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A semiclassical model for intramolecular vibrational
relaxation of local mode overtone in polyatomic molecules
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A combination of the semiclassical perturbation (SCP) approximation and a
kinetic coupling model gives rise to simple analytic formulae for the descrip-
tion of local mode overtone absorption spectra and the associated
intramolecular vibrational relaxation in polyatomic molecules. Application
to the CH(CD) stretch local mode overtones of C¢Hg (CsDg) gives results
which are in reasonable agreement with experimental observations. The SCP-
kinetic coupling model is thus seen to provide a very useful description of
this intramolecular dynamics.
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1. Introduction

Intramolecular vibrational relaxation (IVR) is an important feature of the
dynamics of polyatomic molecular systems; it plays a central role, for example,
in the description of multiphoton excitation and mode specific chemistry. A
particularly clear and dramatic example of IVR is manifest in the overtone spectra
of CH stretch local modes observed in a number of polyatomic molecules. Because
the phenomenon is so ubiquitous, it has attracted considerable experimental
[1-5] and theoretical [6-12] attention.

We have earlier [ 13] shown how a simple semiclassical approach, the semiclassical
perturbation (SCP) approximation, provides a qualitative description of the line
shapes of the CH overtones - and thus the related time decay of the initially
excited local mode state ~ and the purpose of the present paper is to present a
more detailed analysis and to show that the description is also quantitatively
useful. The SCP approximation [14,15], which is essentially a perturbative
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approximation to “classical S-matrix” theory [16], has been usefully applied to
a number of phenomena - vibrationally [17] and rotationally [18] inelastic
scattering, diffraction of atoms and molecules from crystal surfaces [19], phonon
inelastically in atom/molecule scattering from surfaces [20], curvature corrections
to reactive tunneling probabilities [13] - and this is another example of this very
simple and widely applicable dynamical model.

Our preliminary discussion [13] of overtone line widths was based on the reaction
path Hamiltonian [21] but in the present work we have utilized the kinetic
coupling model [11, 22, 23] originally proposed by Gribov [24] to describe the
polyatomic molecule. In this model internal displacement coordinates, i.e., the
changes in bond lengths and bond angles, are used. One of the most important
advantages of using internal displacement coordinates is that in low orders of
approximation the anharmonic potential coupling terms between the local modes
and the remaining degrees of freedom of molecule, which are extremely difficult
to determine, can be neglected, since in the internal coordinate frame the kinetic
coupling terms resulting from the coordinate dependence of the effective mass
for the internal coordinate motion provide the dominant coupling responsible
for the overtone line widths [11, 25). In contrast with the potential coupling, it
is a rather trivial matter to calculate the kinetic coupling terms. In the present
work the SCP approximation plus the kinetic coupling model gives simple,
analytical expressions for the time correlation function which characterizes the
relaxation of the local mode overtone states and their related absorption spectrum.

Section 2 first gives a brief review of the SCP description of local mode overtone
absorption spectra. The kinetic coupling model that we use is described in Section
3, and its application to local mode overtone spectra is carried out in Section 4.
Numerical results for the CH(CD) overtones in benzene (perdeuterobenzene)
are discussed in Section 5, and Section 6 concludes.

2. The SCP formula for absorption spectra

Consider a molecular system of F degrees of freedom, one of which is a large
amplitude motion coordinate s of special interest and characterized by the
action-angle variables (n,, ¢,). The remaining (F —1) molecular degrees of free-
dom are a set of the harmonic modes with frequencies {w,}, k=1,..., F—1, and
characterized by a set of the action-angle variables (n, ¢). The classical Hamil-
tonian of the system has the form

H(ns’ qs, 1, q) = HO(n” n)+ Hl(nsa qs, 1, q) (21)
with
F-1
HO(ns’ n) = Es(ns)+ Z (nk+%)hwk' (2'2)
k=1

The corresponding quantum Hamiltonian operator is given by

FI=I:\I()+ ﬁl, (2.3)
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where
Hy=h,+ Y h. (2.4)
k=1

|n,) and |n,), k=1,..., F—1, are the eigenstates of ﬁs and ﬁk with eigenvalue

g,(n;) and hw(n,+3), respectively; i.c.,
ho|ng) = £.(n.)|n.)

