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We present a theory of time-resolved emission spectroscopy in the femtosecond region. It is
shown that a femtosecond time-resolved emission spectrum consists of the contributions from the
population and coherence of the system. Theoretical expressions for describing femtosecond time-
resolved emission molecular spectra based on the use of the adiabatic approximation are derived.
Detailed numerical calculations have been carried out to show the effect of the time evolution of the
population and coherence on the time-resolved emission spectra.

I. INTRODUCTION

Ultrafast emission spectroscopy of fluorescent mole-
cules in solution has recently been used to probe the
mechanism and dynamics of solvation and investigate
how dynamic solvation affects chemical processes such as
electron transfer, proton transfer, etc.!”7 The basic ex-
periment was first carried out by Ware et al.® Typically,
a fluorescent probe molecule is electronically excited, and
the fluorescence spectrum is monitored as a function of
time. Relaxation of the solvent polarization about the
newly created excited-state dipole leads to a red shift of
the fluorescence spectrum. The microscopic solvation re-
laxation is conventionally probed by monitoring the spec-
tral shift as a function of time. In this paper we shall re-
port the theoretical treatment of ultrafast time-resolved
fluorescence spectroscopy. In this regard, it is important
to note that when an ultrashort laser pulse is used to
pump a molecule system, in general more than one state
is coherently pumped, and the resulting time-resolved
emission spectra will in general consist of the contribu-
tion from the evolution of both population and coher-
ence. In other words, the band-shape functions associat-
ed with both population and coherence are required in
order to deconvolute an observed ultrafast time-resolved
spectrum.

Time-domain measurement using optical techniques
has been promoted to the femtosecond regime.” Certain
nonlinear-optical processes have to be employed in order
to take full advantage of ultrafast optical response, even
though often what we study is essentially a linear decay
process. In the pump-probe technique to obtain temporal
emission profile, an up-conversion process is used in
detection.'© Many molecular properties and chemical re-
actions are opened for study by ultrafast time-scale mea-
surements. Examples are transition-state spectroscopy,
orientational relaxation,'' thermalization,'? charge sepa-
ration,'® isomerization,'* hydration and aqueous dissocia-
tion,'® and exciton-excimer relaxation.'® At such a short
time scale, nonclassical evolution begins to surface; the
excited state does not act like a classical oscillator any
more, and the effect of coherence is significant. We con-
sider a molecular system in which an upper state is
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strongly coupled to local modes as well as heat bath
modes, and find how the emission spectrum and its tem-
poral behavior are affected.

The present paper is organized as follows. In Sec. II
the general theoretical treatment of ultrafast time-
resolved emission spectroscopy based on the quantum
theory of radiation is presented. In Sec. III we apply the
theoretical results of Sec. II to molecular systems. In Sec.
IV we show how to calculate the molecular-spectroscopic
band-shape functions associated with the population and
coherence of a dynamical system. Numerical calcula-
tions are presented in Sec. V to demonstrate the contribu-
tions from the dynamics of the population and coherence
to time-resolved emission spectra.

II. GENERAL THEORY

We consider the evolution of the density matrix p of
the total system which consists of the molecular system
and radiation field,!”

b _ _irg s

r 7 [H:P]
where R denotes the damping operator due to the cou-
pling between the system and heat bath, and L represents
the Liouville operator corresponding to the Hamiltonian
A of the total system. H can be written as a summation
of Hs, the Hamiltonian of the molecular system, H,, the
Hamiltonian of the radiation field, and 17, the interaction
between the molecular system and radiation field,

—Rp=—iLp—Rp, 2.1

A=H +A +V=H,+V . (2.2)
It follows that
%‘Ii=~i1foﬁ~ii p—Rp, (2.3)
where L ' corresponds to V.
If we let
p=exp(—iL y1)6 , (2.4)

where L ;=L,— IR, we obtain
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ith ) A —itL ! i 1 I/>
dé _ _ietEop ., ik % . 2.5) ll;{?gtlce that for a molecular system, V can be expressed
dt as
which can be integrated as P=-XY, (2.8)
—a [ itL g, —ith g where X= A/c, A being the vector potential and c, the
8(1)=8, lf dre L'e &(r) light velocity, and Y=eP/m, e and m representing the
=6.4+A6(1) (2.6)  Ccharge and mass of the electron. Here P= 3, P, and P,

denotes the momentum of the kth electron. Using Eq.
where &; denotes & at t =¢;. For time-resolved emission, (2.8) Eq. (2.7) can be written as
we calculate

