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ABSTRACT

In several p%evioUs pub1icationsla2’3 an exchange theory for

vibrational dephasing was developed in which the exchange phenomenon

menifests itself as temperature dependent line proadening and frequency

shift of the Raman or infrared tran sitions. The Raman spectrum of
1,2,4,5—tetrémethy]‘benzene has:bEen found to exhibit this effect,

and has been studied in detail in the C-H stretch region from 11.5¢K
to 3000K. This data is presented, along with an analysis using the

Raman lireshape function obtained from exchange theory. The molecular

parameters obtained are presented, and the results are discussed

in terms cof anharmonic coupling of high-energy C-H stretch modes with

lower-energy methyl motions. .The observations suggest that the simple
model of a high-energy mode interacting with a single low-energy mode
is surficient in this case, and mechanisms are proposed to explain

the observed coUp]ings.
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I. Introduction

Vibrational spectroscopy of mo]ecd]es in condénsed phases and
its interpretation is often rendered difficult by the numerous interacticns
present. 'A large body of theoretical work currently exists which
bears upon this problem. The app;oaches most closely related to ths
pré$ent discussionl-3, 5-28 217 involve the use of a stochastic déscription
of the phyvsical processes which influence the 1ineshape.> inereas
much of this work has addreséed guestions specifically related to
he probiem of vibrational‘dynamics in condensed phases, other treatmants
of energy transfer and dephasing processes7'10= 22’24, 26 are also
useful to understanding vibrationa]lspectra. In particular, theorie§
oricinally developed for magnetic‘resonance7‘9 and extended to electircnic
spectroscopy10 have been further expanded in our previous wo}k1‘3,
and here are applied to a particular problem in Raman spectroscopy.

A Raman line measured in a solid or liguid contains contributions
from population relaxation (T; processes), dephasing (T2 processes),
and inhomogsereous broadening; thus, the study of some particular interaction
of interest may frequent}y be impeded by the ﬁreéence of other efrtects.
Experimental teéhniques such as stimulated Raman séattering using pico-
second pu1ses4’6 have been. developed which allow the separation of'Tl
and T» processes under certain conditions. Despite.these successes,
the picosecond 1éser methods are 1imited in their applications to only
those vibrations which efpibit stimulated Raman gain.

Recent]y,1,3 it Qas_demonstrated that the temperature dependenée

of spontaneous Raman scattering can serve as a powerful means for

investigating detailed molecular dynamics when enargy exchange between
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coupled vibrat{ona1 modes dominates the dephasing‘channels. Intermolecular
energy exchenge manifests itself as a temperature-dependent change
in Vinawidth and peak Trequency. In an ear]fer pub]ication,2 we presented
an analvsis of one CH stretching mode in 1,2,4,5-tetramethyl benzene
(durene), ffom which'we.were able to determihe the dephasing mechanism
in detail. In short, we were able to separate the linesﬁape into two
components: a residual linewidth and peak frequency'présent in the
‘low-temperature 1imi£, plus a temperature—dependent»broadening and
frequency shift caused by the exchange brocééé.
| For the exchange phenomenon to be an. important factornin a lineshape,
several conditions must be met. For simp]jcity? we will assume- that - -
the lineshape to be studied is a high-Trequency vibrational mode,
although the discussion'may readi]y be extended to other systems.
Insofar as the vibrational motion can be regarded as a.harmonfc_osci?iator;
excitations and relaxations of other vibrational modes do not affect
its resonance frequasncy. In rea]ity, however, the motion will contain
anharmonicities which couple the'giveh mode to other‘modes of the
molecule. . This coupling may cause significant shifts in the energy
levels, in which case excitations and relaxations of the other modes
vill modulate the resonance frequency of the mode of interest. If .
wé restrict the discussion to the case of two interacting modes, one
of high £requency and the other of low frequency, we will have an
energy 1evé1 schema described by Fig. 1.
If the energy needad to excite the low frequency mode (Ez) is
on the‘order of kT, thermal population and depopulation of the state

Tabelled (0,1) will occur. This will cause the resonance Trequency -

)
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the two transitions; and T, the lifetime of. the low-frequency mode.