R | | (2.5)

hk]nk) = ﬁwk(nk-i-%)lnk), k= 1, ... F— 1.

If the molecule is initially in state |n, = 0)|n), where |n)=|n,, ..., np_,) (the state
|n) will usually also be taken to be the ground state |0)), then the absorption
spectrum I(w) is given by [26]

I(w) =J dr e/ Bt h)/ R0 p| @ e YR 310, ), (2.6)

—00

where
F-1
Ey=g,(n)+ Y. hwg(n,+3),
k=1

and & is the dipole moment operator of the molecule. As is usual, one assumes
that 4 is a function only of the s degree of freedom, so that insertion of complete
sets of states before and after the propagator in Eq. (2.6) gives

(0, nl e 7H/"2j0, m)= 3 (0ilnXn, n| e nl, m)nt]l0) (2.7)

If one neglects mode mixing—i.e., the term n} # n, in Eq. (2.7), then the absorption
spectrum associated with the 0— n, overtone of mode s takes the form [13]

I, (@) =n|2]0) I dte ™ C(1) (2.82)
with
Ao=w-w,, (2.8b)
where w,  is the zeroth-order position of the 0 n; overtone absorption line
Wn,, = Es (ns) & (0) (280)
and the correlation function C(t) is
C(t) = e'Bnn’"(n n| e /%[ n) (2.92)
with
F-1
Ens,n = es(ns) + Z hwk("k +%) (29b)
k=1

To this point the description is exact: the overtone line shape, Eq. (2.8), is given
by the Fourier transform of C(t), and the task is to calculate this correlation
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function from Eq. (2.9). To do this the SCP approximation is used for the matrix
elements of the propagator in Eq. (2.9a), whereby the expression for the correla-
tion function becomes

2 dq J’2fn dq
C(t)= —= —1AD(E .
(1) L 27 )y (2m) exp [-iAD(#)/ 4] (2.10a}
where the action integral AD is given by
AD(t) = J‘ d¢ Hy(n,, g, + w,t', n, g+t (2.10b)
0
o={w}, k=1,...,F—1, (2.10¢)
and
d
o, =—8;-f:—s)= el (n,). (2.10d)

Eqgs. (2.8) and (2.10) provide the working formulae of the SCP description of
the overtone lineshape. It is thus necessary to express the perturbation H, in
terms of the zeroth order action-angle variables and then to average over the
angle variables as in Eq. (2.10a). |C(2)|* has the interpretation as the survival
probability of the excited zeroth order state |n,, n), and the Fourier transform of
C(1) gives the absorption lineshape.

Because the SCP approximation is a type of exponential first-order perturbation
theory it will be accurate for short times but less so for longer times. The initial
decay of |C(t)’ should thus be described correctly, so that the overall line shape
of the 0~ n, band will be obtained correctly. Fine structure of the overtone line
shape, and certainly the limit of individual lines, requires the long time behavior
of C(t) and will thus not be described well by the SCP approximation to C(t).

3. The kinetic coupling model for local mode overtone dynamics

An essential difference of local mode overtone dynamics from a normal mode
study is that one has to be concerned with large amplitude motion. Anharmonic
couplings among the modes must thus be taken into account, at least approxi-
mately. In Cartesian coordinates the kinetic energy is diagonal and all anharmonic
couplings are in the potential energy, whose determination requires tremendous
computational effort. In contrast, in internal coordinates the kinetic energy has
the form [28]

F

T=1 Y g;(x)pp, (3.1)
ij=1

where x={x;}, i=1,..., F, are the internal displacement coordinates, i.e., the

changes in bond lengths and bond angles, p; are the momenta conjugate to x;

and g;(x) are the Wilson G matrix elements which, in general, depend on the

displacement coordinates x and have been tabulated [28]. The g;(x) can be
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expanded in a Taylor series expansion in the internal displacement coordinates
x about the equilibrium geometry x =0

F
g,-,-(x)=g‘.3-+k2 (385/ 9%k ) xmoXet - - -, (3.2)
=1

where g%Eg,-j(O) are determined by the atomic masses and the equilibrium
geometry of the molecule. Eq. (3.2) gives the kinetic energy to the first order as

