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Expressions for the intensity of the time-resolved absorption (TRA) by molecules after radiationless transi-
tion have been derived. It is assumed that a non-equilibrium vibronic distribution is realized after the radiation-
less transition and relaxes to the equilibrium one. Two types of non-equilibrium distributions, Poisson distri-
bution and canonical distribution with temperature higher than that of the heat bath are taken into account.
The theory developed is applied to the TRA spectra (S3—S,) of benzene after the internal conversion Sz~»So
(N. Nakashima and K. Yoshihara, J. Chem. Phys. 79, 2727, (1983)). It is shown that the expression for the
intensity in the Sulzer-Wieland model is involved in the expression derived using the canonical distribution.

Recently Nakashima and Yoshihara? have observed
the time-resolved absorption (TRA) spectra of gaseous
benzenes after excitation to the Sz(!By,) state. It has
been shown that the transient spectra consist of the
Ss(1E1.)«So(!Ay,) transition at high temperatures. The
spectra reflect the vibronic energy distribution after
the internal conversion from the S; state to the ground
state. The spectral changes with time are mainly brought
about by collisional deactivation processes of the hot
benzene by inert gas and unexcited benzene. The tran-
sient spectrum at ¢ =0 was explained by using the Sulzer-
Wieland model? originally applied to absorption
spectra of diatomic molecules with a large potential dis-
placement at high temperatures. This model has been
applied to analysis of the high temperature ultraviolet
absorption spectra of polyatomic molecules in shock
waves by Astholz et al.? and by Hippler et al.9 as well.
To our knowledge, however, there exists no any suf-
ficient theoretical explanation for the applicability
of the Sulzer-Wieland model to the polyatomic mole-
cules in the highly excited vibronic states. The pur-
pose of this paper is to develop a theory of the time-
resolved absorption spectra of hot molecules pro-
duced by radiationless transition, and to apply the
theory to the time-resolved absorption spectra of
benzene observed previously.?

The TRA spectra of molecules strongly depend on
the initial non-equilibrium vibronic energy distribu-
tion which is realized in a time scale of observation.
The following scheme can account for the observed
TRA spectra.
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Two types of the vibronic energy distributions dif-
ferent from the thermal equilibrium distribution can
be expected after radiationless transitions. One is a
Poisson (intramolecular) vibronic energy distribu-
tion,5:® and the other is a canonical distribution
characterized by a higher temperature 7° than that
of the heat bath 7. The former distribution is formed
just after internal conversion (IC) following laser ex-

citation. One of the evidences for the intramolecular
vibronic energy distribution is seen in the TRA spec-
tra (3By;«—3B2,) after excitation to the S; state of naph-
thalene in vapor.” A vibronic structure associated
with the triplet-triplet absorption appears in the
TRA spectra just after the intersystem crossing takes
place. A canonical vibronic energy distribution with
T°>T, on the other hand, is expected to be realized
when an intramolecular vibrational redistribution
takes place following the radiationless transition.
Taking into account the two types of the initial dis-
tributions we derive expressions for the absorption
intensity of the TRA spectra of polyatomic molecules.
In deriving the expressions for the intensity, it is
assumed that the initial distributions relax to the
Boltzmann distribution due to collisional deactiva-
tions and that the collision rates vary linearly with
respect to the vibrational quantum number.® It is
shown that the expression for the time-resolved ab-
sorption intensity of the molecular system with a
canonical distribution as the initial distribution in-
volves the expression derived by Sulzer and Wieland
as a special case. A model calculation of the TRA
spectra using the derived expressions supports the
conclusion given in the previous paper:? the initial
vibronic distribution is of the canonical one with a
high temperature.