(H,)=Tr[G(1A&()(X-Y)], 2.9)
(Hr)=<dﬁ’> =Tr |p dﬁ where X =d X /dt, and @(r)=exp(—itﬁ6).
dt P ar It follows that
=é r(plA,A,]) (H,)=3 G)7Ac(1) (X-Y), (2.10)

nm

=éTr{e_”z"’A6(t)[f>,ﬁ,]}. 2.7 and

: t*t’
Ao(t),, = —é zfo dr[V(t =70t —T)yp —0(t =7V (t —7)pm ]

=L [ X =Y =), 8 =) @.11)
#%iJo T T ) T nm » '

where, for example, V(t —7),,.=expli(t —7)(w,, —iR,,)]1V,, and R,, represents the dephasing constant. Substitut-
ing Eq. (2.11) into Eq. (2.9) yields

. ; t—t, .
()= [ drTr(a(—n[XO-Y0,X( —1)Y( =]}, (2.12)
which can be rewritten as
. H IAI’ .
<H,>=éf0 dr{{X()X(t —7))y:Tr[6 't —7)Y()Y(t —1)]

—(X(t —7)X(1)):Tr[6 't — 7)Y (t — 7)Y (D)} , (2.13)

where, for example, {X(#)X(t —7)), denotes the vacuum average of X(7)X(r —7) for the radiation field. & “)(¢)
represents the density matrix of the molecular system.
Notice that

X=2

1/2

2”ﬁ (@,+a%e, , (2.14)

where (@,,@ }) denote the boson operators, e, represents the unit polarization vector, o, is the optical frequency, and V
is the volume of the system. Substituting Eq. (2.14) into Eq. (2.13) we obtain

<H’)__ 2 f "drTe(6 At —1){[e, Y(Dle, Yt —1)]e ™ +[e, Y(t —n)][e, ¥(D]e ™ ]) .
(2.15)
Notice that
2= f “doo’ [ d0. (2.16)

Here a factor of 2 has been introduced for polarizations. Using Eq. (2.16), the time-resolved emission spectrum mea-
sured in terms of the number of emitted quanta per unit time P (w,) is given by

-t
Plw,t)= drTr(6 Pt —r){[e-Y(D][e-Y(t —7)]e ™ +[e-Y(t —7)][e-Y()]e™}) , (2.17)

o)
whc’

which can be written as
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i @D pyp
Y @)+~ '
8w Omm )+8(w Om ")+ 7TP ((0+a)m',, )(w—wmm ) ]

Plo,0)="75 3 [6 (AP m(e Y e Y ry)

ﬁc nmm'

(2.18)

In obtaining Eq. (2.18), the Markov approximation has been used. In Eq. (2.18), 6(Aw) denotes the 6 function and P
means that the principal value should be taken. A better approximation will be to replace the & function by the
Lorentzian due to the damping R. For a randomly oriented molecular system, Eq. (2.18) becomes

(s) A(s i Drmn
Plw,1)= G ADDE Lam Yo Y pyon) |80 =@y )+ 80+ @y )+ —P . (2.19)
m’ T (wto,,No—o,,,)
I
Equations (2.17)-(2.19) are central results of this paper. where u,,, denotes the transition moment. Here the re-
In the remaining portion of this paper, we shall show the  lation Y, =i®,,, 4, has been used. In Appendix A

application of these results. It should be noted that  we show how to calculate [G © (AP G -
P(w,1) consists of two parts; while [G *(A1)5§"],,, de-
scribes the dynamical behavior of the molecular system,

the remaining part of P(w,t) describes the emission spec- III. TIME-RESOLVED EMISSION SPECTROSCOPY
troscopic behavior of the molecular system. The Einstein OF ELECTRONIC TRANSITIONS
A coefficient (i.e., the spontaneous-emission rate con- ) )
stant) can be obtained from Eq. (2.19) by setting  We shall now analyze the expression for P(w,?) given
(G (ADPE,, =5, (p),, where (), denotes the  in t.he preced}ng section in the'Borr.l-Oppenhe.lmer‘ adlz}-
equxhbrlum dlstributlon in this case we have batic approximation. The adiabatic approximation is
applicable to low electronic states of molecules. For this
A= 4 S B nn | Y | 20 purpose, we let (Bv) denote the vibronic states in the ex-
3ticd & o[ Y| cited electronic state manifold, while (aw) denote the
4 vibronic states in the ground-electronic-state manifold.
=5 2 B 6" | om0 (2.20)  In this case, Eq. (2.19) can be written as
nm
J
P(@,0==223 p'" (At g 5 Ygyraw Yauw) |80 =0y ) +8(0+ 0 gy ) +iP o , G
3tic’ & ‘ ' : Rt (0@ g g NO— Opy )
where ﬁ(” =G “’(At)"‘”. From Eq. (3.1) we can see that P(w,t) consists of the incoherent contribution P (w,?),
and the coherent contribution P(w,t),, i.e
Plo,t)=Plw,t),+Plw,t), , (3.2)
where
_ 4o (s) 2
P((l),t),, - ﬁc3 EP (At)ﬂu,ﬁv ‘Yaw,Bv ‘ 8((1)_(03”’“,0 ) (3.3)
vw
or
P — 46’)3 (s) 2
(CO,I)”— 3ﬁc3 zp (At)ﬂv,ﬁvly'aw,ﬁu‘ S(w_wﬁv,aw zp At ﬁvﬁUFBUBU(w) (34)
vw
and
P(w’t)c 3 2 2 ZP(S)(At BUBU(YBU aw Yawﬁv) a(w_wﬂu' aw)+6(w+wawﬂu)+ip LI
3ﬁ ’ ’ ’ T (0t @y, 00, o)
2 2 At)BU Bv’ FBU B’ (CL)) (35)
v v’

