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In a previous paper, we have performed the molecular orbital calculation for the FENIB complex to

find that there exist two charge-transfer (CT) states separated by only a few hundred wavenumbers, and
based on this model, we have analyzed the steady-state absorption and fluorescence spectra. In this paper,
we shall use this model to analyze the femtosecond fluorescence profiles reported by Rubtsov and Yoshihara
and the femtosecond pump-probe time-resolved spectra reported by Wynne et al. For this purpose, vibrational
relaxation, vibrational coherence, and electronic relaxation and vibronic coherence between the two CT states

are considered. For the case of the TCNHEMIB complex in a nonpolar solvent, we find that the vibrational
coherence is due to the 15961.7 cnm* mode, which has a vibrational relaxation time of 02 ps. We
also find that the interaction energy between the two CT states+4888@nT?, which leads to internal
conversion from CT2 to CT1 and back electron transfer from the CT1 to the ground electronic state with a
time constant of 11.2 ps.

1. Introduction \ ] Jj

g ¥

T 7
Mulliken and others reported the mechanism of the new complex non-radiative process
formation in solution:* However, molecular orbital theory
allows a more general description of such complex revealing
\
la)

A main feature of EDA (electron doneracceptor) complexes
is the appearance of a new absorption band due to the complex
formation. Introducing the concept of charge-transfer complex,

One of the most studied EDA complexes is tetracyanoeth-
ylene-hexamethylbenzene (TCNEHMB). Resonance Raman
profiles and their analyses on this EDA complex have been
reportec®™ 1% The weak, near-infrared fluorescence spectrum 7
of this system has also been measfrédAlthough the CT Figure 1. Model of TCNE-HMB complex in nonpolar solvent.
spectrum of this complex does not exhibit distinctive multiple
peaks, the two closely spaced CT transitions were found on themodes); (2) 14 HMB and/or TCNE highly localized modes in
basis of the quantum chemistry calculatidn. the range larger than 80 crhbut smaller than the thermal

In a previous pape? we have reported the results obtained energy of room temperature; (3) 2 TCNE modes smaller than
from both semiempirical and ab initio calculations of the 310 cnTl. We should note that all DA and DA/GHnodes
TCNE—HMB complex and discussed important features of the were found in the range less than 100¢ém
two CT states. From the ab initio calculation, we have identified Based on these MO calculations, we have set up a model
all the vibrational modes of the electronic ground state. In which is qualitatively shown in Figure 1. Using this model
particular, we have reported 23 vibrational modes in the range and the results from the resonance Raman scatteringe have
smaller than 310 cmt. Based on the characteristics of these analyzed the experimental absorption and fluorescence spectra
modes, we divided them into three groups: (1) five denor  of the TCNE-HMB complex inCCly.
acceptor relative motions (DA modes) and two DA modes  Recently, Hochstrasser's grddave used ultrashort pump-
highly mixed with a HMB C-CHs twisting motion (DA/CH; probe measurements to study the TGNEMB complex in
polar and nonpolar solvents. In particular, the ultrashort time-

T Academia Sinica. o resolved spectra of the TCNEHMB complex in cyclohexane
+ National Kaohsiung Normal University. clearly showed quantum beats of a damped oscillation fith
National Taiwan University. . L .
= 161.7 cntl. In addition to this vibrational coherence, short-

U Arizona State University. - ;
' Japan Advanced Institute of Science and Technology. time decay and long-time decay components were observed.

the mechanism of complex formation.
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More recently, Rubstov and Yoshih&tahave reported the  theoretical result to analyze the quantum beat observed in the

ultrashort time-resolved fluorescence spectra of the TENE femtosecond time-resolved spectra of photosynthetic bacterial

HMB complex in CCls solvent. They found that the time- reaction centers. From Figure 1, we can see that in addition to

resolved spectra showed quantum beats of 159 cmith an vibrational coherence, vibronic coherence will be an important

ultrafast decay component. dynamics after excitation. Thus, in this paper, we shall take
In this paper, we shall analyze these femtosecond time- into account vibronic coherence.

resolved spectra by using the model shown in Figure 1. From The system Hamiltonian is given by

Figure 1, we can see that the ultrafast dynamics must take place . N N N

between the CT1 and CT2 manifolds. In other words, in the Ho = |alH,[3] + [blH, M| + |cH ] (4)

picosecond range, we must consider the dynamics of vibrational

relaxation, vibrational coherence, and vibronic coherence. where

=)

2. Ultrafast Time-Resolved Spectra

Ha= Iuhwgy(u+ )| (5A)
2.a. Ultrafast Pump-Probe Spectra. In the pump-probe =
experiments, for the case in which the pump-pulse and probe
pulse do not overlap, we can use the so-called generalized linear N *® b N
response theory in which the time-dependent linear susceptibility Hy= ) lvBwp(v + 7)) (5B)

includes the contributions from the dynamics of population and v=
coherence of the system. .
Using the perturbative density matrix method for the optical N c 1
procesges aFr)1d applying the gdiabatic and the Condgn ap- Ho= W;|meV‘b(W+ [)w] (5C)
proximations, we obta#y 17
The interaction between the two CT states is given by
Y”(wpuvahf) = 7”in(wpu1wpr17) + Y"vco(wpuvaraf) +

© [+

7 ecd@pupnt) (1) ¥, = 20 Eowu]bmbcm W + h.c. )
v=0 w=

where

whereJy represents the electronic coupling constant between
= _ - the CT1 and CT2 states. Here we have used the Condon
X in(wpu’wpnt) - (/uba® /"at/h)ZRe{ pbu,by(wpuvr) X approximation.