Theory

Let us consider a time-resolved absorption process
from the vibrationally hot ground electronic state
a to an electronically excited state b. The initial,
vibrational state in the non-equilibrium condition is
produced by internal conversion SgwsSo*. The inten-
sity per unit length, Da(wg,t), as a function of time,
t, and the laser frequency, wg is expressed in the
form,®

Dap(wr, t) = {Zv;. ka(u} (@R) X () (t), (n

where kafyj(wg) represents the absorption coefficient
from a single vibronic level {v} in the ground state q,
and X{v;(t)=ﬁxu,~(t) in which Xy(t) denotes the vibronic
]

energy distribution of the optical vibrational mode j
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per unit volume at time ¢, and N is the number of the
optical modes whose potential forms between a and b
states are different. The distribution Xg,(t) depends
on the dynamical behavior and the initial distribu-
tion. In this paper we consider Poisson and canoni-
cal distributions. First we treat the time-evolution
of molecules characterized by a Poisson distribution
which relaxes to the equilibrium distribution with 7.
In a previous paper,® a theoretical treatment of the
TRA spectroscopy was presented in the case of the
relaxation of the Poisson distribution to the lowest
vibronic state in the low temperature limit.

Poisson Vibronic Energy Distribution. We assume
that at t=0 a non-equilibrium state originating from
an intramolecular radiationless transition has been
prepared. It has been shown that the distribution
of the vibrational mode j with frequency w; after the
radiationless transition from the lowest vibronic level
is expressed as5:

2
10,(0) = Soy0, exp [—0,Bho,+S(1—exp (~ Bh)}], (2)
where the displaced harmonic oscillator model has
been used. Sy, is the optical Franck-Condon factor
between 0/ and v; states, and given by So,, =(4;/ \/—)21/:
exp (—4%/2)/y;!. 4jis the dlsplacemem of the mode §
in the equlllbrlum_ points between the relevant two
electronic states. B in Eq. (2) is a parameter which
is determined from the condition of the energy con-
servation for the radiationless transition. Equation
(2) satisfies vaj (0)=1. Equation (2) can be rewritten

in the form of a Poisson distribution,

20;(0) =

a,’s
v;! exp (—ay), (3)

with the average vibrational quantum number® given
by
a4z
= 2 exp (—Bhay). (4)

In the case of the radiationless transition from v/

level, the expression for the distribution can approxi-
mately be represented by Eq. (2) in which Soy,, is re-
placed by Sy,,.

If we assume that the molecular system undergoes
only a collisional vibrational energy exchange between
the system and the heat bath, and interactions between
the vibrational modes of the system are neglected, i.e.
each vibrational mode relaxes to its equilibrium
distribution, then the time-dependent distribution Xy,
satisfies the master equation,®

dy,.(¢
det( ) — xj{l—exp .(—0j)}—l[vj exp (_01)Xu,-1(t)

- {vj+(vj+ 1) exp (—0,{)}1':,(‘)
+ @+ Do), (5)

where k; is the transition probability per unit time be-
tween levels v;=1 and 0 of mode j, and 0=fiw;/kT. T
denotes temperature of the heat bath consisting of un-
excited benzenes. The master equation with the initial
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condition as given by Eq. (3) is solved as®

_ 1—exp (4;)
Xuj(tj) N { exp (—T/)—CXP (0;) }
a; exp (—7,){exp (6,)—1}
X exp [ ’ exp (—Tjj)“exP (101) ]
{ l—exp (—7y)
exp (0,)—exp (—1)

}"’L.,,u,), (6)

in which Ly(y;) is the Laguerre polynomials,

9, = a; exp (—t,){exp (6,)—1}* )
{1—exp (—7,)}{exp (—7,)—exp (6,)}’
and
7; =kt {l—exp (—6,)}. (8)
In the case in which the vibronic band is character-

ized by a Lorentzian envelope, the absorption coef-
ficient k) in Eq. (1) is given by

47"”3 Iva".avl 2
e~ ,
3he 7} i(Wpy,a0—Wr)+Tpa

ka(v} (wg) = (9)

where w4, is the frequency difference between two
vibronic levels, bv” and av, Ry, 4, the matrix ele-
ment of the electric transition dipole moment, and
Iy, the damping constant associated with the interac-
tions between the optical and other vibrational modes.
We invoke the adiabatic and Condon approxima-
tions since we are interested in the allowed electronic
transition S3(E1)«So(A1g) of benzene. In these ap-
proximations, Eq. (9) can be expressed as

B rbal {Nov" l’?av> ‘

Ragny(wg) = & (@py ay—@g)*+ T3,

(10)

where C=4mwg|R% |?/(3%c), and 7 denote the vibra-
tional wavefunctions. We adopt a displaced harmonic
oscillator model for the optical modes.