where Fg, 5 () and Fp, ,(w) represent the band-shape functions
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40°
Fﬁv,ﬁv(w) 3 2 |"‘azw Bv| &lw— g, aw) (3.6)
3fic” 5
and
Fao (@)= =223 (Yo o You) 80— 0 )+ 80+ 0 5, )+ g (3.7)
Bu, Bv 3%c3 " Bv',aw " L aw,Bv Bv’,aw aw, Bv p (w+wau;Bu )(w*wﬁu' aw)

From the expression of P(w,t), we can see that it consists of the dynamics of the population p” (At)g, p, and the as-
sociated band-shape function Fpg, g,(w). Similarly, P(w,?). can be separated into the coherence p' (At)ﬁ,J g and the as-
sociated band-shape function Fp, 5, (0). For the case in Wthh the Condon approximation applies (i.e., the electronic
transition is an allowed transition), the band-shape functions Fg, 5,(w) and Fp, 5, () become

Fg,p (@)= 3{1 3 ll‘aﬂlzz 1{0 4 [0, 80—, gu,) (3.8)
and
Fpup(@) =20 3|P'a3| zwﬁv aw®8vaw O |Oaw ) (Ogy 104,
X (80— g )+ 8+ 0y g )+ P D0y : (3.9)

™ (w+waw,Bu )(w_wﬁu',aw)

where 6, Og,, and Op, represent the nuclear wave functions.

It should be noted that when the dephasing is much faster than the relaxation, in the time scale of molecular relaxa-
tion p(S)(At)Bv,Bv’ vanishes and we have P(w,t)=P(w,t),

IV. BAND-SHAPE FUNCTIONS

In Sec. IIT we have shown that the time-resolved emission spectra P(w,t) can be separated into the product of the
population or coherence and the associated band-shape functions. In this section we shall show how to obtain the
band-shape functions Fg, g,(w) and Fp, g,-(®). For this purpose, we shall consider only the case where one degree of
freedom is nonstationary and other degrees of freedom are in thermal equilibrium. In other words, only one optical
mode is coherently pumped and the other modes maintain or reach equilibrium in the time scale under consideration.
In this case,

Fp, p(@)= 3ﬁ 3lua3|22 E|<ngoiXawo>i2H Py, (X, 1 X 2?8(00py, 0 —@) @.1)

where (X BvO’X ’1“’0) and (Xpg, ,X,, ) represent the wave functions of the optically pumped mode and the remaining oth-
er modes and P,,,, denotes the Boltzmann factor. For the case of harmonic oscillators, Fg, g,(w) can be written as'?

Fpypol@)= 3M ; |p.aB|2f _dtexplit (0 —ap,) 1K, ( )[’I'G,-(t), (4.2)
where
K, (=3 |(XBUO|Xaw0 M%explit [(wy+1wg—(vy+Lwe]} (4.3)
Wo
and
=3 3 Pp, 1{Xp, [Xou YPexplit [(w; + 1eoj— (v, + Dy 1} - 4.4)

i 1

For the case of a harmonic oscillator, G,(¢) has been evaluated'®

G,(1)=2B, h Ao, _ k) 4.5)
B ,sin szexp [h,-(t)]'/z , .
where
231242
k()= Bib: , (4.6)

B 2coth(A, /2)+Bicoth(u; /2)
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i A; . A
B}Zcoth% +B,?coth—2— ' {B}Ztanh% +pB*anh— | , 4.7)

h;(t)=sinhA,sinhu, 2

u;=—itw; and A; =itw, +fiw; /kT. Similarly K,,O(t) is given by

K, ()=K, (DAK, (1), 4.8)
0 0 0
where
2d2 -
K, (=exp BOZO(I-—e “O)J 4.9
and
% vg! 242 _ "o
AK, ()= 3 - Bodo o2 _ g ~rortya (4.10)
0 ny=0 (n()!) (Uo*no)! 2

Here it is assumed that the oscillator is displaced but not distorted. The case of displaced and distorted oscillator is
shown in Appendix B. It should be noted KOO(t) given by Eq. (4.8) is equal to Goo(t) at T =0.