Fo, by(wpr)} @) _ The Liouville equation for this system without laser fields is
' given by

Yl'vco(wpwwprvr) =

—p(t) = —(iL, + T +iL;)p(t 7
(ﬁba® ﬁat/h)zZRq pbv,by(wpuvr) Fbv,by(wpr)} (3A) atp() ( ° J)p() ( )
e whereLo = [Fo, 1/, Ly = [V), /A, andI represents the damping
0 _ operator:8—21 Vibrational population and coherence dynamics
x ec"(wpu’wpf'T) o and vibronic coherence dynamics, as well as electronic relax-
(li,® ﬁal/h)z ZRe{ Pbo.conk@puT) Fonen@p)} (3B) ation, can be obtained by numerically solving eq 7 and by using
v W an appropriate preparation of vibrational population and coher-
ence and vibronic coherence created via the optical pump
Here wpy and wpr denote the central frequencies of the pump proces$?2! The relevant equations of motion are given in the
pulse and the probe pulse, respectivelys the time delay of  following, and some important relations are given in Appendixes
probe pulse relative to pump one. In eqs 2 ano3s.(wpu, T) A—C.
and pp,bs(wpu, 7) are the density matrix elements of the The coupled master equations for vibrational population,
vibrational population of thev state and the vibrational vibrational coherence and vibronic coherence are given by
coherence of the and ¢’ states, respectively, whil, p.(wpr)
andFp, ps(wpr) are the band-shape functidh$’ associated with o Lol
Pbuou(@pu T) aNd puy by (wpu, T) Of the probe optical process. In _thy,bU(t) = _Fv,y(b) pbv,by(t) - rv,v (b)pby+1,bu+1 -
eq 3B, ¥ ecdwpu wpr, T) denotes the contribution to the o ]
generalized susceptibility from the vibronic coherepggw(wpu, Fu—l,u—l(b) i
7). Equation 1 indicates that the ultrafast time-resolved spectra b Pou-1pv-1 Z
consist of the contributions from population (i.g";, through

(o5}

bc
(B CWLh ey, (1) +

cw=0 h

w ]
Pbyby) @nd coherences (i.&;, veo throughpp, s andy” ecothrough i ib@W/bU 0 (8
pbu,cw(wpu, T)) 0;0 h |]’bv,c\l\/( ) ( )

2.b. Coupled Master Equations for Vibrational Relax-
ation and Electronic Relaxation. To obtain the dynamics of . N b -
the density matrix elements given in egs 2 and 3, we have Py (V) = ~{i(v = )yip + T (0)} oo, (1) —
derived coupled master equations and solved them with ap-

K A . . ) | rU+l,U'+l b _ Fv—l,v'—l b _
propriate initial conditions associated with the optical pump o 1+1(0)Poy+ 1 b +1 r—1y—1(O)Ppy 11
process® 2! In the previous work8-2 we have presented our © Jye © Jp

[ewib' [y, (D) (9)

simulation method based on the coupled master equations for i z —Dv|CWip ey (1) F i z —
vibrational population and coherence dynamics and applied the oo f o h
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zwscat

0

_ — i b c _ o Ny —

Btp bu,CW(t) {I(wbc T vy Wwv'b) + fbu,cw(wsca) - i 3(escat'r“ca)(escat'ﬂba)zwbu,aua)cw,au
Cc u

T(0.0)} o5, cn® = T ™ 0.0 bt 1 s — [ewlaulau by (@ scq — @' oya) T H—WVsear™ @' aup,)]
w1 o he (15B)
FU,W ' (b'c)pbv—l,bw—l -1 v; _[ﬂ)U|CWD}’cw,cmﬂ) +
oW =Zew respectively. In eq 1%sc.a:andyina represent the unit vector of
the polarization of radiation and the electronic transition dipole
moment, respectivelylaulbyCO denotes the FranekCondon
vibrational overlap integral, anf>?" denotes the dephasing

bv,au

* ‘]bc

‘]bc
i Zb szWCV\@bu,bu’(t) — i EEHMCW[{J Pewenlt) —
rate constant of the vibronic coherence between the electroni-

bo=Zby
pbl/,bl}(t)} (10)
cally excited statéd and the ground stau. J(w — wy,,) iS
In this section we have presented an essential expression foigjven by ’