F
T=T°+; ‘Zk (08i/ 0%k ) s—0 X PiD; = T°+ T, (3.3)
L],
where
o_1e o
T" =31 gspibj, (3.4a)
ij
and
L F
T,=3 _Zk (08y/ %) x—0 Xk Pi ;- (3.4b)
i,

If the internal coordinate x, corresponds to the local mode of interest, which is
described as an oscillator with Morse potential

Vi=D(1-e™*%)’, (3.5)

then the total potential energy can be expanded as
i#s

Vix)=V,+ ¥ (Z Cyxix;+ 3, CijpXixxe +- - -), (3.6)
J ik

where the potential energy at equilibrium geometry has been chosen as zero. The
classical Hamiltonian to the first order thus reads

w=H,+ H,, (3.7a)
where
Hy=h,+h (3.7b)
with
h=3g%pst+ V.,
Lo (3.7¢)
h=% [Cijxixj +igijPin],
ij#s
and
Hl = Z Cisxsxi + Z Cijsxixjxs +% Z g(i)spips
i%s ij#s i#s
+3 Zk (08y/9%1c) x—0 Xk Pi ;- (3.7d)
Jihs

In internal coordinates the anharmonic potential couplings (the second term on
the right side of Eq. (3.7d)) are usually much smaller than the kinetic couplings
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(the fourth term on the right side of Eq. (3.7d)) [23]. In the kinetic coupling
model the anharmonic potential couplings are totally neglected, so that Eq. (3.7d)
becomes

Hi=Y Coxx,+3 ¥ gipip,+3 % (985/0%)x-0XcPib (3.7¢)

i%s its ij,

The coefficients C; in Eq. (3.7¢) and Eq. (3.7¢) are determined from the molecular
{harmonic) force constants, so that with this kinetic coupling model the classical
Hamiltonian is completely determined and relatively simple.

One now carries out a normal mode analysis [28] for the Hamiltonian h of Eq.
(3.7¢) to find the normal mode coordinates Qy, the corresponding eigenvalues
w% and eigenvectors L, with the elements Ly, i=1,..., F—1. The internal
coordinates are expressed in terms of the normal mode coordinates by

X; =% Ly Qr (3.8)

and the momenta p; are given by

Pi=% (L_l)?kQ‘k (3.9a)

where the dot denotes time derivative.
Substituting Eq. (3.8) and Egs. (3.9) into Egs. (3.7) gives

H=H,+H, (3.10a)
with
F-1 |
Ho=3g,p;+D(1-e ")+ T (Qi+wiQ)) (3.10b)
=1
and

F-1 F-1 .
Hi=}% [ ) CisLiIQIxs+% IZ g?s(L_l):'rlQIPs]
=1

izs LiI=1

+% Fz_l [: Z (agij/axs)x=0(L_l)II(L_I)}TMOIOmxs

Lm=1 Lij#s

+ (agis/axj)x=0le(L—l ?m QIOmps]

F-1 ..

+%l z [ %: (agij/axk)x=0Lkn (L_I)L(L_l ;‘,m QnQIQm] . (3100)
mn=1 Lijk#s

This Hamiltonian, Eq. (3.10),. is now precisely the form of that in Section 2, so

that the SCP approach can be readily applied: H, consists of a Morse oscillator

for the local mode and a normal mode “bath” for the remaining degrees of

freedom, and H, provides the couplings between them.

It is well known from time-dependent perturbation theory that the importance
of the terms in H; depends on the frequency difference between the local mode
and the bath normal modes. If the frequency of the local mode s is close to the
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frequencies of the bath normal modes, then the first two terms in H,; are much
more important than the last three. For CH stretch local modes, though, it is
well-known [8, 11, 13] that the most significant coupling is to the corresponding
CH bend modes, which have a frequency about half that of the stretch modes;
the third and fourth terms in Eq. (3.10c) describes this interaction. The fifth term
in Eq. (3.10c) describes coupling between the bath normal modes and will usually
be neglected in low order approximations.