Substituting Egs. (4.5) and (4.8) into Eq. (4.2) and using the short-time approximation (i.e., the strong-coupling case),
Fg, p,(w) becomes

172

2
2w ) T (0g,— 0 — o)
F =— AK, (t*) |— —_— 4.11
Bv,Bv((‘)) 3Trﬁc3),‘a6) uo(t )[D €xp 4D s ( )
where
D= o 2 - B 2 hzﬁ +B2dX1—p,)* I d? (4.12)
2|l ot g TR pi)eoth T BO :
=2/& 62d 1— ‘)2_ ) l_p COthﬁ' +_a_).932d2 (4 13)
) pil P 2 2kT | 2 PO '
and
i(wo—wg,to;)
tr=——————, o, =w;(l1—p;). (4.14)

2D

Due to the term AK, (1*), Fp, p,() takes the modified Gaussian form. Notice at v, =0, AKUO(t* )=1; in other words,

only for this case would Fpg, s,(w) take the Gaussian form.
Next we consider Fﬁu g (@), which can be rewritten as

Fﬁl\ﬁv'( w)= 3 h 3 ‘”aﬁ'zz zlPvaBv’,awav,aw<erIeaw ><eaw|e[3u'>
><fo‘”dt{exp[n(w—%.,aw)]ﬂxp[—iz<w+waw,,3”)]; . (4.15)

Fpg, g, (@) consists of two terms, i.e.,

FBU,BU'(w)ZFﬂv,BU'(w)l+Fﬂv,Bv'((D)2 R (416)
where

2 itlo—Avyw,) a 8 .
Fﬁy,ﬁv’(w) 37Tﬁ 3 ’#aﬁ‘ f d 0™0 692 Avo(l)o aa UU ( 6) s (417)
Fp pol@),=—"—Ip sz dte '@ +Avoa)0 9 1,,.(6), (4.18)
B, Bv 3 ﬁ 3 af 862 aa

and

1,(0)=3% 2 Py {05104 ) (O |0, Yo e . 4.19)

w
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Here 6=it and v, =v,+Av,. Equations (4.15)-(4.19) indicate that, to evaluate Fpg, 5, (), it is necessary to evaluate
I1,,(8). Notice that I,,.(6) can be expressed as

IUU,<0>=e"“’BaKUOU6(9> I1'6G.(6), (4.20)
where
Kuov;)“”: > <Xﬁv6 l)(aw0 )<Xc,w0 IXBUO Yexp{6[(vo+ Dy —(wy+ 1wy 1} 4.21)
Wo
and
G(0)=3 3 Pg, |<XBv )Xaw IZexp{ O (v, + 1 )ew; — (w, + 1)) 1} . (4.22)

', 1

G,(0) is exactly the same as G;(¢) given by Eq. (4.3) by replacing t =i6. We now calculate K . (68) which can be ac-

0”6
complished in the same way as that for K ,,0( t). We obtain, for the displaced oscillator case,

K, .(0)=Kq o (0)AK, . (0), (4.23)

Yo Yo 00

where

2d2 w
—BO ®(1—e 09)]

Koq,0,(0)=exp (4.24)
and
% (0ol 1) 72 o —n o | Bod e 70T Y020
AK ()= eommoet | Bodo | —ap0) (4.25)
YoYa ny=0 no'(vo_no)'( _no)' ‘/2
for vy >wv,. Similarly for the displaced oscillator case, G;(6) is given by
G,(6) Bl | oth T oen PO o o0 — 2
= - t - - .
\ exp 5 |coth= o —esch—mrcosh |w;0— == (4.26)
In this case, we have
1,,46) Bl | _ o) 4 0 ﬁ B2 o 22 cosh | 6— 2
v’ =ex - - a coth———— T ST
P e )ty 2 kT SN2k O 2kT
(valph1)172 e Bod oo v +vo—2n,
> 070 e!o 0?1 TO0 (1o %) 4.27)
ny=0 Nol(vg—=ng)lvg—ng)! V2
In particular, at low temperatures, Eq. (4.27) reduces to
B%diz —w, 0
I,(60)=exp |— 3 —2—~(1—-e ")+ wg,0
Vo (U 'l) |)l/2 e Bd o u0+v6+2n0
> (v =ng gt 070 (1—e 06) (4.28)
"0:0 no!(vo_no)!(vo_no)! ‘/2