Carrying out the summation over the vibronic states
in Eq. (1), we express the absorption coefficient, Eq.
(10), as:

o (@n) = 5-exp (—5)” d& exp i€ 0 —ws) Tl

N oAp
+ 3o (o) 33 3 T
7=1 =0 ny;=0 ny=0j

AN s w61y, (11)

(Uj—nj)!(nj!)’
where S (=2NA— 2/2) is the coupling strength in the
=1

low temperature limit. Substituting Egs. (6) and (11)
into Eq. (1), we can derive an analytical expression
for the time-dependent intensity:

Dgyp(wg, 7) = Cexp [—S— Z} a(z,)] Z;; I E

ny=0 ny=0
é IN l,—m, l,—m; IN—MN

hLh=0 U=0 IN .—0 my=0 »m_o k,=0 k;=0 kﬂ=0
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2(myt ky) 2my+kg) 2my+kn) ¢ N (] Li—m,\ (2m,+ 2k
X H(1>(I I)( £ j)
p,z="o mz="° pgo [i=l m, k; 12

% (_.1)17, <Ajz )n,+mj+kj
ngl(m+-k)(l;—m,))!
_ l—exp (—7;) 1™
l;-m J
x| )
X = Toa , (12)
{wba+ngwj(”j+kj+mj_pj)_wn}2+r ba

where 7={1}}, j=1, 2, ---, N, and

a; exp (—z,){exp (6,)—1} ]

a(r,) = exp (0,)—exp (—1;)

(13)

A detailed derivation of Eq. (12) is presented in Ap-
pendix A.

In the case in which a(z;)>>1 is satisfied, it is appro-
priate to use the following approximate expression
for the intensity:

©0 ©0 0

D,y(wg, 7) = Cexp [— S]}"_, 5_'-, 2 3T 3
=0 n;=0 ny=0 I,=0 I13=0 IN=0
Iy In l.—ml l,—m, In—mN m,+k. +k mN+k1v

xS S 3 2 i

=0 ms=0 my=0 Iz,-o k,_o k,.,=o ;s,_o p,-o PN=0
LIS 7] N my+ky —A w+k/ —P; "y +hv—pN

b I

=0 q/=0 qn-o 7,=0 77=0

{N (—=1)Ps95t74 (A,’)"J"’";”;
=1y} (m;+k))!

() (7)) () (7)
(met) w2 )
Iy,

x . .4
{“’»a+]§1"’1("1+k1+m;—1’1) —wg}?+ T},

'N=°

Canonical Vibronic Energy Distribution. It is
assumed that at ¢=0, a local equilibrium character-
ized by a canonical distribution with T° (>T) has been
prepared. The solution of the master equation Eq. (5)
in this case is given® by

Xo,(t;) = {l—exp [—u(z))]} exp [—vu(r,)],  (I5)
with

u(r;) =

1 [CXP(—f;){l—CXP(0;—9;°)}—CXP(0;){1—CXP(—01")}]
exp (—7,) {1—exp (6,—0,°)} — {l—exp (—6,°)}
(16)

The expression for the intensity of the TRA spectra
can be written as

Diy(wg, 7) = —"—exp [—S(t)]S“ A exp [i€ (@ps —wx) — I'ralé]

1=1
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+ 2 22D exp (~iw)), (17)

where §(7), time dependent coupling strength, is de-
fined as

N 2
S(e) = 3} 2n(e)+ 1) (18)

Equation (17) has the same structure as that of the
absorption band shape in the equilibrium condition.
In Eq. (17), n(7)), the time-dependent occupation num-
ber of the optical mode j, is given as

n(z;) = [exp {u(z;)} — 117" (19)

From Egs. (16) and (19), we obtain n(0)=[exp(6°)—1]!
and n(e°)=[exp(6)—1]! which are the occupation num-
bers at the initial time and in the equilibrium state,
respectively.