transient spectra that are associated with the imaginary part of

the transient susceptibility” (wpu,wpr,7). Although we notice FEZIZE

that multimode effects on the transient dynamics are very J(@ — @'y, ,) = by a2 5T
important due to the fact that experimentally the laser pulse (rbv,aﬁ) + (0 — wp,a)
widths used are in the range 8000 fs, as a starting point we i(w — wp, a0

focus only on coherent excitation of one mode which has a large boan2 > (16)
normal coordinate displacement. In Appendix A, taking into (Toal” T (@ — 0y,
account other modes that have small displacements and inho-_l_h d ics of th lati dth h fth "
mogeneities in the electronic transition frequency, we have € dynamics ot the popuiation and the conerence of the system

derived an expression for the preparation of the vibrational can .be.obtalne_d by solv[ng eqs—iBQ ’ . .
L It is instructive to derive the simplest analytic expression
coherence. This simplification allows us to analyze the L
S . . o . P(wscas t) for a limiting case. Suppose that only= 1 andv
vibrational relaxation and its characteristic time constant without _ 0 are coherently pumoed and that we can nealect all the
involving complicated and cumbersome calculations. Our vibronic couolin t)ér‘r)ns iﬁ the counled master e ?Jations n
model system for the transient spectroscopy consists of three ping P q '

electronic states and one vibrational mode. The pump pulsethIS case, we have

interacts with the electronic ground stateand the CT states _ ;s =t

(Appendix A). Subsequently this optical process initiates both Poopn(t) = EXP(itwsg trlg)p b0p1(0) a7
vibrational relaxation process in the CT2 manifolfivp and ‘ _f €10

nonradiative transition to the CT1 manifoigw} . b0p1(@scad = [foopr(@scadl€ (18)

2.c. Ultrafast Time-Resolved Fluorescence SpectralThe _
signal of ultrafast time-resolved fluorescence spectroscopy which Pin(@scart) = Po11(1) forp1(@scad T Poopo(®) foopo(@scad  (19)
consists of the incoherent and coherent contributions can be 0
—tI"
expressed 4522 Pueo@scart) = 2Ufpg p(@scadl€ 110 costw,, + €10)Ppop1(0)
P(wscatt) = Pin(wscatt) + PVCO(wSCa!t) + Pecc(wscatt) (11) (20)

where From eqgs 19 and 20, we obtain

10

Pin(wsca!t) = zpbu,bu(t) fbu,bz»(wsca) (12) P(wsca!t) =A+Be o +Ce o COS¢w10 + 610) (2 1)
where y1—o and Fig represent the vibrational relaxation rate
P @scarl) = ZZpr‘by.(t) foupr(@scad (13A) constant and vibrational dephasing rate constant, respectively.

v From egs 15A, 16, and 18, one can see &hats a function of

wscarand given b)Elo =tan? [Im{be,bl'(wsca)} /Rd be,bl’(wscaB}],

Peco(wscatt) = zzpbu,cmﬂ) fby,cw(wsca) (138) Wherefbo,bl’(wscaa is given by eq 15A.

v W

, 3. Discussions
Here hwscatrepresents the energy of an emitted photon and the

band-shape function,,n.(wscay, foubr (Wscad, andfpy,clwsca)
are given by

3.a. Ultrafast Pump-Probe Spectra. Now we are in a
position to analyze the femtosecond time-resolved profile of
the TCNE-HMB in cyclohexane reported by Hochstrasser's

3
4wscatﬁ - 5
szz,by(wsca) = _3| €scatt ba| z|
whc a
rbU,aU

b vau

(b|aull? — - (14
(F b u,au) + (wscat_ wbv,au)

2(0 scat

— 2 .7 |2
sz/,bv’ (wsca) - 3 | escat /“‘bal zwbu’,ava,aumU’ |aUD
7hc u

®u|bym‘](wscat_ 6’)'bu’,au) + ‘](_wscat_ w'au,bu)] (15A)

group. The fs profile shows the quantum beat which has a major
contribution of the damped oscillation with a frequencyhof
= 161.7 cnt1.1® No obvious oscillatory components due to
the coherence betweer= 0 andv = 2 or the high-frequency
mode coherence appears in the observed quantum beats.
Using egs +3 and 8-10, we simulate femtosecond pump-
probe spectra. Figure 2a shows the calculated time-resolved
profile. For this simulation, we have choskmy. = 400 cnT?
from the semiempirical MO calculatidéh and S = (wyin/
2hR)(AQ)? = 0.82, Huang-Rhys factor. Here\Q represents a
shift of the CT1 potential surface minimum with respect to the
ground-state potential surface minimum along the normal
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: : . : ! ‘ L s ments as well as varying the pumping laser wavelength in time-
(a) [ resolved fluorescence experiments.