V. DISCUSSION

In this section we shall show some numerical results of time-resolved emission spectra. For this purpose, we consider
the case in which only the two lowest vibrational levels of a particular mode are coherently pumped and the tempera-
ture effect is neglected. In this case, we have

P(@,1), =p" (A1) g goF go po(@) +p" " (At)gy g1 Fpy gy (@) (5.1)

and

P(o,1),=p")(At)gy g1 F g p1 (@) +p' (At)gy goF g1 pol@) (5.2)
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where, for the displaced oscillator case,

Fgo polo)= — 3|pa3[2f dtexp it(w— wga)‘ES (1—e")

3 ﬁ ; {paBl [ / [2 S,-a),z] Y2exp [~ [wpe— 3 S0, —w ]2/ [225,-60,2 } ] (5.3)
and
Fpi pilo)= 3ﬁ Ipaﬁ}zf dt[ 1—2S0H—So(e LR ]exp itlo—wg,)— ES 1—e' ‘)] , (5.4)
where S, =1p2d?, the Huang-Rhys constant (or the coupling constant). Fp, 5 () can be expressed as
3 3
’ ’ o+ wg ’ — g ’
Notice that, from Appendix A, we obtain
PAD g =P po.p0+ (B g p(1—e o) (5.6)
and
P(“(A’)Bl,m:(ﬁBS))m,m@_R”‘A' , (5.7

where R, denotes the relaxation rate constant of the 51 level. Here for simplicity we have assumed that R g, is negligi-
ble in the time scale under consideration.
Next we consider the coherence contribution. Notice that in this case we obtain the real parts of Fp, g (@) and

Fﬁl’m(w),

Bod0 ®—wg)
Fpp (@)= Fpy pol)= az——*———z/ S]]
B0,B1 pLp0\ @)= ST Hagl Indic? [ 7 [E,
X Jexp | — [coﬁa+w0-— S Sw—w ]2/ [225’,-(0,2 l ]
—exp [ — {a)ﬁop- S S —o ]2/ [225,(0%] ] ]
ﬁo 4 0w+ )
! 2 2ﬂ_/ Sl 112
Habl 3 e ; i ] }
X lexp [ — [wﬂa—w- S S, ]2/ 1225,-(1),2 ] }
—exp [— [wﬁa—wo—w— S S0, ’2/ [223,.@,?” ’ (5.8)
and
(S)(At)mﬁl (po )mﬁlexp[_At lme]+RmBI )] s (5.9)
where R g denotes the dephasing constant and wpg g1 = —wo. We use the form Ry, 5, =R, /2+ R, in numerical cal-

culation where R, is the rate for pure dephasing. It follows that
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Bodo 2(02(0)_600)
P(w,0),=p""(0 (—AtR g ) |~ ol (27 (Z S0 |2
(@,0).=p*'(0)go g1€XP B0, 81 v 3mdic? e ﬁ' 2}:
X |exp [— [a)Ba-i-wo— S Sio,—o ]2/ [ZZS,-wf ] 1
—exp | — [wﬁa_w_ 2 Sio; ]2/ [Zzsiw?‘l }costAt
Body | | 20%(@+wp)
+0'°(0) g0, p1€XP( — AR gy g1 | —= 2 7_77/ S, | |17
p B0, 31€XP mp) | 75 P ol 2{‘,
X |exp [— [a)ﬁa—a)—- S S, }2/ [225,@?} ]
—exp Wpg— W~ 3,80, 0 ]2/ {225,-(0,2 ] ]coswoAt . (5.10)

Here the contributions from the principal values of
Fpopi(@) and Fg g(w) have been neglected.