Applying the Tayler expansions to Eq. (17), and
carrying out the integration of the resulting expression
over ¢, we can derive an analytical expression for the
intensity as

Doswn,7) = Cexp [=S() 33151 533331
y [i_v[ [{"(Tj)+l}—2j'—] {”(71)—21—} ]
j=1 k1)
x Toa . (0)

N
{mba+Ele(kj—lj)—wR}2+Fga
i=

Equation (20) can be applied to both weak and strong
coupling cases in principle. A fast convergence for
the summations over %; and /; in Eq. (20) can be ex-
pected for the weak coupling case in which S(7)<1.
In the strong coupling case in which S(7)>1, on the
other hand, we cannot expect the fast convergence.
The classification for these eoupling cases depend on
time, as well as temperature, the frequency of the
mode and the potential displacement. In the time
domain in which the strong coupling case is satisfied
and further I'}, <3} w?4%2n(7)+1}, it is better to use an
approximate expression for the absorbance rather than
Eq. (20). Neglecting I, expanding exp(tiwié) to
the second order of € in Eq. (17), and carrying out the
integration of the equation over ¢ we obtain
N w42 2

‘\/27!’0 ex [_ (wha+j§l 2 mn) @1
o °F 20°(c) ]

where o(7), the time-dependent half-width of the
TRA spectrum, is given as

D abd (wlb T)

() = [ﬁle

Toene)+n ] (22)

or

a(t) = [%2!1241.2_ coth -lL;’)—]m. (23)

J=1
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It should be noted that the expression for the inten-
sity in the Sulzer-Wieland model is involved in Eg.
(21), that is, by setting =0 in Eq. (21) we can obtain
the expression given by Sulzer and Wieland? for one
vibrational mode case:

ha) 1/2
D,
s(@g, 0) o< {tanh 2kT}

ho [ @yt 04%2—wg )2
e I

X exp [— tanh

For the multimode case we can obtain the intensity
expression simillar to that given by Asholz et al.®

Discussion

In order to clarify the initial vibronic distribution
reflected in the TRA spectra we apply the derived ex-
pressions for the absorbance to benzene S¢* produced
by internal conversion after the Sz«S, excitation.?
We shall first calculate the TRA spectra assum-
ing that Poisson distribution is realized and relaxes
to the equilibrium one. It is necessary to estimate
the parameter set for constructing vibronic distribu
tion given by Eq. (3) after the internal conversion
(*BuvwoAyg). Though it is recognized that benzene in
the 1B, state is subjected to the pseudo Jahn-Teller
effect and the geometry of the 1B;, state may belong to
D2, symmetry, we neglect the geometry reduction. We
simply adopt a model in which there are two displaced
optical modes, one is a carbon-carbon stretching mode
with frequency wc_.c=1000cm™}, and the other is a car-
bon-hydrogen stretching mode with wc_i;=3000cm1.
It was tentatively assumed that4c_c=1.5and 4. y=0.3
for the dimensionless displacements.?:1® Using these
parameters we obtained ac.¢c=6.8 and ac.y=12.5 in
Eq. (3) from the constraint of the energy conservation
of the internal conversion with the electronic energy
gap of 6.43eV. Figure 1 shows the TRA spectra (Sa«So)

