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We derive general expressions for the time dependent optical lineshape of a molecule undergoing vibrational re-
laxation in a dense medium. '

Recent theoretical studies [1] of vibrational relaxation of a molecule imbedded in a host medium advanced
several purely stochastic or partly deterministic schemes to describe an oscillator or a system of oscillators, initial-
ly prepared in a non-equilibrium state, approaching thermal equilibnum. Experimental and theoretical studies of
the coupling between radiative optical transitions and vibrational relaxation processes are of considerable interest,
as they provide a direct method to monitor vibrational relaxation rates in ground and excited electronic states of
molecules interacting with an external medium. The study of optical absorption or emission spectra during the
course of vibrational relaxation involves a “double resonance”’ experiment where the molecule 1s prepared in a
non-equilibrium vibrational distribution and subsequently undergoes an optical transition to another ¢lectronic
state. Such non-equilibrium vibrational distribution in ground and in excited electronic states can be accomplished
by: :

(a) Infrared absorption or Raman scattering yielding a vibrationally excited ground electronic state [2], being
amenable to absorption studies.

(b) Electronic relaxation from an electronically excited state of a large molecule to highly vibrationally excited
states of a lower electronic configuration, which can be monitored either by absorption or by emission 13].

(c) Electronic energy transfer from the host matrix (excited optically or by ionizing radiations) to vibrationally
excited states of an electronically excited configuration of the guest molecule which can be conveniently studied
by emission [4] or by excited state absorption.

(d) Direct optical excitation to a reasonably high vibrational level of an excited electronic state [5].

Methods (a) and (d) result in a well defined excited state while methods (b) and (c) yield a mixture of vibrationally
excited levels. Direct information concerning vibrational relaxation can be obtained from time resolved absorption
and emission spectra. In a recent work, Osherov and Medvedev [6] have provided a semiclassical theory (being valid
only in a non-physical high temperature limit) which approximately accounts for vibrational relaxation in the ini-
tial electronic state on the optical lineshape, by averaging the transition probability with respect to a non-equilib-
rium initial distribution.

In this paper we derive a general expression for the time dependent lineshape in non-equilibrium optical spectra
of a molecule embedded in a dense medium. Our model system rests on the following simplifying assumptions:

(a) A two electronic level system is considered.

(b) The vibrations of the guest molecule are harmonic. .

(c) The potential surfaces in the two electronic states are characterized by the same frequencies, while the ori-
gins of each (totally symmetric) modes are displaced.

(d) The medium is harmonic.
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(¢) The medium—molecule interaction involves coupling of a single intramolecular mode to the medium mode
via nuclear coordinates.

(f) The molecular—medium coupling is recast in the rotating wave (or resonance) approximation retaining only
those terms which conserve energy to the lowest order.

Our derivation which will utilize some results recently obtained by us [7], will handle the radiative interac-
tions to second order while vibrational relaxation is handled to “infinite” order within the framework of the
Wigner—Weisskopf approximation,

The total hamiltonian for the system consisting of a molecule interacting with the lattice and with the radia-
tion field is [8]

_gT . '
H=Hy +H o *Hig s M)

T _
HY =Hy+H +Hg . (2)

H}; is the total zero order hamiltonian consisting of the molecular zero order hamiltonian H,,, the medium hamil-
tonian, HL, and the radiation hamiltonian HR ) HO can be separated into an electronic, H o and a nuclear HN parts

Hy=H, +Hy, (3)

‘where

He = Zl;Efd?df (4)

and

Hy = 2 1"1(:.1Ma;;a.u . &)
M

4+ and d, represent the creation and annihilation operators for the Ith electronic state, while a’ and a, correspond
! 1 IeP p ! Lt

to the creation and annihilation operators for the uth intramolécular (harmonic) vibration characterized by the
frequency w,,. The lattice hamiltonian,

H =25 hwblb,, | (6)
7

vy

is expressed in terms of the phonon creation ope rators, b: and annihilation operators, b,,, of the vth lattice mode
characterized by the frequency w,,. The radiation field hamiltonian, Hy, is given in terms of the photon creation
operators, f:, and annihilation operators, fy, and by the photon frequencies, w;, for the A photon mode

HR=?ﬁw7\f:f?k° . (7)
The molecule -lattice coupling can be expressed in the general form {7]