In the previous papers,’®~?? we have shown that if the
pumping laser pulse has a constant amplitude with dura-
tion T, then

( A(s) T2

Po )BU-BU': ﬁz (5.11)

V;B’u,aOV:zO,Bv' ’
where Vj, .o and Vi 5, denotes the interaction matrix
element involved in the pumping laser. Using the Con-
don approximation and Eq. (5.11) we obtain

(ﬁg)s})ﬁl,/il . I<X[310}Xaoo>l2 (5.12)
(ﬁé)Y))BOBO I(XBOO’XaO(J)’Z .
and
(ﬁE)S))BO,ﬁl <X3101Xa00>
N = . (5.13)
(P )30/30 <XB00|Xa00>
For the displaced oscillator we obtain
(P65 )prp _ Bodd
N = =S, (5.14)
(Po )po.po 2
and
A(s)
(Po )BO,BI By
N ==75 - (5.15)
(£ )po.po 2

Equations (5.1)—(5.15) have been employed for numeri-
cal calculations. For this purpose, we introduce an aver-
age frequency in IS0, and I,;S,0? so that
3, S0,=S@® and I, S,0!=S®’ where S=3,8,.
Equations (5.3), (5.5), and (5.8) provide a convenient ap-
proximation for band-shape functions that include sol-
vent effects in transient emission spectra. However, for
testing purposes, we carry out the single-mode case, using
Eq. (3.9), and neglect all both modes. Results are shown
in Figs. 1 and 2. The coherence effect is obvious in the

early stage by comparing the two figures. Coherence is
also shown in the oscillatory behavior of emission in Fig.
3. Note that 1 KK ™! in time scale corresponds to 33 fs.
Figures 4 and 5 show a similar pattern of evolution for
the upper state initially populated at v =1 and 2. A large
dephasing constant (Figs. 2 and 5) quickly damps the
coherent part of the emission intensity and, therefore, al-
lows us to see the evolution of the incoherent contribu-
tion. Analytical expressions in Egs. (5.3), (5.5), and (5.8)
give similar results with slightly different Stokes’s shift
determined by the total Huang-Rhys factor S instead of
So-

The net dephasing effect, as caused by both relaxation
and pure dephasing, can come from strong anharmonici-
ty and intermode coupling, as well as strong vibronic
coupling in the excited state.*** Nonlinear coupling
among different vibrational modes is especially strong
when the molecule is vertically pumped from the lower

1000

Intensity

?8 19 20 21
Wave number (units of KK)

FIG. 1. Time-resolved fluorescence spectra from upper state
initially populated at v =0 and 1. wg,=20 KK, wy=Rpg =0.2
KK, R,,=0, So=2. Time in units of KK ~!. Intensity in arbi-
trary units.
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1000
> 2 t=20
- ™)
) \
+J
c
—~

05

19 20 21
Wave number (units of KK)

FIG. 2. Same as Fig. 1, except R, =5 KK.

state and is located in a highly anharmonic range of vi-
brational coordinates of the excited state. By this reason-
ing, a planar chromophore having a nonplanar excited
state would have a strong coupling and hence fast relaxa-

1 : 1 Hpy s
Awmn(t)=g2P(’)(’)my,my Hyymy T2 2 © =
» 5 m Omyms
where p'(¢) is determined by
dﬁ(:) . R
o= iLERY Ry (5.18)

Here R » denotes the damping operator describing the dy-
namics of the solvent cage molecules due to their cou-
pling with the heat bath.

1000
7KK
>
<+J
” 0KK
c
Q
-~J
c
—
0
0 10 20 30 40 50
Time

FIG. 3. Time dependence of fluorescence from upper state
initially populated at v =0 and 1 for two frequencies: 19.7 and
20 KK. For parameters, see caption of Fig. 1.
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tion dephasing takes place before or along with emission.
The present work can be applied to probe the solvation
dynamics using the time-resolved emission. In this case it
is more convenient to separate 5'* into two subsystems,
one due to the solute molecule 5 and the other due to
the solvent cage molecules 5’ which affect the electronic
energy levels of the solute molecule (i.e., the solvent
effect). In this way we can see that the observed spectral
shift as a function of time will describe the dynamics of
the local solvent molecules. Notice that, in this case, the
coherence of p* can be expressed as
)y = L0y 180, (DD,

—R ()P (E) s s (5.16)

where w,,, denotes the energy gap of the solute molecule,
while Aw,,,(t) denotes the changes of the energy gap in-
duced by the interaction H ' between the solute molecule
and the solvent cage molecules. It is given by

1 (s) 4
l—zzpb (t)n)".ny’ Hn'y',ny’
Y

(5.17)

From Eq. (5.17), we can see that the energy-level shift
of the solute molecule changes with time due to the dy-
namics of the solvent cage molecules. Some preliminary
results on the solvent effect on time-resolved emission
spectra have been reported.?’

In concluding the paper, we have shown that coher-
ence is significant at short time scale, especially when
coupling between electronic motion and nuclear motion
is large, as is shown in our model calculation. With our
calculation scheme, not only the dynamics of polarization
of fluorescence but also the steady-state emission spectra
can be treated.