of the high-frequency mode to jump between tvwo values, w an¢ w + 6u.
This phvsical situation can now bz treated using exchange theory.
The important parameters for this problem are W:, the promotion rate

for the low-frequency mode; d&w, the fregquency difference between

The dimensionless quantity 6wt allows the three exchange regimes to

be distinguished: (1) dwr << 1, fast exchange; (2)swt = 1,

. . 7 - - - . . .
“intermediate exchangz; (3) Swtr >> 1, slow exchange. In the siow exchange

1imit, the process of excitation ard relaxation of the Tow energy
mode represents c&mpfete loss of phase memory. In this case, the
transition rate W: represents the truz déphaSing rate for ths system
anc will be directly re1ated to the linewidth. There will be two

11n3$ apﬁearing in the spactrum, atw andw + Cw. In the fast excnange
limit, the excitation and de-excitation oflthe low freguency mode
causes regligible loss of phase memory, and therefore one will chserve

a single line, with an effective resonance frequency betwzen

and w+ Sw . The scattering rate, W:, does not represent the dephasing -

rate, and the Tinewidth will reflect the presence of "exchangz narrowing.”

In the intermadiate regime, partial phase memory is retained in the
scéttering process, leading tc & temperature dzpendence for the spectrum.

As the temperature is increased, Wy will incrzase and result in a

‘broadening of the line and a shift in resonanca frequency.

The usefuinass of the distinction among slow, intermediate, and
fast exchange arises from the fact that the quantity dwt is easily
measu?ed experimentally from the temperature dependence of the spontanecus

Raman spectrum.



-~ In what follows, we will demonstrate that the syStemé which we
have studied are in intermediate exchange, and that the exéhange theory
is sufticient to account for the observed temperature depéndence of
the spectrum. We will present our results for five vibrétiona] mOdeé
in durene, and show how those results suggest a someswhat surprising
scheme for the coupling of high-frequency and low-frequency vibrations
{n this molacule. Finally, we will discuss some possibié mechanisms

for this coupling.



I1. Theorestical Sw mary

$ A careful treatment of the theoretical aspect of the problem

has besn presented elsewhere.d Here we will sunmarize the important

oy

o . X
-features of that theory as thev pertain to ize resuits w2 have obtained.

The type of system to which ‘exchange theory is appficabie can be
described in terms of a three-part Haﬁi]ton*an, H =3, + Hb + Hoy.
'The zerc-order Hamiltenian, #g, is associat ¢ with the enefgy Tevels
of the moiecu1e;;(p, the perturbation Hamil onian, cauies shifts‘ih
energy of the levels ofﬁfb; and ¥ay modulail- s the energy of the levels

by impcsing 2 time depondence on ¥p. Any f rmulation of exchange
theory has as its goal the calculation of ti2 autocorrelation function
for the transition of intersst. Although s veral treatmants of exchangs

theory exist,7‘11 they share the common ass:mption that the exchangs

ime.

(o

prozess can be described by a Markoffian ra dom function of

v

Under this assumption, we have shown that a treatment based on the
use of coupled density matrices, and the ea: li2r treatment of Anderson,8

yield the same equation for the vibrational autocorrelation function:

\

(1)

= B r ] . m o W
EROR ’]\.J exp t{iwy + I) W

vhere Wy gives the initial population distr Sution, w, gives the

transitign frequencies, and T is derived fr.m the transition rates.
The form which the Hami]tonian_must iaFe in our case can be seen

bv again referring to Fig. 1. ¥, will be a harmonic oscillator |

Hami]tonian, vhile Hb méy be obtained by ex;anding the vibrational

3
p . . > [} 3 o ’ . o
potential as a power series. ﬂb will be th: anharmonic term in this



expansicn, namely:

tp T L Cigk@iQ T GipaQiQiQ@ ¢ (2)

[

where the Q's are the normal vibrational coordinates. ¥p has the

effect of shifting the levels of iy and creating the frequency difference

N

“6w. Finally, Heyx causes transitions 1n'fhe low-frequency mode, and
is assumed fo be a random function of timé characterized by the upward
transition rate H+,‘and the ]ifetime,'r, of the upper state.