The choice ofly, = Joc = 2.4 ps?is consistent with the
relative magnitudes of the transition moments of the two CT
I bands. We have also performed numerical calculations using
/\/V\/\M- values other thade, = Joc = 2.4 ps?t and found that the

i dynamics are insensitive to the changes of 2.4 pst. For
comparison, the experimental restitare shown in Figure 2b.
Our simulation can explain the behavior of the quantum beat
appearing in the femtosecond profile reported by Hochstrasser’'s
0.0 ' T ' ' ' ' group and our simplified model grasps the essence of the
0 1 2 3 experimental profile. From the displacement of the 161.7%cm
time / psec mode, a major coherence contribution comes from the coherence
betweerv = 0 andv = 1. One cannot distinguish a contribution
1.0 ' . : ' : : from impulsive stimulated Raman scattering (ISRS) from pump-
1 (b) probe experimental data especially when the experiment is
performed under the electronically resonance condition and the
vibrational dynamics of electronically excited and ground states
are very similak32% In this case, inclusion of the ground-
0.5 1 B state dynamics will not seriously affect the results presented in
] this paper. However, our analysis on the pump-probe experi-
ment can still be helpful for further experimental investigations
such as the dependence of the pumping and probing laser
wavelengths in the pump-probe experiments.
0.0 ' ' ' o ' The above analysis shows that the vibrational relaxation in
0 1 2 3 the two electronic states takes place at the rate of %, pghile
time / psec the pure dephasing rate is 2.57ps The rate of vibronic
transition from CT2 to CT1 is determined by the vibronic

—_
o
N
T

Intensity (a.u.)
o
(&)

Intensity (a.u.)

Figure 2. (a) Theoretical femtosecond time-resolved spectra and (b)

experimental femtosecond time-resolved spectra. couplingJpe. As seen in the.above dispussion, the v.ibrational
) L coherence of the CT2 state is the dominant process in the short
coordinateQ of thehw = 161.7 cnt* mode. The value fo time region in our model. A significant population transition

is determined such that no oscillatory component due 10 from CT2 to CT1 occurs when the coherence of CT2 is well
coherencev = 0 andv = 2 appears in quantum beats. The relaxed. To see how the population of CT1 is created, we
temperature is set to be 300 K. We have introduced the effective construct a long-time behavior of the vibrational population on
detuninghAesr = Ai(wpy — wba)/14 = 136 cnr'?, wherehop, = the CT1 surface. For this purpose, one may employ a wave-
Rwpr = 16 219 cmt andfwpa = 14 310 cm?, and assumed  packet description of the vibrational dynamics consisting of both
that the pump and the probe pulses have a time durati@p,of  population and coherence. The wave-packet description is easily
= 100 fs with a coherence time of )4, = 12.5 ps* (see  gptained by transforming the density matrix in an energy

Appendix A). Our choice of the detuning is based on the yepresentation to that in a normal coordinate representation, for
consideration that the 161.7 cfimode is associated with one  example

of the 14 modes of the group (2) as mentioned in Introduction.
We assume that these 14 modes can participate in the distribu- © o
tion of the excess energy. In Appendix A, we have derived a P Q) = Z)VZO [Q|cwEw] p,, (t)|cw MEw |QO
general expression (see eq A-5) to show the preparation of the W=D W=
vibrational coherencey, v, by the pumping laser pulses. From
this expression, we can see that the preparatip,@f depends >
on temperature, the FraneikCondon vibrational overlap inte- Z)
grals, the dispersion of inhomogeneity distribution, the dephas- e
ing constant, the laser pulse width, and the pumping frequency.W
In other words, these factors will determine whether a particular
vibrational coherence can be prepared under the prescribed m 112
experimental conditions. That is, eq A-5 can provide the — R O2
information whether a particular quantum beat under the FalQ) ( Ml ) H°‘”(\/F°Q) expC-FQ72)
prescribed experimental conditions can be observed.

The simulation can semiqualitatively reproduce the experi- g. = wCp/h, andch(\/ﬂ_cQ) is the Hermite polynomial. This
mental result well if the electronic coupling constant is chosen vibrational populationp. {Q,t), is created via a nonradiative
to beJe, = Jpe = 2.4 ps’?, the vibrational relaxation rate constant  transition from the CT2 surface to the CT1 surface.
is y1—-0(b) = y1—0(C) = 5 ps’%, the pure dephasing rate constant  Figure 3 shows the simulation of time development of the
is y@P = y(dc = 2.5 ps and the vibronic pure dephasing is vibrational population of each CT surface. Panels (a) and (b)
ygdc) = 1.25 psl. The detailed expressions for these rate depict the time-dependent population in a wave-packet repre-
constants are given in Appendix B. Of course, we realize that sentation and a contour map, respectively. The calculations are
the numerical values of these rate constants are valid only to performed up to 10 ps. We can conclude that the nonradiative
within perhaps a factor of 2. But they will be helpful for further transition after 3 ps occurs from the thermally populated
experimental investigations; for example, by varying the pump- vibrational states of CT2, and this process does not create
ing and probing laser wavelengths in the purmpobe experi- vibronic coherence in the CT1 surface after 3 ps. Although