1000

Intensity

0
18 19 20 21

Wave number (units of KK)

FIG. 4. Time-resolved fluorescence spectra from upper state
initially populated at v =1 and 2. wg, =20 KK, wy=Rp =0.2
KK, R, =0, S,=2.
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1000
t=20
>
“
c
QJ e
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\,
?8 19 20 21

Wave number (units of KK)

FIG. 5. Same as Fig. 4, except R, =5 KK.
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APPENDIX A

In this appendix we are concerned with the calculation
of [G(1)p§ . To demonstrate the theoretical ap-
proach, we consider a two-level (say, m and n) system.
We first consider the diagonal case, i.e.,

[6 0P E Y = GV B

+GOO (B ) - (A1)

Here [G “(1)p "], denotes the population of the m lev-
el at time ¢, while (5),,,, and (5’),, represent the ini-
tial populations. We shall assume that the m level is

higher than the n level. Notice that

G ()=exp[—it(£,—iR)] (A2)
and
Al(s)
B P pI—Rp (A3)

dt
Carrying out the Laplace transformation of Eq. (A2)
yields
1

e — | (A4)
p+i(E,—iR)

(s) R —ptA () 4y —
GAp)= [ “dre "G )

We now calculate G'(p)"" and G'*(p)"" . From Eq.
(A4) we find

(p +RMG(p)mm + R G (p)mm=1 (A5)
and
(p+RGY ()" + R "G p)rm =0, (A6)

where R and R, denote the relaxation rate constants

2727

for m —n and n —m, respectively, and —R,,, =R, and
—R7"=Rp".

Solving Egs. (AS5) and (A6) for G'“)(p)™™ and
G9(p)™™ we obtain

p TR,
G(p)mm = (A7)
p(p +R+RT)
and
Rom
G(s)(p):;m: (A8)

p(p+RI+RMM)

Carrying out the inverse Laplace transformation of Egs.
(A7) and (AB) yields

R,
G(s)(t)mm=
™" R R
Rmm
+——""—exp[ —t(R"+R™) (A9)
R R pl nn Ry
and
(s)( 4 ymm — mm __ _ nn mm
G (t)nn - R::'{’R,;,",:l [1 exp[ I(Rnn+Rmm)]} .
(A10)
Similarly, we obtain
G(S)(I)nn= Rr:"’:
nn Rnn+R mm
Rﬂﬂ
+——"——exp[—t(R!+R™], (All)
RIT R pl n ]
nn
G, =———""——{1—exp[—t(RJM+R"™M]} ,
R,;',§'+R,’,§’,§,"{ pl " TR
(A12)
and
(G DB =GB ) (A13)
where
G(t)rm =exp[ —t(iw,, +R"™)], (A14)

where R, denotes the dephasing constant.

It should be noted that to obtain [G “/(1)§"],,, and
[G “(1)p$],n» One can also solve the generalized master
equations given by Eq. (A3).

APPENDIX B

Here we consider the calculation of K”o( t) defined by

— 2
KUO(t)_ 2 |<XBU0lXCle )I
Yo
Xexp[ —po(we+ 1) —Ag(ve+ 1)1, (B1)

where puo= —itw, and Ay=itw, Using the Mehler for-
mula,'® we can rewrite Eq. (B1) as
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Boexpl —Aglvo+3)] s ~ ~ 0 - Ko
K, ()= dQ dQ Xz, (Q)Xg, (Q)ex (Q'+ tanh—— 2coth— ,
0 (27 sinhyg)' /2 f-mf QdQ X, (@)X, (QJexp Qo+en (Q'=0" 2
(B2)
where 8= (wy/#)!"%. Using the contour integral representation for the Hermite polynomial and performing the in-
tegrations with respect to Q and Q, we obtain
K = BoB oexpl —Ao(vg +3)] vo! 1 g
‘0 {[B¥sinh(pg/2)+ B Feosh(py/2)][Bicosh(py/2)+ B Fsinh(py/2)]} 172 | 9% | | 2mi
dz dz BB ¢ Bi(z,—
R e R a a. iz
¢z ¢ 230 [B ¢+ Bicoth( ,u0/2)] B3+ 2coth( yO/Z)
Bizy+z,)? 2B Bodo(z, +2;,) B3)
B3+ B tanh(uy/2) B+ Bicoth(uy/2)
where Q(=Q,+d,, i.e., d, denotes the normal coordinate displacement. Carrying out the contour integrals in Eq. (B3)
yields
K, (1)=K, ()AK, (1), (B4)
0 0 0
where
, Ao BB 2d?
BoBoexp | — = —
Ko (1)= 2Byt hicoth(uo/2)] (B5)
% {[Bisinh(uy/2)+ B Pcosh(uy/2) [ Bicosh(uy/2)+ B (sinh(ug/2)]} /2
and
AK, (D=exp(—Agwy) S o i I I R (B6)
o (D =exp(— A —_— = -
0 PR & e g | 2 2 | v/4a,
Here H ,,O(x) denotes the Hermite polynomial,
—Bi+B
a,= ’ (B7)
[B3+B tanh(ug/2)][B3+ B 2coth(py/2)]
_ 2665 (B8)
[Bicosh(ugy/2)+ B ¢sinh(ug /2)[ Bisinh(uy/2)+ B Zeosh(uy /2)]
and
2BB¢d