4. The SCP-kinetic coupling model for local mode overtones

To use the SCP formula in Section 2 one carries out a canonical transformation
from the local mode and normal mode coordinates to action-angle variables
(n, g;) and (n, q),

(n,q)=(ng, q), k=1,..., F—1. (4.1)

In terms of action-angle variables the normal mode coordinates are given by

2n,+1
Q=1 / L sin g (4.2a)
Wi
O =V (2 + 1) wy cos 9 (4.2b)

and the local mode coordinate and momentum x, and p, are given in terms of
(n,, q,) by [27]

x,=a 'log {A7H1-(1-A%"?cos g,1} (4.3a)

and
1w, (1-A%)"%sing,

p =2 4.3b

* g a [1-(1-A%)"%cos g,] (430)
with

A=1-(n+3)a/(2D/g)"?, (4.3¢)

o =Q£—;(n—n-ﬁ= aAv2Dg,, (4.3d)
and

gs(ng) = — DA? (4.3e)

where units have been used such that # = 1. If the overtone states of interest are
not too high, then Eq. (4.3) can be approximated as

1
x,=——(1-A%)"?cos g, (4.4a)
[24
and
@s 2N1/2 s
ps = (1-A%)"*sin q,. (4.4b)

85
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With Egs. (4.2)-(4.4) one can now express the perturbation H, of the kinetic
coupling model, Eq. (3.10), in terms of the zeroth order action-angle variables.
The local mode overtone spectrum is thus given by Egs. (2.8) and (2.10), where
the action A®(t) of Eq. (2.10b) is expressed as the sum of three terms,

AD(T)=1+II+]11I, (4.5)

where

t o Fl 1+23)Y2 [2m+1
I=J' dt Y {— Y C,-SLH( ) (2n, )sin (g + ') cos (g, + w,t’)
[} 1=1 its a W

. 1—-A)V2 )
+ 3y g?s(L'l)fliu—(———)—V(Zn,-H)w, cos (gq;+ w;t') sin (qs+wst’)},

i#s SS

which may be approximated by keeping only the term involving the difference
frequency,

F-1

I=7% Wsin(g,—q+8), (4.6a)
I=1

with

. W — @y
e t

1__
W,=\/(2n,+1)w,(

2a Wg — 0;
CisLi (l)s
P (4:60)
iy Wy gss
and
8= 77+‘°‘2—“” t: (4.6¢)
t F—1 (1 _A2)1/2
II:J dt'%l x { ) (agij/axs)x=o[_(L_l):'rl(L—l)}m——‘—
] ,m=1 Lij#s

x\/(2n, +1)(2n,, +1) 00, cos (g, + w,t’) cos (g, + w;t’)

(1=-A%)"2
XG0S (g + 0+ (3810/3% )wmo Ly(L™) ‘”—(?&—)—

X \/% 2n+1)(2n,,+1) sin (g, + w,t’) sin (g, + o;t") cos (¢, + a),,,t')} s
1
(4.7a)

which is similarly approximated as

F—-1
II= % Z,,sin(q,—(q+qm)+ Bim),

im=1
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with
. ws_(wl+wm)
(1- A2 sin————— t
Zim = 2m+1) (21, + Do,
0 (2n,+1)(2n Jww 4a @, — (@ + o)
X{ Z l:_(agij/axs)x=0(L_l):.I(L_l)jm
ij#s
-1yt _%s
+ (agis/axj)x=0 th(L im _'_] } s
18ss
and
s + m
B, =Ty (eton)

2 2 ’

F-1

III=J dr'; L X (383/9%) <=0
0

Lmn=1 ijk#s

2n+1)(2n,+1)(2n, + 1) ww,,

w,

< Lay (L)LY

Xsin (g, + w,t') cos (g, + w,t') cos (q;+ wt’)

which may be approximated as

. [on— ot w,
sm|———¢

F-1 2 .
I = z Ylmn{ sm (qn_ql+qm+yl)
Lmn=1 W, —wl+wm
- (wn+wl_wn
sm{———1
2 .
+ sin (gt g1 —Gm+72)

w, tw;—w,

. Wy~ W~ Wy,
stn{ ————¢

2 .
+ sin (qn_ql—qm+73)
W, —~ W]~ Wy
with
Ylmn =% Z (agij/axk)x=0Lkn (L_l)jl(L-l);m
ijk#s
X \/wlwm Q2n+1)2n,+1)2n,+1)
w, —w;t o,
Y1 2___2——_ Z
wn+ w;— w,,
YYo=