4 Pew,cw (t) IIIcw(Q) IIIcv\l (Q) (22)

here
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(@) (b) cTM CT2
10 = 10 ot b
Q Q
(0] [
2 2
—~ 5 ~ 5
g g
CT1 = =
o+ 0 — .
6 -3 0 3 6 3 0 3
Q Q

Figure 3. Long-time behavior of vibrational states of the CT1 and the CT2 surfaces. (a) A wave-packet representation of vibrational states of the

CT1 and CT2 surfaces and (b) the wave-packets are shown in contour maps.
kx(a)

T T
0.0 0.2 0.4 0.6 0.8 1.0

we include in our simulation a constant of 0.0892 pfor the
back-electron transfer rate constéhit,does not affect the CT1
dynamics at least within 10 ps. No oscillatory feature can be
seen in Figure 3b after 4 ps, and then the vibrational populations
increase in CT1 almost constantly. This situation indicates that
the back-electron-transfer process from CTL1 to the ground state
occurs after the system reaches the vibrational equilibrium in
CT1.

3.b. Ultrafast Time-Resolved Fluorescence SpectraRe-
cently, Rubtsov and Yoshihara have performed femtosecond
fluorescence measurements of TCNEMB complex inCCly
and the experimentally observed femtosecond fluorescence

—_
[w]
|

Fluorescence intensity (a.u.)
o
(6]
1

o
(=}

-
o
)

Fluorscence intensity (a.u.)
o
(8]
]

©
(=}

purpose, we shall use the same values for the molecular variables
as used in section 3.b except for dynamical quantities. The
pump pulse is assumed to have a time duratiofi,gf= 40 fs

with a coherence time of &}, = 25 ps* andhwp, = 15 748

4b. The experimental setup and conditions are described

elsewhere in detaitt We find that the simulation can semi-

qualitatively reproduce the experimental result well with the Figure 4. (a) Theoretical femtosecond fluorescence spectra and (b)
following physical constantsy-o(b) = y1-o(C) = 6.7 ps?, experimental femtosecond fluorescence spectra.

spectra show quantum beats with an oscillatiotef= 159 time / psec
cm~114and other oscillatory components were not obviously
observed. Here we shall analyze the femtosecond fluorescence
spectra of the TCNEHMB complex inCCl, solvent. For this (b)
cm™! and Awscar = 13 405 cntl. In this case, the effective
detunings are-103 and 64 cm! for the excitation and the
detection, respectively. The temperature is set to be 300 K.
Figure 4a demonstrates the calculated time-resolved profile. ‘ : ‘
For comparison, the experimental results are reported in Figure 0.0 0.2 0.4 0.6 08 1.0
yOb = @ = 2.5 psl Iy = Jpo = 1.5 ps?, andy{d = 1.25 the two CT states and rates of vibrational relaxation show some
ps . From the analysis of the transient absorption spectra of solvent effect.
TCNE—HMB in cyclohexane and the ultrafast time-resolved From 4a,b, one can see a fast decay component with an
fluorescence spectra of TCNEIMB in CCls, we can see that  oscillatory feature. To understand the detailed dynamics of this
certain physical constants such as electronic coupling betweenfast decay component, we also show the vibrational population

time / psec
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W=
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6e-8 time / psec
Figure 6. Detection frequency dependence of calculated femtosecond
= 3e-8 1 fluorescence spectra.
2
5}
3 0e+0 i ] effective detection detuninfjAer = 64, 223, and 382 cmi.
2 308 | S v=0,w=3 —_— As discussed in the previous section, we can see phase shifts
\ DN in the time-resolved spectra as a functionfider. It should
608 V\/ ' ' : be noted that the fast decay component becomes less obvious
T T T . . . .
0o 02 04 06 08 10 in the case in whichAc is large.
time / psec The dynamics of anisotropy for intramolecular electronic

Figure 5. Vibrational and vibronic dynamics. (a) Vibrational popula- eXC|t'at|0n-transfer processes of molecules in solution has been
tion of CT2, (b) vibrational population of CT1, and (c) vibronic ~Studied by Hochstrasser's gro#p?® It was shown that the
coherence oppocult). time-dependent fluorescence anisotropy measurement technique
) o ] is a powerful tool for studying the transient excitation transfer
dynamics of both CT2 and CT1 states in Figure 5. In Figure gdynamics occurring between two chromophores on a time scale
5, the upper panel (a) and the middle panel (b) depict the of several hundreds femtoseconds.
;’;gg?ln 2l'[£gp:’]éitloer(]:ti(3/}gllargr?§ get?fngzait;ticﬁgﬂ;:vz fr:e We are now interested in the polarization effect on time-
vibronic densit,y ma?rix elerr)llt’am,o ) as afunrz:tion ofv. Erom resolved fluorescence spectra o_f TCNHEMB complex since
Figure 5a, one can see that inifically the pumping pLsze createsthe two charge-transfer states (i.e., CT1 and CT2) are closely
' located in energy. For this purpose, we need the following two

nonequilibrated population on= 0, which is larger than the relations which relate the space-fixed coordinates to be molecule-

