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We report the measurements and microscopic theoretical analysis of resonance fluorescence and Raman lineshapes of
tetradesmethyl-f-carotene in isopentane at 190 and 230 K. We find the solvent correlation time to be 125 fs at 190 K, 111 fs at
230 K and the vibrational relaxation time to be 253 fs at both temperatures. The dependence of the Raman yield on the solvation
dynamics and the detuning is predicted.

1. Introduction

The spontaneous emission lineshapes of large polyatomic molecules in solution often consist of progressions
of sharp lines (Raman), accompanied by relatively diffuse lineshapes (fluorescence) [1-5]. Similar behavior
is found in near resonance excitation of molecules in the gas phase [6,7], in supersonic beams [8] and molec-
ular crystals [9]. The absorption lineshapes of solvated molecules are usually smooth and relatively featureless
yielding little microscopic information, whereas the Raman lines and their excitation profiles may be used to
extract structural constants (vibrational frequencies and nuclear displacements) as well as line broadening
parameters. Considerably less attention is usually given to the fluorescence component. Its measurement requires
careful calibration and the elimination of other sources of background emission, and its theoretical interpreta-
tion is less straightforward. However we have recently shown [7,10] how a careful analysis of the fluorescence
lineshapes may provide extremely useful additional information regarding the solvation dynamics and vibra-
tional relaxation (VR) rates. In particular the relative intensity of the Raman and fluorescence components
and its variation with detuning provides a direct probe for the solvent time scales and allows a convenient
distinction between homogeneous and inhomogeneous broadening mechanisms. In this Letter we report detailed
measurements of fluorescence and the Raman spectra of tetradesmethyl-B-carotene (19,19’,20,20’-tetranor-
B,B-carotene, TNBC) in isopentane at 190 and 230 K. A theoretical analysis based on our microscopic model
[7,10] allows us to interpret the fluorescence lineshapes and the individual Raman yields. The solvent corre-
lation time, the magnitude of the solvent-molecule interactions and the VR rate are obtained from our analysis.

2. Experimental

Spectral measurements were performed with a Raman spectrometer consisting of a NEC Ar* laser (GLG
3300) and a NEC He-Cd laser (GLG 2018), a Spex monochromator (modified for computer control), a
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Hamamatsu R-649 photomultiplier and a photon counter. An Oxford cryostat DN704 was employed for low-
temperature measurements. The Ar* laser lines at 501.7, 496.5, 488.0, 476.5, 472.7, 465.8 and 457.9 nm, and
the He~Cd laser line at 441.6 nm were used for excitation. The spectrometer sensitivity correction was made
using the data based on the intensities of the rotational Raman bands of H, and D, [11]. The bands of isopen-
tane (solvent) at 790, 1450 and 2860 cm~! were used as the internal intensity reference. The experimental
results were obtained at the University of Tokyo.

3. The microscopic model

The major problem in the microscopic analysis of spontaneous emission lineshapes of polyatomic molecules
in condensed phases arises from the large number of degrees of freedom which should be incorporated in the
calculation. A large molecule has many vibrational modes; these are partitioned into a set of a few relevant
optically active modes (i.e. those with large Franck—-Condon factors) which form the molecular *““system” and
a set of inactive (dark) modes. These latter modes together with the solvent constitute a thermal “bath’ which
interacts with the molecular system, causing spectral broadening and inducing the fluorescence component. In
principle the spontaneous emission lineshapes may be calculated using the Kramers~Heisenberg (KH) formula
[2,4] provided all degrees of freedom (system and bath) are incorporated explicitly in the calculation. This
requires the complete knowledge of the molecular and the solvent eigenstates which is impractical for realistic
condensed phase systems. Moreover, the molecular spectra are not sensitive to the detailed eigenstates of the
solvent so that even if a KH calculation were fedsible it would end up averaging most of the solvent microscopic
information. A complete KH calculation of spontaneous emission lineshapes in solution is therefore neither
feasible nor desirable and in view of these considerations, it is obvious that a reduced description of the process
is more appropriate. Such a reduced description should be based on reduced equations of motion which contain
the system degrees of freedom explicitly and the effects of the bath are incorporated in an averaged way via
relaxation and dephasing processes. A reduced description requires reformulating the problem using the density
matrix in Liouville space [7,10]. The KH formula does not apply any longer within a reduced description and
we cannot write the spontaneous emission lineshapes as the square of an amplitude. We shall now introduce
our microscopic model which provides a reduced description of spontaneous emission lineshapes in large
molecules.