= t * } . + ‘
Hypy =2 ﬁ 6, (vha] {ﬂ} b, +G ({¥)a, {q b3, (®)

where {v}is the collection of medium phonons which conserve energy for the dissipation of an intermolecular
phonon, i.e., 2 AW, =hw, while G, v}) represent the molecule—medium coupling terms. The coupling
term (8) is general, including single phonon, multiphonon and phonon—vibron vibrational relaxation processes.
Finally, the molecule —radiation field coupling is [8]

H_ = :22‘{ [M} exp (iA,-p) df-d;exp(-iA;p)f, thel, (9)
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where M?;v is the electronic transition momentT connecting the ! and [ states by the Ath field mode. p = {p,} 1s
the vector of nuclear momenta with p,, = 2’”2(:1: -a,), while A; = {A[p} represents the vectors of the displace-
ments of origins of the normal modes in the Jth electronic state relative to the ground state. It should be noted
that as we have taken the same nuclear harmiltonian (5) for all electronic states, the interaction term (9) has to be
modified by a canonical transformation so that the radiative coupling matrix elements are invariant [8].

We consider general states of the system of the type

lelectronic state; intramolecular vibration; phonons; photons) ,

and examine the transition from the ground electronic state g (characterized by the vibrational occupation
Ve = {Vg u}’ phonon occupation ¥ = {Vv} and radiation field occupation m,) to an excited state §

{g: Vg7 VL’mR>—) |S, VS:VL}m?\-_l)- (10)
The time evolution of the ground state is described by

exp(—ih~HNg, V, ¥y )= expl =i (HG +H )1

1
X[l—iﬁ‘l£ explifi "1} +HmL)z]HmReXp(—iﬁ*1Hr) IAMETLNE (11)

To the lowest order of the perturbation A g the total probabilityTT for the process (10) is
t
n2g v, v my ! [ explin  (H +H o DTIH g expl—in N (HT +H_)7)dr

0

X explit NHT +H VIS,V Vymy = DS,V Vymy = Viexp[—in L (HY +H 1))
t
X f explin \(HY +H _)7'|H exp[-1f L (HE+H_)71arlg, ¥V, Vom0 (12)
! 0 TmL mR ¢ HmL E: Vg VN

The total probability, P(¢), for absorption of a X photon during the time 715 obtained by summing eq. (12) over
all values of S, ¥, and VL. When only a single final electronic state s contributes, we get

! t
P(y=1 > ! dr Of a7V, Vo {explifi ™ (Hy +Hyg +H o )71 my H g sy = D

3

X exp[—fﬁ'“l(HL tH +H (7 — s m, — IWleg,mk)exp[—iﬁ*l(HL +Hy +HmL)T'] 1V, V)
X expli(w, ~fﬁ_lESg) (r—1)1}, (13)

where E ¢, is the electronic energy gap. Making use of eq. (9) we have

T We conmder symmetry allowed transitions, while for a vibronically induced transition an additional factor, p,,, where « is an 0p-
tically promoting mode will be included in eq. (9). .
t1 The treatment of radiative interactions to first order and other couplings to infinite order is formally similar to Toyozawa’s
study [9] of the theory of exciton line broadening. However, Toyozawa's treatment differs from ows in the fgllowing aspects:
{a) He considers electronic + phonon transition, while we include intramolecular vibrations. (b) His radiative interaction does
not include a vibrational part. (c} His lowest order approximation replacing exp(iH!) by exp(ify1) [9.eq. (3.7)] is equivalent
to a zero temperature approximation in our case.

352



Volume 15, number 3 CHEMICAL PHYSICS LETTERS 15 Avgust 1972

n o

{ [4
P(6) =1 21M) P, far a7V, V lexp[-iA:p(1)] explid;p(r ]IV, ¥ Yexpli(w, ~HE -, (1)
0 0

where

p(t)=expli(f +tH +H _ )ip exp{—i(H +H +H )] (14a)

2
is the nuclear momentum in the Heisenberg representation. The medium states can be assumed to be initially in
thermal equilibrium. Performing the thermal average ¢ )y over the { ¥y } states, the total transition probability is

H t
P(6y= 272 |2, Re [ dr [ ar'Gr,ryexplitw i 1E ) (- 7] (15)
0 0

being expressed in terms of the time correlation function
G(r,7) =V, ] I;["p(frr')i V= I;luu)T , (16)

which, in turn, is given by the auxiliary single mode function

]H(T,Tr) = <T{gulexp[~iasﬂp“(r)] exp[iAwpu(r')]{Vg“) . (17}

Eqs. (15)—(17) express the total excitation probability of an initial state characterized by the vibrational occupa-
tion ¥, = {Vg ‘u}. The absorption coefficient (or the lineshape function) is proportional to the transition proba-
bility and (apart from numerical factors) is being given by