When the ahove parameters are ﬁnéerted in Eq. (1) and the Fourier
transform %sltaken, the foliowing equatfon>reéu]ts for'the’1ineshape:_

Hw) =

;e
Al

W (80)2/(1 +uyT) (3)

[‘w'z -‘(50)/2)‘2]2 + [ Mylw' + sw/2) + V(o' - sw/2)12

where w' = w - mo - dw/2. | : ;
In order to describe the temperature dependence of I(w), we assume

that the Tow frequency mode has a constaent 1 over the temﬁerature

‘range studied, and from detailed balance MW+ is equal to 1/1 exp(-Ea/kT).

Ea, the apparent "activation energy, corresbonds to the energy needed
to excite the low-frequency mode. That the assumption of\constant

T is correct can be readilijerified experfmenta]]y, as will be shown
below. Th Fig. 2 the resulting température dependence of I{w) is
shovn. Severa] points should be borne in mind concerning thi§ figure:
(1) If T is sufficiently short, the'Sma?]vsecond peak in the low-

temperature spectrum will not be visibie. (2) The assumption of

constant T will break down at high temperatures. (3) The ir}luence

-

s




high temperatures may not be experimentally observable. Nevertneles

. o I -
© processas in the term Ty
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of higher harmonics will be important at higher temperatures. Because R

of condition 3, ths characteristic narrowing phenomanon expected at

w

>
throughout the Tow temperature regime, Eq.‘(3) vil1 correctly describe
the e;perimenta1 lineshape.

Near‘w =Wwg one can cbtain approximate expressions for the 1inewidth

and peak freguency:

(Geff) = Uo + Wabw /(1 + (60)2:2) (4)
T8 1 s (se)2eZ/ (1 ¢ (0)2:2) + Ty | (5)

Here we have included additional, temeerature—independent dephasing
1 Equatiohs (4) and (5) ar2 valid only

in the slow to intermediate (8wt 2 1) exchange regime;v These two
equations predict a tempefature dependence for Qggﬁ_fhe peak frequency
and the linewidth. Both of these effects should exhibit the same
activation eneréy, Ey, provided the range of validity of the approximate -
expreésions (4) and (5) has nof been exceeded. Plots of frequency |
and width vs 1/T should allow the evaluation of  the important quantities
& and T . | |

~ The important considerations for the experimantalist may be summarized

as follows: (1) The presence of exchange is suggested by the cccurrence

-

“of a broadening and a shift in frequency of a Raman line. - (2) The

assumption of constant T must be verified (as will be shown below).
(3) It must be established thaf the system is in intermadiate exchange.
(4) Equations (4) and (5), or alternatively Eq. (3), can be used to

. . . " B}
evaluate dw, T, and Ea. From the knowledge that dw arises rrom the
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anharmonic part of the vibrational potential, it may be possible to
draw conclusions as to the specific nature of the anharmonic counling.

The activation energy E, tells which low-energy mode (or modes) of

(D

73]

molacule is respon

th

{Y

ible for the dephasing. v



Ili. Experimental

The Raman spectruh of 1,2,4,5-tetramethyl benzene (see Fig. 3), or
durers, was investigated:in the C-H stretch regibn from 2850-3100 cm-1
A po]ycryséa]lihe sample was studied dver a2 range of temperatures
11.59K to 2009K. In"Fig. 3 we repnoduce2 the Raman spectrum at the two
extreme temperatures, showfng five lines which strikingly exhibit.
“the type 6f behavior whichlmakes them amenabls to study by exchange
theory. Additional spectra were taken at approximately 10 intermediate
teméefatures.

The simplest means of data analysis, and'one-which frequently
- gives satisfactorylfesu]ts, is to plot the log of the 1inewidth and
frequency'shift as a fuhction df invérsé temperaiure.‘ Su;h'a piot
will have a slope corresponding tc Ea/kT, based on qu. (4) and (5)
and the assumption that Wy = 1/'rexp(-Ea/kT),.while the y-intercepts
in conjunction with Egs. (4) and (5) céh be used to evaluate 8w and T.