pseudothermal population at 1 ps. However, other vibrational . . : ;
) fixed coordinates in order to carry out the spatial averages over
levels are less populated compared with the pseudothermal . o
the molecular orientation:

population of each level. This situation allows the= O state

to decay to thev = 1 state due to the thermally induced 1 —— = —— = -

vibrational relaxation: [A;B,C.D,[= T35 [(A-B)(C-D) + (A-C)(B-D) +
(A-D)(B-C)] (24)

d b
—propo®) = =€ Ty o(0)opopo(®) + V1-o0)Pb1py — % E e < BB
8tpb0,b0() 71-0(0)Ppopo(t) t ¥1-0(0) Lo p1 AB,C,D, = 2/15 (A-B)(C'D) — 1/30 [(A'CJ@'D) .t
2 e AR (A-D)(B-Q)] (25)
I z ——DO0|CWLpeypo(t) T z —[ewb0Dpy (1) (23) _
=0 f ofEo h where, for exampleA represents a transition dipole moment of
the molecule.

According to our model, the ultrafast decay component in this ) ) . . )
case results mainly from the thermally induced vibrational _ We first consider a case in which both pumping and
relaxation of they = 0 state. fluorescence involve the same two electronic stateadb. In
Figure 5b shows that the vibrational populations of higher thiS case, if both pumping and observation involve e
vibrational levels in the CT1 state are populated due to the Polarization, therP(wsca t) will be proportional to!/s[zie|* and
vibronic coupling with the CT2 state, and subsequently, due to if the pumping is polarized along tf&axis while the observa-
the vibrational relaxation, the population wf = 0 becomes  tion is polarized along thet-axis, thenP(wscas t) will be
dominant. This situation can be understood by monitoring how Proportional to*/1slfixal*. Thus, the anisotropy of this single
the vibronic coherence develops in time. From Figure 5c, we €xcited state case is 0.4.

find that vibronic coherences of= 0w =0,v=0<w We now discuss the case of TCNEHMB complex in which
=1, andv = 0 <> w = 2 play an important role in the vibronic  the two CT states are involved in the optical process. To see
transition from theb state to thec state. the essence of the effect of the two electronic transitions on

It should also be instructive to simulate detection frequency anisotropy, we focus on the population dynamics, assuming that
dependence of fs fluorescence spectra based on our modelthe system reaches the vibrational equilibrium and that only
Figure 6 shows the simulated fs fluorescence spectra with the b state is optically excited initially. In this case, the
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Figure 7. Calculated anisotropy of time-resolved fluorescence spectra.

dynamics of each electronically excited state is given by

dop/dt = =Wy _copy + Wy & =g (262)

dp(x/ dt = _(Wc—>a + Wb—»ceiEbCIkT)pcc + Wb—>cpbb (26b)

where

N
W, = [Jdh1% [ dr explra) HG|(t) (26¢)

(see Appendix A, eq A-6).

If both pumping and observation involve tEepolarization,
then eq 24 becomés|zina* for fluorescence from the state
and ((2co36 + 1)/15)ipa|?ltical? for that from thec state. Here,
we have usedipatica = |tbal|ticalCOS 0. If the pumping is
polarized along th&-axis while the observation is polarized
along theX-axis, from eq 25 we find/1s|zina* for fluorescence
from theb state and ((2- cog 0)/15)|iva|?|tical? for that from
the c state. Thus, the anisotropy will approximately be given

by

|/7ca//7 ba| ZPCC(t)
Pbb(t) + |/7 ca//_i ba| chc(t)

r(t) ~ 0.4+ ¥ (cos 6 — 1) (27)

Now we shall demonstrate eq 27 as a functiofl bfy solving

eq 26. Figure 7 shows the calculated anisotropy of this system.

The calculations are based &= J,c = 1.5 ps* and the values

for the other parameters taken from ref 12. We can see from

Figure 7 that it is important to measure the anisotropy of
TCNE—HMB complex in order to discuss the orientation of

the transition dipole moments of the two CT states. It would
also be interesting to investigate solvent effects on the anisotrop
of TCNE—HMB. In this treatment, we have restricted ourselves
only to the population dynamics after the thermal equilibrium

is reached. However, a more sophisticated simulation including
vibronic and vibrational coherences can be carried out as well.

4, Conclusion

Hayashi et al.

the vibrational population in CT1 reaches thermal equilibrium
(or at least pseudoequilibrium) due to the fact that vibrational
relaxation occurs faster than the characteristic time of electron
transfer. It is more appropriate to regard this back-electron-
transfer process as internal conversion because this nonradiative
process goes from an excited electronic state (in this case CT1)
to the ground electronic state.

We have found that the ultrafast decay component observed
by Robtsov and Yoshihara is mainly due to the thermally
induced vibrational relaxation from= 0 to v = 1 in the excited
electronic manifold. Detection frequency dependence and
polarization dependence of femtosecond time-resolved fluores-
cence have also been simulated based on our model.