;
L{w,n)= mhlﬂif?slz d;;(tt)= 2Re _{{. dr'G(r,7") expli(w —'ﬁ*IEsg) (r—17] . (18)

Thus the calculation of the time dependent absorption coefficient reduces to the calculation of the correlation
function [eq. {(16)] which requires the evaluation of the vibrational creation and annihilation operators {or p()
in eq. (17)] in the Heisenberg representation. This was accomplished by us [7] utilizing the interaction (8) with-
in the Wigner—Weisskopf approximation. Eq. (16) can be then recast in the general form:

G(r,7')=exp [— ?%Aﬁ(ﬂnﬂ)f 1)} exp

é—?aﬁmp)r {exp(=2y,7)+exp(=27,7) — 2exp[—y, (7+7)] COS[wL(T—T')]}}

X expl% ?Ai((n“)T + Dexpl-iw, (1)~ ‘rﬂ('r—-r')] +;—§Aﬁ(nu>Texp[iwL(r—r')—'y“('rr')]J

) Vg“ 2r
’ ! (_IY _é__ ' ' r
X 1:[ [( Vgu)'rg(;, (W (\/%) {exp(—27ur)+exp(—27pf )—?.exp[—'yn(rﬂ")] cos[wp(r—~r')]} } Elg)
where
n)p = [exp(Bheo) — 11715 B=(kpT)™! (199)

is the thermally averaged population of the uth molecular mode, while

v, =7 P} G, ({(rD1Pn({r)d(w, -Z:/wv) (19b)



Volume 15, number 3 CHEMICAL PHYSICS LETTERS 15 August 1972

is the (temperatuce dependent) vibrational relaxation width. Finally,
‘= = 2 _
W= w, +hw, =, t PP{Z:D} G, (v (v i, Z) W), (19¢)

where §w, isa (small) frequency shift, which can be neglected. In egs. (19b) and (19¢), n({:{}) is a function of
the occupation numbers {n,)7 of the modes {v} 7]

Eqgs. (18) and (19) provide the final formal solution to the lineshape problemT. In order to gain further physi-
cal insight into the nature of the time dependent lineshape, let us focus attention on the zero temperature limit
(8 - =). Furthermore, we assume that only a single vibrational mode « is initially excited, so that we start from
the molecular state |g, Ve, Og”(u?éa)). The lineshape is then given by [8]

L =(V ) %a | (_1)?’ _{}.i & _LE A2 J 20
(=W 2 ez Wz) TR . 0

where

J (0,7) = exp(~27,77) f dx explifi ™! (he — Eg)x)

X exp[%? Aﬁ exp(—iw;‘x —7“ix|)] [1+exp(2y, x))—2exp(r, x)cos(ew x)] " (21)

The (time dependent) lineshape function may be now recast as a superposition of functions which are peaked
around the various transition energies. To elucidate this energy dependence we utilize the approach proposed by
Lin and Bersohn [10} and by Toyozawa [9] and expand the second and third terms in J,(w) in power senes so
that the lineshape function, eq. (20) may be now rewritten in the form

%

. ga - r r o Y A i . 2r
Lwn=(r ) DD L T LU (é‘i-) exp(—%zﬁz)%(')(’r)L(w:‘f;ﬂm»'"'»"%
r=0 m=0 m'=0 n=0 (Vg —N!(r1)? 2 a HjnAm/jm (22)
where
,
L(w,m,rmm', n)=exp{—27,77) f dx explin ™ (hw—?sg)x] (3 ?ai exp(—iw X =7, xD] §
X exp(imw, x +my, Ix)exp(—im'w_ x +m'y,Ix]} . (23)

Eqs. (22) and (23) represent a superposition of terms each peaked at a photon energy #w which corresponds to
the relation ' '

E — 2 nhw —(m-myhw, =Hw . ' (24)
SE {nu} FT Q

Here {n,} refess to the final vibrational state in the upper electronic level E“ n, = n, while (m ~m') refers to the

vibrational level of the lower electronic state. For example, the term with {n,}={0,},m="Vgq and m' = 0 cor-

responds ta the transition Vg, = 0 from the initial vibronic level to the vibrationless level of the upper electronic

state, When m' assumes greater values we obtain contributions of transitions from lower vibrational levels of the

initial electronic state.

