within 10 can ~ of an observea peak,

The crystal structure of durene, showing how steric hindrance
between adjacent molecules can occur. This explains the observed
behavior of the exchange theory parameters as a function of

concentration.



Figure 11.

Figure 12.

Figure 13.

Durene exhibits two Raman-active methy! rocking modes, which
are resolved spectroscopically at low temperature, but coalesce
by 90°K. 1In addition, it should be noted that these transitions
broaden and shift with increasing temperature, in agreement

with the proposed vibrational exciton model.

An illustration of the two methyl rocking motions observed

in Figure 11. The different values of v allow the assignment

of

1.
i

the coupling schems be

the methyl rocks and the higr

frequency modes.

The data is for the 2035 cm“j mode, which is coupied to the B]U

~7

5 1, K - N SR S L . S - AP £ . .
methy! rock. The sTope of the Tine gives an estimate Tor v

......




VIBRATIONAL ENERGY EXCHANGE
BETWEEN ANHARMONICALLY COUPLED STATES
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A COMPARISCGN OF ViCc 7o

Hotband Exchangs
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SPECTROSCOPY OF ANHARMONICALLY COUPLED
VIBRATIONAL OSCILLATORS
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FREQUENCY SHIFTS OF TWO ISOLATED BANDS
IN d,, - DURENE
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INTERMOLECULAR VIBRATIONAL DEPHASING
IN DURENE
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METHYL ROCK SPECTRA
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RAMAN ACTIVE IN-PLANE METHYL ROCKING MODES
IN DURENE
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