1.0

.75

RELATIVE ABSORBANCE

.25

180 190 200

WAVE LENGTH /nm

Fig. 1. The calculated TRA spectra (Sz«So) of
benzene. Poisson distribution is adopted as the
initial vibronic distribution. The calculation has
been carried out by using Eq. (12). The solid, broken
and dotted-broken lines denote TRA spectra at =0,
0.5 and 1, respectively. See text for the parameter set.
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calculated by using Eq. (12). Here the same molecular
parameters of the Ss state as those of the Sz state were
assumed.!? The TRA spectra for the case of =0, 0.5
(which corresponds to t==0.5X10-¢s) and 1 are indicated
by solid, broken and dotted-broken lines, respectively.
The remaining parameters have been assumed as
follows: kc.c=108s1, kc_.g=2X10%s71, I'p,=500cm™},
and T=300K. In Fig. 1 we can see the vibronic struc-
ture originating from the C-C stretching mode in the
wavelength region of 180~200nm even at early times.
The carbon-hydrogen mode is, on the other hand, al-
most inactive in the TRA spectra because of its small
magnitude of the displacement though this mode
acts as the effective accepting mode for the internal
conversion.’? The TRA spectrum calculated at 7=0
is different from the structureless spectrum which
has been observed by Nakashima and Yoshihara.b
Assuming that the canonical distribution with
temperature higher than that of the heat bath is pro-
duced and relaxes to the equilibrium one, we now cal-
culate the TRA spectra of benzene by using Eq. (21).
Figure 2 shows the calculated spectra. The solid, bro-
ken and dotted-broken lines denote the TRA spectra
at 7=0, 0.5 (¢==0.14X10-%¢s) and 1, respectively. Here
we, for simplicity, adopt an approximate expression
for the half-width given by Eq. (23): o(0)=~(wd)*kT°/hiw
at 7=0, where the bars indicate magnitudes of the quan-
tities averaged over the vibrational modes: we use
@24=2600 cm~-!, ®=200cm™!, T°=3400K and T=300K
which were estimated in a previous paper.? The col-
lisional vibrational transition probability « is taken
as 6X108s~1. The closed circles in Fig. 2 denote experi-
mental values for 2 Torr benzene at t=0.? In order
to compare the experimental values with the calcu-
lated ones at =0 the calculated molar extinction
coefficient at 230nm was taken to be equal to the
experimental one. From Fig. 2 we can see that the
initial vibronic distribution is of the canonical one
rather than the Poisson one. In other words, lifetime of
the vibronic states just after the internal conversion

10 : . —
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Fig. 2. The calculated TRA spectra of benzene when
a canonical distribution is adopted as the initial
distribution. The calculation has been carried out by
using Eq. (21). The solid, broken and dotted-broken
lines denote TRA spectra at 7=0, 0.5, and 1, respec-
tively. The closed circles represent experimental
values for 2 Torr benzene at =0.
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Fig. 3. The calculated decay curves, Da(wg, 7)—
Dap(wp, o) at 220 and 260 nm, The measured values
of the absorbances of the 2 Torr (1 Torr=133.322
Pa) benzene and 10 Torr propane are denoted at 220 nm
(O) and 260 nm (@). See text for detail.

S2vw» S, is too short to observe the Poisson distribution
because of a fast vibrational redistribution in the high
vibronic state of So. The vibrational redistribution is
caused by intramolecular couplings such as the ones
caused by anharmonicities and mode mixings. This
explains why the low vibrational frequency and the
large potential displacement within the harmonic
approximation has to be included in simulating the
TRA spectra of benzene with the canonical distri-
bution.

In Fig. 3 are shown decay curves, Day(® g, T)—Das(® r,)
at 220 and 260 nm calculated by using Eq. (21). The
same parameters as those in Fig. 2 are adopted ex-
cept for k=9X108s-1. The measured absorbances of the
2Torr benzene and 10 Torr propane are plotted at
220nm (O) and 260 nm (@).1® The calculated decay
curves are in fairly good agreement with the ob-
served values. This suggests the validity of the linear
collisional deactivation mechanism for the vibra-
tionally hot benzene. In the previous paper, an energy-
dependent energy transfer model has been adopted
in order to explain the decay curves.

In summary we have developed a theory of the TRA
spectra of molecules after radiationless transition. Two
types of the initial vibronic distribution, Poisson and
canonical ones are taken into account. The theory devel-
oped has been applied to the TRA spectra (Sz«So)
of benzene produced by the internal conversion SzvsS,.
It has been shown that the canonical distribution can
explain the transient behavior of benzene after the
internal conversion. Finally it should be noted that we
can semi-quantitatively explain both time-resolved
spectra and decay curves of benzenes in a foreign gas by
using the derived expressions for the time-dependent
absorption intensity. These expressions can be applied
to the investigation of the relaxation processes in hot
molecules, such as hexafluorobenzene¥ and other
polyatomic molecules as well.