The -defect in this procedure is that.it_depends upon thne
Va]idﬁty of Eqs. (4) and (5), vhich are only accurate near w = wp.
A better method is to use the exact lineshape function given by
Eg. (3), and to account for the residual 1ow-témperature'11newidth
by convolution with a temperature-independent Lorentzian line. Again,
ve assumz that the temperature dependence of the exchange lineshape
function can be contained in the factor M+. This abproach resulis
in an equation for'the obsérved Tineshape having five adjustable barameters
(wg, Sw. T, E;, and the low temperature linewidth) and two independent

veriables (frequency and temperature). By a least squares fitting
)
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procedufe using the.expefimentally observed lineshape we were abie
to evaluate the parameters for each of the five lines of interest.
Thiszdata 53 presented in Table 1.

Finally, the app1icab11ityzbf exchange theory will be supported

nsitions are

o))

if it can be shown frqm-fherbserved.data that the tr
in intermediate exchange, i.e., that Swr=1. Th}s can be done quite
~easily, since the first term in (5) dividad by the seéond term in

(4) equals Swt.. This corresponds to'taking the ratio of line broadenfng

to the freguency shift for a given temperature. This quantity has

been plotted as a function of temperature for all five of the transiticns.

studied (see Fig. 4 and Reference 2), and the condition of iptermeﬁiate
exchange is verified in each-case. In addition, Fig. & cdnfirms anothar
important assumption mentioned above, namzly that T is constani over

the temperature range studied. Thus, the Va]idity of our interpretation

- of these spectra is confirmed in two important respects.

¢
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Teble. 1. Paremeters obtained from least-squares analysis of tempera-
- - ture-dependent lineshape data. :

Raman Active o ' .
C-H Stretch Low Frequency Dehasing Channels

v ’ wo (em-1) Mode Dephas1ng Mode  g{cm” Ly Tsw(em=1)  1(ps)

a 2920.0  Ag, Byq Bzq - Torsion 194310 #13.56  0.3%

b 2557.7 22921 +10.5 0.86

i Aq, Blg o S
c ¢970.3 - Blgs Ag - Methy1 265%6 -24.2  0.19
. Rock
d 2987.3  Byg, B3g B3g, Bpg Out-of- 341%13 -20.6  0.25
7 pTane
Methy] Bend
e 3027.%5 Ag l .Blgs Aq Mathy1 263%19 -21.2 0.36

Rock

~—
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IV. PResults end Discussion

Although the results presented in Teble 1 are interesting in
their own right, 1t is more useful to attempt tc interpret them in
a way vhich sheds 1ﬁght on -preciseiy.ﬁhich interactions are important
| dephasing mechanisms jn this system. Tﬁe'approach which we have taken
is based on a comparison of the observed activation energies (listed
in Téb]e 1) with the known low-energy vibrationalbspectrum of thez
molecu]e.gg, Cne remarkable fact emerges’immediateTy: in four out
of Tive caseé, fhé activation energy matches, wifhin experimenfal
errer, some low%energy motion of the molecule. This suggesté that
the simple mqﬁe] discﬁssed above of a highffrequency modé couﬁied
to 2 single low-frequency mode is in factvSfoicient to‘actount tor
the dephasing in many\cases.

While the simplicity of this resu]t'is.attréctive, it is important.
to consider what mechanism might be responsibie for the pbserved coupTings,
ang howlthe single-mode selectivity might bé'accounted for. Unfortunately,
the pursuit of this quastion has been‘hampered by the 1ack of a full -
a2ssignment df this region of the spectrum, and tharefore the conclusions
to be drawn here must be regarded as less secure than other aspects
of this work. Nevertheless, some/assignments are viell establishad30
and do provide firm support for the interpretation we propqse;

~As was mentioned brief]y in Section II, and-discussed at length
in the theoretical paper, the frequency difference Sw results from

the anharmonic potential ﬂb (Eq. (2)). We have ca]cuiated the relative

importance of the Tower order terms in this expansior, and concluded
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that terms of the form C....Q?Q?‘make the most significant