2 ]

(4.7b)

(4.7¢)

(4.8a)

(4.8b)

(4.8¢)

(4.8d)
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and

v = w"_—____wl —Om 1. (486)

2
In many cases Eq. (4.5) can be simplified further. For example, if the local node
frequency is close to the frequencies of the normal modes, then term I in Eq.
(4.5) provides the dominant contribution. So that the correlation function C(t)

takes the form

c<t)=J”915J" d4_ g 1 exp [-iWisin (6, -4+ ). 49)
o 2m Jo (2m)

Introducing a new variable
b=q;—q
and using the identity
2@ ©
1= J d_el Z eikl(ol_q:+ql)
0 27 k;=—c0

one can perform the integrals in Eq. (4.9) and obtain a very simple, analytic
expression for C(z)

de 2 F-1 o
c<t>=J “q‘sj . [ 3 ek
0 1]

27 Q=)F! K= o0

27
% J g__o_l eik,ﬂ, e—iW,sin(9,+6,)
0 2 :

27 2 —
d 2 - d F-1 oo . . .
=J _q J' q - H Z e kg, e ikq; e ‘klaljk,(v‘ll)
0 0

27 o) Y ke
F-1
= I[[l Jo (W) (4.10)
where the relation

2 dq .
-2 1"¢1=6
Jo 27Te "o

has been used. Similarly if the local mode frequency is about twice those of the
normal modes, then term I in Eq. (4.5) is dominant, so that

27 dqs 2m dq F—1 -
C(t)=J0 E;L el H exp{ iZy sin [q,(qi+ gm) + 81 1}

F-1
= H=1 Jo(Zim) (4.11)

where the same trick as that above has been used.
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5. Sample calculation: the CH(CD) stretch local mode overtone spectra of
benzene (perdeuterobenzene)

To demonstrate the use of the SCP kinetic coupling model the CH(CD) stretch
local mode overtone spectra of benzene (perdeuterobenzene) have been studied.
Benzene is one of the most highly studied molecules. The normal mode funda-
mental frequencies and the force constants are available in literature [10, 28, 30].
In benzene, as in most hydrocarbons, the hydrogen atoms vibrate along the
direction of the CH bonds without much other motion in the molecule. So to a
good approximation the hydrogen vibrational motions along the CH bonds can
be treated as local modes. In addition, since the six CH bonds do not have a
common atom, the kinetic couplings between the six CH stretch local mode
motions are to first order zero, and it is also reasonable that the quadratic
off-diagonal terms between the six CH stretch motions in the potential energy in
terms of internal coordinates are negligible. Thus to a good approximation the
six stretch local modes can be treated as the six uncoupled anharmonic Morse
oscillators with Morse potential V(x,)= D[1-exp(ax,)]’, where D is the CH
bond dissociation energy and « is the scaling parameter. Furthermore, the benzene
molecule has the Dy, symmetry and the six CH bonds are equivalent. Thus, the
problem can be further simplified to considering only a single CH oscillator
interacting with the ring modes.

The Hamiltonian for the problem of the CH local mode overtone thus reads
H=H,+H,, (5.1a)

with
1 2 2 1 2 52 2.2
Hy=3gcupeut D[1—exp (—axcy)] +1; kz_:1 (Qit w1 Q7))

and

B 1
putpc

1

1
— M= (5.1b)
my me

&cu Hua=
where only the fifteen in-plane normal ring modes are included because there
are no coupling between the CH stretch local mode and the out-plane normal
modes. Also, since the CH stretch frequency (~3000 cm™") is much larger than
any of the other in-plane frequencies (~600-1600 cm™"), the action A® of Eq.
(4.5) is well-approximated by term IT alone. The in-plane internal coordinates
which are kinetically coupled to the CH stretch x.y are: the extension of the CC
stretch coordinates x,,xs and the in-plane CCH wag x,=Xcy B=
Xecn,[(¢s— @1)/2], where ¢, and ¢ are the CCH bond angles and Xy, is the
equilibrium length of the CH bond (see Fig. 1). By using the general formulae
for the Wilson G-matrix elements in Table VI-1 of reference [28], the kinetic
coupling H,; reads (for the details, see the Appendix)