Appendix

A. Time-resolved absorption intensity for a Poisson
distribution.

In this appendix, analytical expressions for the intensity
Dgb(wg,7) are derived for the molecular system characterized
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by a Poisson distribution. Two cases depending on the
magnitudes of the coupling strength 2A2/2>1 will be
considered.

Substituting Eqgs. (6) and (11) into Eq. (1) yields

ab(‘”m T) = ? 2 E 2

vu,=0 v;=0 uy=0

x exp (—$) dé exp i€ (@ra—ws)~Tle]

+ $7.47° iw,& ﬁL 4.2(1
5L exp G, )][1‘=1 o 14,2(1—cos w,6)}

1—exp (8;) x [_aj exp (—t,){exp (6,)— I}J

exp (—17,;)—exp (6,) exp (0,) —exp (—1,)
l—exp (—7;) L

{ exp (0;)—exp (—t) } s (3) ] ’

(A.1)

or
c
Dab(wm 1,‘) = ?exp (_S)

(i cxp [~ R Lm0 0) 1) )

exp (6;)—exp (—r,)
0 . N A2
x S € exp [i€ (0pe—@x) —T'al€] + T - exp (i0,0)]
Jj=
N
x II

2
1—exp (6;) ° v ol xM(E)
j=1€xp (—7;)—exp (0;) vj=0 uj=0 (v;—n,)! (n,!)?
vy vl (=)™ { l—exp (—7;) }vj
my=0 (v;—my) 1 (m;!)2 | exp (6,) —exp (—z;)

(A.2)

where x;(§)=47 (cosw;¢—1), y;= ajexp(—1){exp(6))—1}2/[{1—
exp(—1j)}{exp(—7)—exp(6;)}], and the following expression
for the Laguerre polynomials has been used,

e ol()m
L =3 — .
Applying the identity
1 1 exp (2)
W Em e % (A-4)

to Eq. (A. 2) and after taking summations over m; and n;, one
obtains

C
Dab(wlb 7) = ?exp (_S)

exp @) —exp (5
§ exp [it(@po—wg) — I'ye| €] + H - cxp (iw,€)]

X
Q_’g,_»‘
8 o

9 ﬁ 1—exp (6,)

B ep =) —ep @) (A-3)

44(8),

where

40 = (57) fon far "Lt 5y 2O}
« (1-2) G

Assuming convergence of the summation over v;in Eq. (A. 6),
one can express Eq. (A. 6) as

(A.6)
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446 = (g57) §ae o SO

. _ Axy(8) 4;5; A, (8)y; 17t 7
t -4 T (-4)% (l—A,)zlz,} (A7)
where
4; = {l—exp (—7,)}/{exp (6,)—exp (—7,;)}. (A.8)
Equation (A. 7) can be expanded as
_ exp (z1+2,)
Aj(e) N ( > §d21§dz’ szz(l_A:)
& ;x;(é) _ AjJ’j Aj"j(e).’j Y A.9
":?:“o{(l—A,)zl T—4)z (1—A,)z1z,} - (A9)

In order to obtain the correct values of the intensity for the
limiting cases, 7—0 and 7%, it is necessary to define

a, exp (—7,){exp (6,)—1}*

Bi= =4 = = G —exp ()]

. (A.10)

Utilizing the binomial expansion and Eq. (A. 4) one can
rewrite Eq. (A. 9) as

_exp(—t)—exp(6,) & Y b/l )\ (l—m,
4,(€) l—exp (6;) zfgo».,g'o k§0(”{;)( k, )

Aj ] Bj 'J'"‘j {xj(e)}qu-kj
x(l—A,) (I—A,) mA k) (G —mpl "

(A.11)

Here it should be noted that one has m,v-O for 7j—0 that is,
A/=0, and k=0 and l=m; for -, that is, B;=0.
One uses the following expansions,

yrky mitk mi+k 1
(,(E)} s+t = (_AzL) 3 mithky psomythy— M<mj+k)(p,>

b 45
X ("’;‘*‘ff ‘Pf) (=)™ 95y exp [iw;(g,—1,)€),
J

(A.12a)