[B +Bocoth(u0/2] )

*Permanent address: School of Chemistry, Tel-Aviv University,
Ramat-Aviv, Israel.

IM. A. Kahlow, W. Jarzeba, T. J. Kang, and P. F. Barbara, J.
Chem. Phys. 90, 151 (1989).

2M. Maroncelli and G. R. Fleming, J. Chem. Phys. 86, 6221
(1989); E. W. Castner, Jr., M. Maroncelli, and G. R. Fleming,
ibid. 86, 1090 (1989).

3J. D. Simon, Acc. Chem. Res. 21, 128 (1988).

4A. Declemy and C. Rulliere, Chem. Phys. Lett. 146, 1 (1988);

145, 262 (1988).
5J. M. Hicks, M. T. Vandersalli, E. V. Sitzmann, and K. B.
Eisenthol, Chem. Phys. Lett. 135, 413 (1987).

SE. M. Kosower and D. Huppert, Annu. Rev. Phys. Chem. 37,

127 (1986).

7F. Heisel and J. A. Miehe, Chem. Phys. Lett. 128, 323 (1986).

8W. R. Ware, P. P. Chow, G. J. Braut, and S. K. Lee, J. Chem.
Phys. 54, 4729 (1971).

9G. R. Fleming, Annu. Rev. Phys. Chem. 37, 81 (1986).

10M. C. Chang, S. H. Courtney, A. S. Cross, R. J. Gulotty, J. W.
Petrich, and G. R. Fleming, Anal. Instrum. 14, 433 (1985).

'w. T. Lotshaw, D. McMorrow, C. Kalponzos, and G. A.
Kenney-Wallace, Chem. Phys. Lett. 136, 323 (1987).

12W. H. Knox, D. S. Chemla, and G. Livescu, Solid State Elec-
tron. 31, 425 (1988).

13Y. Gauduel, S. Berrod, A. Migus, N. Yamada, and A. An-
tonetti, Biochem. 27, 2509 (1988).



41 ULTRAFAST TIME-RESOLVED FLUORESCENCE SPECTROSCOPY

14R. A. Mathies, C. H. B. Cruz, W. T. Pollard, and C. V. Shank,
Science 240, 777 (1988).

15, M. Lee and G. W. Robinson, J. Phys. Chem. 89, 1872
(1985).

161 . R. Williams, E. B. Gamble, Jr., K. A. Nelson, S. DeSilves-
tri, A. M. Weiner, and E. P. Ippen, Chem. Phys. Lett. 139,
244 (1987).

17S. H. Lin, Y. Fujimura, H. J. Neusser, and E. W. Schlag, Mul-
tiphoton Spectroscopy of Molecules (Academic, New York,
1984), Chaps. 1 and 2.

18W. Louisell, Quantum Statistical Properties of Radiation
(Wiley-Interscience, New York, 1973), Chap. 5.

198, H. Lin, J. Chem. Phys. 59, 4458 (1973).

2729

203, H. Lin and B. Fain, Chem. Phys. Lett. 155, 216 (1989); S. H.
Lin, N. Hamer, and B. Fain, Adv. Chem. Phys. (to be pub-
lished).

2B, Fain, S. H. Lin, and N. Hamer, J. Chem. Phys. 91, 4485
(1989).

22B. Fain, S. H. Lin, and W. X. Wu, Phys. Rev. A 40, 824
(1989).

23M. Hayashi, Y. Nomura, and Y. Fujimura, J. Chem. Phys. 89,
34 (1988); Y. Ohtsuki and Y. Fujimura, ibid. 91, 3903 (1989).

24H. Kono and Y. Fujimura, J. Chem. Phys. (to be published).

258. H. Lin, C. Y. Yeh, and B. Fain, Chem. Phys. Lett. 162, 73
(1989).