H, = A1XCHP%V+ Asxcn(ps—p1)pw+ Asx, (Ps— P1)Pcu (5.2a)
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\
436 #)' Fig. 1. Numbering of in-plane coordinates
which are kinetically coupled with stretch
Xcy: § = xcy+ Xcn, is CH bond length: ¢, =
x;+ X, and ts= x5+ X, are CC bond lengths;
B=(d¢— ¢1)/2, where ¢¢ and ¢, are CCH
bond angles; a are CCC bond angles; Xy,
C and X, are equilibrium bond lengths of CH
Q C bond and CC bond, respectively
with
fads! HMc Hc
Amm (_+_+—) (5:2b)
Xen, Xcn, 2Xo
Ay= “/E/ (4XCH0) e (5.2¢)
A, =V3/(4Xcn,) - pe (5.2d)

where p,, p, and ps are the momenta conjugate to x,, x; and xq, respectively,
and X, is the equilibrium bond length of CC bond.

With the interaction Hamiltonian H; given by Eqs. (5.2) the SCP correlation
function takes the form given by Eq. (4.11)

= 1 Jo(Zw) (538)

with
Zpw= A (LY (L) o+ ALY L L6~ (L)1

1 w - _
+A;—— = L, [(LTYE— (L7
gCH Wy
. [ WOcHT W~ Wy
(1= A2 sin —————2 t
+ +

X\/(Zn, 1)(2nm l)w,wm e wCH—(wl+wm)

Wy = av 2DgCH A (5.3b)
and

A =1—(nca+3)/¥2D/gcu (5.3¢)

where the Morse potential parameters D =0.0199 (0.218) a.u. and « =0.9386
(0.898) a.u. for benzene (perdeuterobenzene C4Dg) are determined such that the
energy eigenvalues for the CH(CD) stretch Morse oscillator hcu(ncn) = —DA?
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Table 1. Energy spacings between successive CH and CD A (em1)
. . v,y {(cm
overtones in C4H, and C¢Djg respectively " CHe 1, cD®
1 3043 2294
2 2929 2209
2 Calculated by using the formula for the observed spacing in 3 2814 2153
the CH stretch overtone spectrum [1]. 4 2700 2097
5 2586 2040
v(em™!) =3157.1 (n +%)—57.1 (n+%)2 6 2472 1984
® Calculated by using the fomula for the observed spacing in 7 2358 1928
the CD stretch overtone spectrum [1]. 8 2245 1871
9 2129 1815
v(em™')=2322.3 (n+1)~-28.2(n+3)?
Table 2. The ring normal modes of C4Hg and C¢Dy and the coefficients in Egs. (5.3)*
symmetry v(cm™') (LY TG~ (L LS
CeHg Ce¢Dg CH CD CH CD CH CD
A, 993 945 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ay 1350 1059 0.3644 0.4685 0.0000 0.0000 0.4574 0.3557
E,, 606 579 0.0874 0.2314 1.7068 1.4389 0.0784 0.1041
Eyg 1599 1557 —0.1828 0.1157  —1.609 1.8256  —0.3894 0.2687
Eypp 1178 869 -0.5430 0.7773  —-1.621 —1.825 —0.4699 0.3565
By, 1010 970 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
B,, 1309 1282 0.1656 0.0637 1.2968 1.549 0.2738 0.1488
B,, 1146 824 0.3740 —0.5759 -1.100 0.8446 0.3229 —0.2730
E . 1037 814 -0.4140 —0.7258 0.8338 0.8023  —0.2533  —0.289
E .. 1482 1333 0.3892 0.3098 0.3588 0.5746 0.5865 0.3949
# Results taken from Reference [11]
® In square root of atomic weight mass unit
¢ In (1/square root of atomic weight mass) unit
CeHg CqDg
Fig. 2. The experimental absorp- 5k Ven 8} 8Vcp
tion spectra of CgHg (C4Dg) of Ass 23276 /A&Zf"
(65)
reference [1]. Each panel con- 0 1
tains: spectral assignments where 2or T o — < '
i 21146 251 Yeo
n indicates the number of quanta 100 14672
of CH (CD) stretch excitation, 8%— - ] e
positions of band maxima or 18904 0 <
band centers (v, values in the o 0 rof 8¥¢p
upper right-hand corners of the 400 6V, 1 T 12743
panels, in cm™'), and FWHM A 6550 o an
bandwidths in cm™'. Ordinates o) i 400} 5vcp
are absorption cross sections (o 2100+ Sven A 0763
values, in Millibarns (mb= i o7z 50
1007 cm?) and abscissae are Ot= L Ot— -
spectral shifts relative to the band ¥ 7200 oo Y teo0 o~ 100 % % *I00