Note that experimental data in a much shorter time region
are needed for a quantitative analysis of the amplitude and phase
of the beat modulation. Such a detailed analysis will lead to a
better understanding of the potential surfaces of the ground, CT1,
and CT2 of TCNE-HMB. Thus, femtosecond time-resolved
spectra of TCNEHMB complex at various pump and probe
frequencies are required for us to perform a more detailed
analysis and to have a more critical test on the theoretical model.

From the theoretical analysis of the experimental data of the
femtosecond pump-probe time-resolved spectra of a TENE
HMB complex in cyclohexane and the femtosecond time-
resolved fluorescence spectra of TCNEMB complex inCCl,,
we can see that the vibrational mode of 183%1.7 cm? is
responsible for vibrational relaxation and dephasing and that
the physical constants such as the rates of vibrational relaxation
and dephasing and the electronic interaction between CT1 and
CT2 are sensitive to solvents (i.e., the solvent effect).

It should be noted that the TCNEHMB complex is an ideal
system for studying the photophysical processes for the reason
that absorption spectra, fluorescence spectra, resonance Raman
spectra, and charge-recombination rate constant between the
ground and charge-transfer states are available. The fact that
the TCNE-HMB complex can be easily crystallized and that
it possesses no inversion symmetry but has large dipole-moment
differences between the ground and excited states (in this case
CT states) may make this complex an ideal system for producing
large second-harmonic generation.
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Appendix A

In this Appendix, we shall derive an expression for the
preparation of vibrational coherence by the pumping lasers under
an inhomogeneous condition in which there exist the electronic
transition energies distributed with a Gaussian distribution

yfunction. This vibrational coherence can then be used as the

initial condition in the solution of eq 9. We start with the
stochastic Liouville equation which takes into account the
interaction between the molecules and the laser. We assume
that the pulse has a rectangular shape of its duration Tyne
its coherence time %}, its central frequencywp, and its
amplitude|E(wpy)|.

In the following, our derivation assumesOt < T, In the

We have shown in the previous sections that the back electronrotating wave approximation, we find for the off-diagonal
transfer from CT1 to the ground state becomes dominant whendensity matrix of the vibronic coherence due to the interaction
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with the laser: G(t) = exp[-S{(2n, + 1) — (A, + 1)eirw|*wlao _
i = (1— g Do) ne "] (A-6)
Obv,au(wpu!t) = ?l Uy ad® E(prDpau,au(o)bi =
v,au

i ~ . o oo Here %wIXauD represents the FranelCondon vibrational
7 Absau E(@p)Payan(0) ﬂ) dr{e ™ —¢ buad overlap integral for théthe mode § = (@i/2h)(AQ)?, y1—0 =
(A-1) y1—0(0) =~ y1-0(8) (see Appendix B, eq B-9), andy =
[exptro/kT) — 1]7L
wherepp,,aft) = obyv.ad@pu )€, Dy au = i(@pv,au— ®py) + We should stress here that eq A-5 can easily be extended to
FEngﬂ + Ypu andFEZ;Zﬂ represents the dephasing rate constant any number of modes that will be excited coherently. From eq
for the vibronic coherence between the electronically excited A-5, we can investigate how the rest of the vibrational modes
stateby and the ground statau. which will not be excited coherently affect the preparation of
For the Gaussian distribution of inhomogeneities, we find the vibrational coherence. We can also study effects of

inhomogeneity and detuning on the preparation of vibrational

. o d*’ h by using the dispersion of inh ity distributi
@ Poaj= exp{—lt @ — ) —trvau _y,, 9T coherence by using the dispersion of inhomogeneity distribution
(D, a0 ou) bu,au U4 which was estimated to be about 150 @nfor TCNE—HMB
(A-2) complex inCCl, solvent in a previous papé?.

The band shape functiolSy,, p,(wpr) and Fu,p.(wpr) can be

where[d:-[represents the average operati®p, au = @ba + (U derived in a similar fashio®-17 for example

— v)wvip With @pa being the average of the electronic transition
frequency andl denotes its dispersion of Gaussian distribution

- E 2
for inhomogeneities. 3 Tol e E(wpy)l
The preparation for the vibrational coherence via the pumping Fbvi,bv’i(‘”pr) - —22 @anbvimbz/JXanX
laser is then given by h U

i - “dr exg t{i(@y, 4 — wp) — TR —y } —
B O0= € 00" [ €™ 5 [y B0, ] V)’ p[ e o e
u