$5=04g;=0 7;=0

or
m ok s k)
et = (SE) ™ Y (2R
2 py= P/
x exp {iw;(k;+m;—p,)¢},
Substituting Eq. (A. 11) with Eq. (A. 12b) into Eq. (A. 5) yields

y a exp (—1,){exp (6,)—1} ]

(A.12b)

§-3

Cc
Duton ©) = 5 exp [ 5= BEE GRS
o0 ) 0 I ’é Iy 1,-m, I,—m; ln-mv
“;'—‘ E= E—o m;o #am0 M0 K20 kim0 ka0
2my k) 2mg+Rg) 2<m~+k~)[ (A,z) ;H;( 1,) (l,—-m,)
X .. II
mzjo pgo pxz-}o j=1\ 2 my)\ ky

{ 1—exp (—1,) } { a, exp (—t,)[exp (6,)—1] }‘J‘

exp (01)_1 exp (0])_exp (_rj)
(—l)r;(2”'1;2k1) 3}
J .
* (m,+k,)!(t,_m,)!] S_ 3¢ exp [iE{wsa
S x4/ .
+ gle(kj"‘m.f—pl)—'wh} +j§1 5 €XP (i0,6) — I'sal€]1-
i (A.13)
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Integration over ¢ in Eq. (A. 13) will be carried out in the weak
coupling case, S<1 and the strong coupling case, $>1,
separately.

1. Weak Coupling Case. In this case, utilizing the
Tayler expansion and integrating the expression over £, one
can obtain the analytical expression for the absorption
intensity,

N a;exp (—t,){exp (4,)—1}
Dyy(wg, ) = Cexp [ 2_1'1 s =p (01)1_ o (—JTJ) ]
0 ) ) o 3 © N I In

li=my lj—mjs In—mn 2my+ky) 2 ﬁk") 2(my +kN)
X ves eee vee
k=0 kj=0 ky=0 p,=0

$4=0  py=0

2m;+2k;
< (B (275 (3m) (™)
2 my [\ ky [l (mt+k)(—m,)!

a; exp (—7,) [exp (0,)—111™s (1—exp (—T,)| ™
* { exp (0,)— exp (— ;) } {exp (0,>—1} ]

X T'oa . (A.14)

N
{“’M"‘El“’i(”/"‘kr""‘:—h)—wn}’+1’§u
]8

1. Strong Coupling Case. In this case, one can use the
expansion of exp(iw;€) to the second order,

wlzez
2 .

exp (i0,6) = 1 + i — (A.15)
In the strong coupling case the following relation is satisfied

for the optical transition between two electronic states of
molecules,

N @wz24,2
N~ >Th,

P (A.16)

that is, effect of the damping on the spectrum can be
neglected.

Substituting Eq. (A.15) into Eq. (A.13) and integrating
the expression over ¢ yield

Dao(wm T) = Dab(wmtxs °°)T=0
_Joasexp(—t){exp(8,)-1}V & & =
<exp -0 G e ) 5 5 B
I l)v

s
ll—ml ’J "‘J IN —my 2(’”1"'“)2( +ky) 2(my+kn)
X Z', . ﬁ

m=0 '”/‘0 my=0 k= 0 k/ 0 k]v 0 p=0 p;=0 PN=0

2m;+ 2k,
N [ﬁ (_A_,z_>"‘f""1< lj)(l;—rnj) (—l)pj( ?y )
j=1\ 2 my ky | (my+-ky)! (l—m))!

@;exp (—7,)[exp (6,)—1] ™1 l—exp (—17,) | ™
"{ exp (6,)—exp (—7,) } {exp(o,)—l} J

N a2 2
{wba+J¥le<T+k/+mj_Pj>“wk} ]
N wjzAja J
= 2

X exp|—

(A.17)

N ) )
where  Das(@max, ) 7=0=v/2mC /{2 :lw?Af/ 2}12 is the maxi-
=

mum absorption intensity at 0K in the equilibrium state.
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