maxima
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Fig. 3. The square of absolute value of the correlation
function |C(¢)* for CH stretch local mode overtones
n=5-9in C¢Hg as a function of time. The dashed line
corresponds to C(#) defined by Egs. (5.4)

fit the experimental CH(CD) overtone spacing listed in Table 1, the transformation
matrix elements (L)%, [(L“‘)L—(L")I,], and L,,.,L,m=1,...,10 are given
in Table 2, and the fact that only ten modes have different frequencies (five modes
are doubly degenerated) has been used. The overtone spectrum of the CH(CD)
stretch local mode I, (@) can then be determined by Fourier transform of the
correlation function C(t), i.e., Eq. (2.8). Since Z,,(t) ~ sin [(wcy — @ —w,,)t/2]
is an odd function of time ¢, Jo(Z,,) is an even function of Z,, and the spectra
thus symmetric.



Intramolecular vibrational relaxation in polyatomic molecules 15

0 CeHs
n=5
-8k .
AN
-16 [ v
0 1 i 1 L 1\‘ 1 L
T n==6
-8 [N
_16 -
~
: 0 A L 1 A 1 ) S 1
hat n=17
(o]
-8
16+ N
O 1 1 1 A 1 i 1 1
n=28
_8 - \\\\\
-16F hR
0 i 1 1 L i | 1 1
\/—n ) 9
_8 - ‘\\\\
. . -16
Fig. 4. The logarithm of |C(#)|* as a function of time for LJ L
CH stretch local mode overtones n=5-6 in C¢Hg. The 0 04 08 12 16
dashed line corresponds to C(t) defined by Egs. (5.4) t(ps)

The results for the CH stretch local mode overtones, n =5-9, in benzene CqHg
are shown as the solid line curves in Fig. 3-5. For comparison the experimental
results [1] are presented in Fig. 2. In Fig. 3 the square of absolute value of the
correlation function |C(t))* plotted as a function of ¢. The log |C(¢)|” as a function

of t is plotted in Fig. 4. The calculated absorption spectra of benzene are given
in Fig. 5.

In Fig. 3 it is seen that |C(¢)|> decays monotonically to (essentially) zero in a
fraction of a picosecond; Fig. 4 shows that this decay is not strictly exponential,
though this is of no great consequence. One also sees that except for n = 6, there
are no significant recurrences (i.e., where |C(¢)|* rises above ~1077 for times up
to ~2 picoseconds. Thus the overtone absorption spectra are broad and feature-
less, in agreement with the experimental results in Fig. 2. In order to demonstrate
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Fig. 5. The absorption spectra I(A7)/I(¥) for CH
stretch local mode overtones n=5-9 in C4Hg. The
AT (em™) dashed line corresponds to C(t) defined by Egs. (5.4)
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Fig. 6. The square of absolute value of the correlation
fuaction (C(t)|* far the CD stretch local mode over-

tones n=5-9 in C4D, as a function of time

Fig. 7. The logarithm of |C(#)|* as a function of time
for CD streich local mode overtone n=5-7 in C D,
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<50 ~—b_o 1 50 Fig. 8. The absorption spectra I(A%)/I(#) for CD
Avglem™!) stretch local mode overtones n=5—6 in C4Dg

this even more clearly, in Fig. 3-5 we have also plotted the curves (dashed li~ne)
for |C(1)]%, log |C(#)]* and the corresponding spectra I(Aw)/I(»®), where C(1)
is defined by

C(t)=C(t) for0=<t=tpand C(t)=exp (—t/t) for t> tr (5.42)
with
tr=—tr/log [ C(tr)]. (5.4b)