LR AN , ]
contribution to Sw. - This implies two things: &y may be either positive

or negative; and Qi and Qj_may have any symmetry (Q?Q? is always
totaly symmetric). Any intra- or intermolecular interaction consistent
with the foregoing may, in general, cause vibrational modes to couple
and to exhibit a Sw. We would like to suggest two such mechanisms
which could be invoked to explain the couplings and frequency shifts
which we observe.

| The most obvfous mechanism which'wou1d couple two'vibfations
ié a steric interaction. An i]]ustration of fhis possibility in durene

is shown in Fig. 5. As the adjacent methyl groups torsion about the

Cc-C bond, the ﬁeighboring protons closely approach one another, and

would be expected to interact strongly. This would evidently affect

the ffequency of the methyl C-H stretching modes, thus providing the
type of tWo-mode coupling we have. outlined. An energy diagram for

the torsional ﬁotion is shown in Fig. 6, the first eicited'torsional
state being 197 cm-1 above the ground state. This value of>197 cm-1
should, a;cérding to exchange theory, manifest itself as an activation

energy for the broadening and shift seen in the spectrum of the methyl

N C-H stretch. Our data for the C-H stretch mode at 2932 cm~l is shown

in Fig. 7 and énalysis of thisvdata yieids an activation energy of
194 cm‘l* which agress closely with the torsional frequency (197 cm‘l,
Ref. 29). The fact that &w is positive indicates that a torsional
excitation increases the énergy of-thelC-H stretch mode.

In a substituted benzene molecule, the electronegétivity of the

substituents strongly affects the electron density in the ring. The

I
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vibrational frequency of a proton attached to a substituted benzene
ring depends on the distributioh of electron density within.the ring,
and hence on the 'nature and location of the substituents. This fact 4

suggests a second mechanism which may be responsible for coupling

&

_ the“yibrational modes in duréne; however, owing to the difficulty
of Caiculating electron densities in.vibratfona]]y excited mb]ecuies,
-the fql]owihg_discussion isunecessarily speculative. It is reasonab]e
that the excitation of a viﬁrationai mode in é moiecu1e-such as durene
ﬂwou1d.sign1fitént1y perturb:the electron distribution in the ring.
This would then affect fhe fréquencfes of;other modes, and, it should
be noted, could éhift them fb either lower or higher energies,
‘depénding on the specifics of the situation. In durene, one woujd
expect thiélmechanism to manifest itself most strongly in the case
of the arematic proton stretch, sinte‘these protons are in close contact
vith fhe,ring. |

1In Fig. 8 wé show our data for the aromatic C-H stretch mode
in durene‘(3025*tm'1); Agafn, the temperature dependénce exhibits
the’qua1itative_béhavior suggestive of exchange, and a careful analysis
yieid§ a Sw of -21.2 -1 and an}ac;ivation energy of 263 cm-1 + 19, This
activation energy doeé indeéd ma{ch the enefgy'bf another molecular.
mode, namely, the methyl rock at 282 em~1l. Thus we would sﬁggest that
an excitatibnlof the.methyl rock at 282 em-1 causes some‘change in ;
the electron distribution in the ring, which in turn causes-a shift
of -21.2 em-1 in the freqhenéy of the aromafic‘proton stretch.

No such detailed exb]anations will be given for the 1ast'three

modes we have ana]yzed; but the data is presented for theriake of



completeness in Table 1. The important point to note is that in two

out of three of these additional cases, -the activation energies match

- with. low-energy methyl motions. We anticipate that, given more detailed

information concerning the interactions,present in this molecule,

the couplings observed in these two cases could be describad in terims

“similar tc those we have discussed above. Finally, similar studies on.

isotopically mixed crystals should provide data which corroborates salient
features of the thecry as well as indicating where further development

S necessary. Su¢h experiments are currently in progress. .

