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A model is developed for calculating the pure-dephasing (7>) contribution to overtone lineshapes in isolated mole-
cules. The linewidth is attributed to time-dependent fluctuations in the frequency of the overione transition, resulting
from the vibrational motions in the molecule, and no transfer of cnergy (intramolecular vibrational distribution) occurs
in thijs picture. Numerical calculations for 2,3,5,6-paradeuterobenzene are presented.

The observation of overtone lineshapes in medium
size molecules (e.g. benzene and benzene derivatives)
11—7] has triggered a considerable attention in recent
years [8~17]. Many of the high overtone lineshapes
of aromatic C—H stretches have a characteristic width
of =100 cm—!. The simplest way to interpret this
width is in terms of a “"doorway state” picture in
which the zero-order overtone state is coupled to a
manifold of states whereby the vibrational energy is
redistributed among the other modes of the molecule
[8]. In this picture we have,

r=2nVP3p, )]

where I/ denotes the coupling strength. p is the den-
sity of states in the manifold and I' is the fwhm of
the resulting lineshape. This model was first suggested
[8] following the pioneering experiments of Bray
and Berry [1]. In this picture, the linewidth is asso-
ciated with the inverse lifetime (vibrational redistri-
bution rate) of the doonway state or in the language
of relaxation theory a T process™. Considerable
progress was subsequently made in identifying the
nature of the final states and the coupling strength
[14).

It was suggested, however, that there exists an
alternative mechanism to account for these line-
shapes, namely a pure dephasing **T’; processes™
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[9.10.18]. In this mechanism, the linewidth is attri-
buted to time-dependent fluctuations of the over-
tone transition frequency resulting from the mo-
tions of the other molecular degrees of freedom.
This mechanism can induce line broadening with-
out changing the lifetime of the excited overione
state. In other words, the inverse linewidth '~ is
not associated with any intramolecular vibrational
redistribution rate but rather with the magnitude and
the time scale of the frequency fluctuations. Dephas-
ing mechanisms are common in macroscopic line-
shapes (e.g. pressure broadening [18,19], impurity
spectra [20], and magnetic resonance [21]), bui their
significance in intramolecular lineshapes was not ex-
plored in detail.

A specific model was proposed recently towards
the calculation of dephasing contributions to over-
tone lineshapes [10]. We consider a single local mode
q (e.g.a C—H stretch) in 2 molecule whose normal
modes are denoted Q. (Q should exclude the C—H
stretch to avoid double counting.) The molecular
Hamiltonian will be partitioned as follows:

H=H(q:Q) + Hy(@), )

where

Hy = —(%/21) 32/3q% + D{1 — exp[-a(q — 7)]}?
(2a)

and

Hy = _Eﬁ‘*’i(”z;, +07). (2b)
ie6l
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Here f; denotes the local mode Hamiltonian which
is taken to have a Morse potential. y, D, 2 and & are
the reduced mass, the dissociation energy, inverse
range and the equilibrium position of the local mode.
H), represents the other molecular normal modes
where P; and Q; are the dimensionless momentum
and coordinate of the ith mode, respectively. The
coupling between the local mode and the rest of the
molecule is represented by the parametric dependence
of Hy on @. We assume that the Morse parameters

D and a depend on Q. (We could assume that g also
depends on @, but this dependence will not contri-
bute to the line broadening within our model.) We
thus have

D(Q)=D+8D(Q). a(Q)=a+8a(Q), 3)

where D and 7 are the values of D and 2 when all
other nuclei are in their equilibrium positions (g; = 0)
and 6D and 6a represent the [luctuations in these
guantities. 1f we ignore these fluctuations, we have
the eigenvalues ol Hy :

E, =& n+})—x(n+1)?, (4)
where

&, = i (2D/u)'2 (4a)
and

=m0 . (4b)

The frequency of the nth overtone transition is there-
fore:

E]!,O = (C)c "'-\T}" - ._:f.’z . (5)

When the fluctuations 6D and éa are taken into ac-
count, AE, o will be given by eqgs. (4) and (5) where
D and @ replaced by D and a respectively. Performing
a Taylor expansion. we gel to lowest order in 8D and
Sa

AE, o= AE, o+ U(Q), (6)
where

U(Q) = (BAE,, o/0a)ba + (BAE,, 0/6D)8D . (7)
Making use of egs. (4)—(7) we get

U(Q) = A8aja + BDID , (8)
where
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A=@.n —2x(n+ n?) (8a)

and

=101 . (8b)