— = d2.L,2 00
[ﬂaby‘au(wpuat)}*D_ [/"au,bU"E(wpu)] I])'bv,au(wpuyr)u] (A'S) T l_l G|(T) + ‘/(; dT eX[{t{—i(c_UbU:i’aq - wpr) —_
#|
For the case in which the inhomogeneity effect is so large that 22
d’(t + 7)%/4 >> 1, we find from egs A-1, A-2, and A-3 and rgvi,au —y.} ——|[1{c@| -7
from the Condon approximation: oAt o 4 |4
Tpulﬁba'E(prD|2
Pov,os = h2 zpau,au(o)@bz;l@auau|®bu’[|x Appendix B
u
277:2
[fw dr ex;{—f{ i(@py 0y — wpu) + FEZ’Zﬂ + pr} - |+ This Appendix is mostly concerned with the vibronic coher-
0 ' ' 4 ence created via the electronic coupling between the CT2 and
- _ b d?r? CT1 states. The equation of motion for the vibronic coherence
Jo dtexq —t{ —i(@p, oy — @p) + Tovan + Vpd — e betweenby andcw is given by
A-4 .
D 41tk pyelt) = ~{i @ + 70 — WGy +
where [By,|®40represents the FranelCondon vibrational %b.c t) — T o t) —
overlap integral. Suppose that we are concerned with the (PO} Pocull) oW (m LOBT
vibrational coherence of théh mode. For this multimode case —1w— .
" 0,000, 10w 1® =1 Y (GodM)rjew Ox
N CW=CwW
[©,,|0,,F ﬂ Doy Xy D -
R X B Pewcalt) T (JpdR) D' [ Wiy, (1) —
bo"Zbv
Toul e E@p)1® i (o) D01 CWE gy 1) — oD} (B-1)
pbui,bz/i = 2 Zpaq,aq(o)l-_xbui |Xaq maq |Xbu’iDX
h t where vibronic dephasing rate constd?w’;(b,c) consists of
w0 . _ v the population decay rate constah{g/(b) and T} (c)"?°and
_ _ rbyau _ _ ; w,
\L/c; de ex’{f{'(wpu Do) ~ Toay ~ Vool the vibronic pure dephasing rate constd?iﬂ),vb"w(b,c):
2 2
T 00 U,V v,
e |‘| G(7) + [, dr exr{r{—i(wpu— Doy o) ~ Ib.c) = 1A To(b) + Ty} + T (b,0) (B-2)
Z|

The vibronic pure dephasing rate constant can be derived by
assuming that the system-heat bath interaction is given by
3 1=b.JAQPRA(1)A|, whereQ represents the normal coordinate
where of the system an®? is a function of the heat bath variables.

(A-5)

, d’c
Torad = Vol — T\ {G(D)}*

Z|
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In this case, we find

r(d)UW(b C) —_ (U + 1/2)2 (d)b + (W+ l/ )2 (d)C

v,W

+ 1/2\w + 1/2
S i 0 DAl CLACICAR
Wi Wyip o
+ 1/2\ [w + 1/2
— Y 5 PRAOREOOE (69
vib Vlb

where, for example

(@b —

y > S PURAO)P(Es)  (B-4)

b 24T

(@yip

andR(u (b) = [@|R@(b)|A0 Hereo andp denote the states of
the heat bath modes arfé, is the Boltzmann distribution
function. y@c can be obtained by exchangigwith ¢ in eq
B-4.

If we assume that

RAMRIAC) ~ RACOR(D) ~ IRA(b)* ~
IRA©1 = IRDI” (B-5)
then eq B-3 yields
@ v+ l/ w + 1/ 2 2
i (be) = ngp RA(E;,)
a) .
vib V|b (B 6)
Moreover if wly = oS, so thaty@ = y@c = @ e find

F(d UW(b,C) — (Z/ _ W)Zygi)

v,W

In a similar fashion, we can also obtain the rate constant of gg

the vibronic coherence transfer frote(+ 1, cw + 1) to (bv,

cw) as

_szcvl,w+l(b'c) —

1 1 Si Si
( +U2)( +W){ /be}/lﬂo(c)_'_ Zcbylﬁo(b) ©-7)
vib vib

and that from lfv-1, cw-1) to (b, cw) as

-T2 Yo,0) =

b
VUW]  —ho; ib ib
2 e hwwb/kT V' )/lao(C) + e h(uwb/kT V|
V|b

71-0(b)

(B-8)

a)wb

Here y1—o(b or c) denotes the vibrational relaxation constant
and is given b§?

V1-0o(b) = _ZZP |R&5|25(Eﬁa - hwvm) (B-9)
Wyip
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where S ;—p ] ARRD(A)A|.
bath variables.

HereRM(1) is a function of heat

Appendix C

Here we shall list the important relations between vibrational
relaxation and dephasing rate constats:

2b) = {v + (1 + )& ™ T}y, (b) + y(b) (C-1)
T2 b) = (v + L)y, _o(b) (C-2)
_FZ;LU l(b) ho)\,,h/kT 1a0(b) (C_3)

wherey(b) represents the radiative decay rate constant. The
vibrational dephasing rate constant is giverilby

Iy(b)+T Y (D)

FU 7 (b) 2

+T(0)  (C-4)

with T (b) = (v — /)2y P,

The coherence transfer rate constants are givéh by

T b) = /(v + 1) + L)y, ob)  (C-5)
_FZ’;l,v l(b) Fw)v,h/kT Vi o(b) (C_6)
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