.
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V. Conclusions
In this papér, we have presented an application of exchange theory
to vibrational spectroscopy. That energy exchange can make an impdrfant !
contributibh'to a Raman ]inéShape fs, of itself, & funﬁamenté?]y fmportaht
obsérvatidh. The data presented here strongly supports our be]ief"_
that exchange theéry is applicable fc studying the broadenings and
‘ sﬁifts we have observed. Mofeover, the use of ﬁhis theory has, given
va1uablevinsight into the éoup15ngs and interactions between vibrational
degrees of freedom in this mo]ecu]e,lénd a more or less tomg]ete
picture of the dephasihg mechanisms which are ope%ab]e is emerging.

In this parficu1ar app11cation we haye observed .the exchangé phengmenon
arising from a coupling between Vibrationa] modeé. The theory, hdwever,
is nét rastricted to this type of interaction; the‘tranSitions could
be electronic or rotational as wgl]L It is therefore to be expected
that many'sbectra1 lines wi11vekhib1t, to a greater or lesser extent,
evidence of eXchange. The presence of exchange should enable, through.

simple experimental means, the evaluation of important molecular parameters.

..
)

e
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Figure Captions

The four zero-order levels are shown on the left. The
perturbation, Hb shifts the relative enargy of level (1,1).
This results in two transitions, atw andw + dw. Ea, the

@

"activation energy," is the energy difference between (0,0)

and (0,1).

2. The temperature dependence of the exchange lineshape I(w),

given by Eq. 3. The values of the parameters are:

dw = 10.0 cm-1, T = 1.25 psec, Ea = 150 cm-1. The temperatures
shown are (1) 1009K, (2) 2500, (3} 1000¢K. |

The Ramén spectrum of 1,2,4,5-tetramsthylbenzene at‘BOOOK

(top) and il.SOK (bottom). The arrows indicate thé direétion
and magnitude of the frequency shift for each Jine. |
The points represent the quantity Gwr,\and a%e.obtained'byi
dividing the Iine'broadening by the fréquéngy shiff.

Theée pictures illustrate the steric interaction resd]ting
from the torsional motion of the two adjécent’methyl groups.
We have postulated thét this steric interaction couples the
torsional motion to the 2932 cm"1 meth&] C-H stretch.

Energy diagrah for methyl torsion in durene. The funcfion
exhibits three-fold syﬁmétry, and the splitting between ground
.and first excited state is 197 cm-l. (Ref. 29)

(a) Linewidth vs T for the 2932 cm~1 C-H stretch in"durene;

on the left is the raw qéta, to obtain the points on the

right we have subtracted a temperature-independént linewidth.

B)
?
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Fig. 8.
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The slope is epproximately exponential, as predicted by our
theory. (b) Frequency-vs T for the same transition._\Again,
the data on thevright vas chtained by subtracting the zero-
temperature peak freguency.

Data for the 3025 cm-1 line, presented as in Fig. 7.



ce

ENERGY LEVELS FOR TWO COUPLED ANHARMONIC OSCILLATORS
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TEMPERATURE DEPENDENC_E-OF EXCHANGE LINESHAPE
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SPONTANEOUS RAMAN SPECTRUM: C-H STRETCHING REGION

Raman Ihtensi‘ty
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. Figure 3
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RATld OF THE TEMPERATURE DEPENDENT PORTION OF THE LINEWIDTH AND FREQUENCY
SHIFT IN THE RAMAN TRANSITIONS OF TETRAMETHYLBENZENE (DURENE)
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ROTATIONAL TUNNELING IN 1,2,4,5 TETRAMETHYLBENZENE
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Raman Linewidth

- TEMPERATURE DEPENDENCE OF RAMAN LINEWIDTH

FOR THE DURENE METHYL C-H STRETCH
(Wyjp = 2932 cm™)
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TEMPERATURE DEPENDENT RAMAN FREQUENCY SHIFT
FOR THE DURENE METHYL C-H STRETCH

(wyb= 2932 cm™)
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TEMPERATURE DEPENDENCE OF RAMAN LINEWIDTH

FOR THE DURENE AROMATIC C~H STRETCH
(Wyib = 3025 cm™)
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Raman Frequency
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TEMPERATURE DEPENDENT RAMAN FREQUENCY SHIFT
FOR THE DURENE AROMATIC C-H STRETCH

(Coyjh =3025 cm™!)
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