Since the coordinates Q are dynamical variables which
depend on time, eq. (6) implies that the frequency of
the nth overtone is modulated in time. The resulting
lineshape. within the second-order cumulant expan-
sion is then [19]

HENEY =t Re(j? drexp[—iA7 — g(r)]) , )
0

where

A= — A—E,,’O \ (9a)

g@= [ dry(z = ) UOU(r ) (9b)
0

and

UO@)U () =Tr[U exp(ify7) U exp(~iHy7) on] -

(9¢)

£y is the canonical density matrix of the normal modes,
ie.

Py = esp(—HG/kT) Trlexp(~Hn/kT)] - (10)

The lineshape is given therefore in terms of the correla-
tion function of the frequency fluctuations (U(0) V(7).
Alternatively, we can define the spectral density func-
tion

J(@)=@m~! [ duEOUE) exp(-iwn) . (11)
resulting in

g(n= f dw w2 J(w)exp(iwr) — it — 1] . (12)

XY

We shall now specify the model for 2,3,5,6-para-
deuterobenzene. It is reasonable to assume that the
local mode Hamiltonian Ay is most affected by the
configuration of nuclei in the immediate vicinity of
the local mode. We therefore take 8D and éa to depend
on the internal coordinates «, § and r, shown on the
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following scheme:

Let us introduce the following dimensionless rectilin-
ear internal coordinates

R,=(r-ro)lrg, R,=a—ay, Rz;=B-Bg,
(13)
Here, ry, &g, By are the equilibrium values of these

coordinates. We now expand 6D and 6a in these coor-
dinates, i.e.

sD/D= 27 WEIR,R, + .., (14a)
v, u=«,B.r

sala= 23 WORR,+.... (14b)
v,u=a.f,r

The /1 being dimensionless coupling constants. The
rectilinear coordinates may be expressed in terms of
the normal modes, i.e.

Ru= .ELUI'Q[' (15)

The transformation matrix L was calculated using the
relations

S=UR, S=L0Q. (16)
ie.
L=uUiL , a7n

Here S is the set of symmetry coordinates. U and L

were taken from Albrecht [22] and Whiffen [23-25].

Making use of egs. (8).(14) and (15) we finally get:

U(Q)=Z 1;9; 9 » (18)
iy

where

i = E) (An@ + B L L, . (19)

The spectral density (eq. (11)) may then be calcu-
lated using standard techniques:
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J(w) =)~ ! f dr(U(0)U(7)) exp(~iwr)

_ 1 Tre (=
= ’Z!: 7 |~ [ (7 + N é(w — w; + o))

+(7; + DT+ 1)6(w — oy ~ w;)

where #1; is the occupation number of the ith oscilla-
tor,

i1; = [exp(hey/kT) — 111 . n

Fig. 1. Comparison of the contribution of the various rectilin-
ear coordinates to the overtone line broadening. Shown is the
lineshape /(A) (eq.(9)) forn = 6, T = 300 K. The spacing
between divisions on the frequency axis is 20 cm™? . (A) Diag-
onal coupling terms: (a) "t(xex) = /Igg) =025, (b)) iF =1 D) =
0.25;(c) {2 = 1{P) = 0.25. (B) Mixed coupling ierms: (d)
1) < n D= 095" &) 1f8) = K(D) = 0.25: () (@) = 1 (D) =
0.25. All the other / arc taken to be zero.
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The first term on the rhs of eq. (20) contains some
contributions of frequencies «w around w =0, and
these will play the dominant role in the dephasing
mechanism by forming “clumps™ of lines around

¢ = 0. The other two terms contain high frequencies
w=E(w; + w,-) which will contribuie to some weak
combination bands but not to the broadening of onr
overtone transition of interest. The absorption line-
shape was calculated by aking J(w) (eq. (20)), cal-
culating g(7) (eq. (12)) which was then substituted
in eq. (9). In figs. 1—4, we display the results of the
numerical calculations. The only free parameters in
the calculation are the dimensionless coupling con-
stants /1 {eq. {(14)). All the other information was
taken from the torce field of Albrecht [22,23]. We
have included the 21 in-plane vibrations in the calcu-
lation. We first 1esied the effects of individual cou-
plingsh,, . In fig. 1 we show a series of lineshapesin
which one particular pair of coordinates vu was taken
10 have lzf,‘:"= hfﬁ’ =0.25 and all the other /1 were
tahen 1o be zero. It is clear that the mixed terms /1.,
Irg, and in particular /1,5 (fig. 1B) are most effective
in inducing the line broadening, whereas the diagonal
terms /1, ., iz and 4, (fig. 1A) are much less effec-
tive. The effect of the coupling strenath is shown in
fig. 2 whereby we have taken a specific choice of /1

o]