t We focus attention on photon absorption, while the problem of photon emission can be handied in an analogous manner.
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Eqgs. (22) and (23) summarize our final result for the transient absorption rate during vibrational relaxation.
We must however distinguish between the physically meaningful information and mathematical artifacts which
have no bearing on the experiment. To elucidate this point we may try to isolate the contribution to the lineshape
originating from a single transition. The term {n.}= {-0“ }om=r=Ve, and m’ = 0 which corresponds to the vi-
bronic absorption band of minimum energy, is the only term whose contribution is isolated in energy from all the
other terms. This fact originates from the application of the simple model system where the frequencies are iden-

tical in the two electronic states. Selecting only this term in eqgs. (20) and (22) we obtain
e sin(er) exp( VgaTaT) + Vga'ya[cos(e'r) exp(Vpaa®) — 1}

L{w, 7,V . V. _,0,0)=exp(—-2V T , 25
(@73 Voo Vgar 0,00 = exp(=2V, . 7,7) 2 (V) (25)
where

e=fl(hw —E t ¥V, hw,). (26)

Eq. (25) seems to yield the transient absorption lineshape for the corresponding transition. However, by virtue
of the Heisenberg uncertainty principle, the required energy resolution cannot be achieved within the finite life-
time of the absorbing state. In other words, the photons absorbed during this lifetime, #1(2 V‘g,clf'yo:)"1 are necessar-
ity characterized by an energy spread of &~ 2Vgaya, which 1s the width of the absorption line given by eq. (25).
The energy dependence in eq. (25) is thus physically meaningless. The only meaningful information includes the
relative total intensity of the absorption line [which, noting that

f dwL(w,7;n,mm’, n) = exp(-2y,r7)

—o0

for any set r,m, m’, n, is given just by the corresponding coefficient in eq. (22)], its average energy location {given
by eq. (26) or generally by eq. (24)] and its time evolution given for the minimum energy line by exp(~2¥oTa®)
and in general as a superposition of decaying exponentials. This point has not been clearly stated by Osherov and
Medvedev [6].

It must be noted that our inability to probe the internal structure of a vibrational relaxation affected lineshape
is an outcome of our particular experimental situation namely, one which corresponds to a “‘short time” experi-
ment whose time scale is comparable to the desired energy resolution. It by no means implies that such a probing
is impossible. For example, in a long line experiment involving excitation by a wave train of well defined energy
from the initial ground state into a higher vibrational level of an upper electronic state, the (time independent)
lineshape may be easily probed. Simple theoretical calculation results in a lorentzian lineshape with a width given
essentially by 2¥y where V is the vibrational quantum number of the excited levelT.

Finally, we consider the limiting form of our general expressions in the well known limit of thermal equilibrium
in the initial molecular state. In this case the last factor in eq. (19)

* N+ ' .
?{(Vgulexp[—?\“(fﬁ )au] exp[?\y(r,r )au] 'Vgu)} 27
must be replaced by a thermal average which takes the form
2 = 2
EI exp(—li\nf (n“>T) = exp(?l?\ﬂi ("u>T) , (28)
with
?\“('r,f') = (A“/\/i) fexp(—iw, 7-7,7) - exp(fiwpr' —7’_‘7')] , (29a)

+ Similar result has been obtained by Schmidt {11].
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1?\H(T,r')|2 = %.ﬁi {exp(u}y“f) +exp(—2‘r“‘r') — 2exp[—7“(r +7 ] cos[w;(r -} . {29b)

If the medium is at a temperature 77 while the molecule corresponds to a thermal average at a temperature
T, we obtain

oo 1,2 - 2
G(r,r)= exp[zu 2Au(2(nu>TL+ 1)} €XP{Z‘} ((‘”p)TL (n“)Tm)ihu[

Xexp{ Eﬂ((n) +1)exP[—1m (r-7) 7,0 T+ IEA%M exp[lw =1y, (1)
(30)

In the usual case, when Ty =T, we get just the result which comesponds to the fast vibrational relaxation case.
In this event, G(7,7") = G(r — 7} and L(w) is independent of time.

Eq. (30) provides the well known result for thermally averaged lineshape except for the inclusion of the imag-
inary components in the molecular frequencies, accounting for vibrational relaxation. The absorption lineshape
is a superposition of lorentzians, the 00 line being a delta function while the width of the ¥, » V., transition is
(Ve t Vo )v,, corresponding to the vibrational relaxation widths in the initial and final states. The relatwe intensi-
ties of the bands are given by the conventional Franck—Condon factors.
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