Here the time ¢ indicated in Fig. 3-5 is the time at which the |C(#)|* has decayed
to about 0.01 (except for n=6, for which ¢ is about the end time of the initial
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Table 3. Linewidth of (CD) stretch overtone of benzene(perdeuteroben-

zene CgDy)
FWHM(cm™)

ey CH CD

Exp.? SCPKC® Exp.® SCPKC®
5 111 82 50
6 95 23-60 37 >17
7 90 60 =35> >8
8 100 56 65 >6
9 56 32

2 Reference [1]
® Present work—SCP kinetic coupling model

rapid decay). In Fig. 5 it is seen that except for n =6, the dashed line very closely
follows the solid line. Thus the initial rapid decay of |C(#)|* determines the main
features of the absorption spectrum so long as |C(#)|” is small (~ < 0.01) for later
time. For n=6 CH stretch overtone there are strong recurrences, and as a
consequence the absorption spectrum has some structure. The dashed line is
different from the solid one, the former being the envelope of the latter.

Similar results for C4Dg are shown in Fig. 6-8. Fig. 6 and Fig. 7 show that for
the CD stretch |C(#)|* decays approximately exponentially for short times (except
for n =5, which decays very little at all}, though more slowly than for C¢H¢ and
also with more significant recurrences. The spectra in Fig. 8 thus all show an
extremely narrow peak.

The linewidths of the CH(CD) overtones of C¢Hg(CgsDs) taken from calculated
spectra are listed in Table 3 where the experimental results are also included.
The agreement is reasonable, realizing that the experimental results include
rotational structure and also possible thermal inhomogeneities. It is particularly
gratifying that our model reproduces the narrowing of the overtone line width
for the highest overtones. This has been discussed before [11, 13] as being due
to the overtone frequency (i.e., level spacing) becoming out of resonance with
two quanta of the CH bend mode as n becomes =6—7.

6. Concluding remarks

The present results show that the semiclassical perturbation model is capable of
providing the correct description of short time dynamics in polyatomic molecules.
They also provide additional evidence that the kinetic coupling model is the
principal source of coupling of CH stretch vibrations to other modes in the
molecule.

Agreement with the experimental line shapes of the CH stretch overtones in C¢Hg
is reasonably good. The calculated absorption lines for the CsD case are substan-
tially narrower than the observed spectra, but since the experimental line widths
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for C¢Dg are much smaller (~half) than those for C¢Hg it is quite likely that the
observed widths for C¢Dj are largely due to unresolved rotational structure.

It is encouraging that so simple a dynamical model as SCP is capable of providing
a semi-quantitative description of the microscopic dynamics in a polyatomic
molecule. One expects that it should be useful in other situations where it is the
short time dynamics which determines the phenomena of interest.

Acknowledgement. This work has been supported by the National Science Foundation Grant
CHE-79-20181.

Appendix: The first derivatives of Wilson G matrix elements

For the internal coordinates of benzene defined in Fig. 1 the relevant Wilson
G-matrix elements can be determined from Table VI-1 of reference [28]

1 3
= g X 2= X2 Ha ¥ ) ’ (A
8w = 8pp cH CHo (Xcn,+ *cu) (XCHo +xcu)Xo 4Xo fe
XcH ILCXCH ‘/5 %

Xew, . LA A2

Gui, (84,1, 8aete) 2 (Xemg*Xcn)  Xo (A2
Xcu ,U'CXCH ‘/5 %

Xew, . . kS A3
Bwn = (8610~ 8our) 2 (Xcn,txcu) Xo o
o= i c0s (6~ B) (A4)
81s = M COS (o+B) (A-3)
g = 2 2 [300s (6+B) +3c0s (6 )] (46)

with
1 1

1 1 A7

Hc mc, HH My ( )

where mc and my are the masses of atom C and atom H. Then the relevant
derivatives are

_é)g_w = [2’“’1'1 +_2._.'u'£+&] (A.8)

0Xch | x=0 Xcn, Xcn, Xo

%’& — _“_\/Eﬂ (A9)
0XcH | x=0 2Xcn,

agwt! =£ Hc (A.lO)
dxcule=o 2 Xcm,

o, V3 ue (A.11)
9%, x=0 2 XCHn
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98, = _ﬁ _Hc (A.12)
axw x=0 2 XCHO
9Bt g, (A13)
axw x=0
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