£
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. |
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o
o Ll‘i '
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v o
£ s !
: R
. i
—.—f—«}:
3
'!.
Pitss) i

P12, Bffect of the coupling strength (/1) on the overtone
hneshapes. Shown are /(a) forn = 6, 7= 300 K. The spacing
belw een divisions on the frequency axis is 20 em™ ! (A) hg‘g
= 1:%‘;) =lzé" =01, hB)=nD) = /z(()D) = 0.1,/1‘(1“’) = Iré‘;) =
J:;g = 0.2.)}&?) = irg)?j = l:(r =0.2:(B) same as {A) but ul
f1 divided by 2:¢C) same as {(A) but all /r divided by 3:¢D)
same as (A) but all 1 divided by 53:(E) same as (A) but alf

i divided by 8.
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Table |

The major contributions to J{w)/w? for the parameters of
fiz. 2A. Shown are the largest conwributions to J ()
where w = w; - wy {The tirst term on the rhs of eq. (20))

w {em™ 1) wi(cm_l) wf(cm") J (e fos?
0.8 960.9 960.1 0.79
3.4 588.6 585.2 422
4.3 1568.5 1564.2 0.50
5.2 8186 8134 4.03

17.7 977.8 960.1 0.22

489 867.5 818.6 0.054

and scaled all of them down gradually. The # param-
eters of the lineshape A were chosen such that the
fwhm =85 cm~! will agree with the experiment [1].
As the couplings /2 are scaled down by factors of 2,
3.5 and 8, the picture changes drastically and the
lineshape E contains just a few lines. In table 1 we
show the dominant terms in J(w)/«w? and their ori-
gin (ie. from which particular «; ~ w; pair they
arise). 11 is clear that a few low frequencies 3.4, 5.2,
0.8 and 4.3 cm~! dominate. The dependence of the
width on # is shown in fig. 3. In general. the coupling
strength U (eq. (8)) and consequently the linewidth
grow with #. This is not always the case in the experi-
mental lineshapes {1], which implies that the dephas-
ing is not the only broadening mechanism. Finally,

in fig. 4 we show the dependence of the lineshapes

v 2

1 g
’ & g

IFig. 3. The dependence of the Jineshape on the overtone
quantum number 1. 7= 300 K. The spacing between divi-
sions on the frequency axis is 20 cm™ ! Other parametess
same as fig. 2A. The valuc of # is indicated on cach lineshape.
The fivhm of these lineshupes are 33, 36,53, 66, 77 and 85
em™?! torn = 1—6, respectively,
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Fig. 4. Temperature dependence of the overtone hneshape.
n=6. Thc; spacing betuw con divisions on the frequency anis
15 20 cm™ . Other parameters sume as fiy, 2A.

on the temperature. There is a strong dependence at
low temperatures and the broadening eventually va-
nishes at zero temperature. This dependence may be
used to distinguish between the dephasing and the T

(intramolecular vibrational redistribution) mechanisms.

The latier is expected to exhibit a much weuaker tem-
perature dependence and will have a finite contribu-
tion even at zero temperature. There exists one exam-
ple (1etramethyldeoxetane) [12] which showed a
very weak temperature dependence in the range 4—
300 K suggesting that in this case 7'y is probably the
dominant mechanism.

In summary. we have shown that a pure dephasing
mechanism can be significant in inducing line broaden-
ing of overtone lineshapes. More studies are needed in
order to evaluate the /1, parameters and determine
the absolute magnitude of the resulting broadening
and what fraction of the observed linewidth is ac-
counted for by the present dephasing mechanism.
This may be achieved either by monitoring the tem-
perature dependence of the linewidth or by time-
resolved double resonance experiments which probe
directly the intramolecular vibrational redistribution
Processes.
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