We consider a polyatomic molecule with N optically active vibrational modes and two electronic states, the
ground state |g) and the excited state |e ). The molecular Hamiltonian is

H=|g) Hy (gl +|e)[He+we+owe ()] <] . (1a)

H, (H.) is the nuclear Hamiltonian of the electronic ground (excited) state. Adopting a harmonic model for
the vibrational modes and setting 2=1, we have

N

H, =1} le}’(p3’2+q3’2—l), (1b)
=
N

H. =} le}(p}2+q;2—1), (1c)
=

where @) and w; are the vibrational frequencies of mode j; ¢, and ¢ are the dimensionless nuclear coordinates
related by the transformation

9,=(w;/w])'?q;+4, (2)

and 4, is the dimensionless displacement of mode j. w., is the average electronic energy gap (0-0 transition).
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Our reduced description of the bath is based on the assumption that the molecular interactions with the solvent
and the optically inactive vibrational modes of the molecule introduce a stochastic modulation §w,,(¢) of the
electronic energy gap. We assume 3w, () to be a Gaussian Markovian process with zero mean, (8w, (¢) > =0,
and its correlation function is [7,10]

<8weg(t) 8weg(o)>=42 exD(“At) . (3)

4 is the magnitude of the stochastic modulation and A is its inverse correlation time. We find it useful for the
subsequent discussion to introduce two alternative parameters, k and I ;. kK =4/4 measures the modulation
rate relative to its magnitude. In the fast modulation limit (x > 1), the broadening is homogeneous whereas in
the slow modulation limit (x < 1), the broadening is inhomogeneous. I 4 is the full width at half maximum of
the broadening induced in the absorption lineshape (i.e. Im Jy(@), eq. (9)) by the interaction with the solvent
[10]

I'o/4~(2.355+1.76K)/(1+0.85k+0.88x2) . 4)
The molecular density matrix p evolves in time according to the Liouville equation
dp/dt=—~iLp-Tp, (5a)
where
Lp=[Hp] (5b)

and I’ is a phenomenological damping matrix introduced to account for vibrational relaxation and radiative
lifetime of the electronic excited state [7,12]. Consider two vibronic levels |5) and |d) belonging to the elec-
tronic excited state with energies E, and E, and radiative lifetime (y*)~!. The matrix element dd|I" |bb})
represents the vibrational relaxation rate from level |5} to level |d). Like any master equation, I satisfies
detailed balance

Ldd\TI" |bbY) = (bb\T" |dd) exp(—wu/kT) , (6a)
with w4, =E,;—E,. The total decay rate of level |4}, y,, is given by
Yo=— ), «dd|I" |bb) +y". (6b)
d#b

In addition we have
«bd\I |bd» =4 (ys+74) . (6¢)

All other matrix elements of I" not specified in eqgs. (6a)~-(6c) are zero. In the following calculations we have
adopted the simplest relaxation scheme and assumed that all vibronic states | 5) relax to the ground vibrational
state |0 within the electronic excited state with the same rate y¥ and that all matrix elements {dd|I" |bb’» for
d+#0 vanish, i.e.

Kad|I" |bbY = —y"84p . (6d)

In a frequency-domain spontaneous emission experiment the molecule absorbs a photon w; and emits a photon
ws. The total spontaneous emission lineshape is given by [7,10]

S(wy, ws) =Sp(wr, ws) +Se (WL, Ws) +Spr(wy, Ws) , (7a)

where we have partitioned the emission into three components: fluorescence, Sg(wy, @s); sharp Raman Sg(w;,
ws); and broad Raman, Sir(wy, ws), where
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. A | .
Sr{wL, ws)= "‘1(01_&3%";0 ";;';27 a‘bZ,C’dP(a)Jn (0L —wp+ %D’b)

(Gea—1)"Ju(Ws =Wy +3iys) + (1= pa) Jn (Wae — @5 + }iy )

X [;ucbﬂbaﬂadﬂdc (

@4 +i(3ys+3ya+nd)
Jn(wdc_wS'{'%i}’d))
+PP O)Lﬂws—-wca'}‘inx’i
—ilttap |7 |1 | * L dAN (I +nd) ! Ibb>>[Jn(wdc—ws+%iyd)—(—1)"c.C-]J + c.c., (7b)
Sr(owL, ws)=2rw 03 ¥ P(a)| K. (o ) *6(@L—0s—0c) , (7¢)

Ser (W, @s)

® 1 nA
=i 2 — KM (o + c.c 7d
1L Ws Z;P(a) n;] ! Kga (wL)K (ws+wca)(wL__wS_wm)2+(nA)2 c.c (7d)
and
i .

KD (w)== Z, BepltpaTn (0 — @5+ 1iys) (7e)
Ko (0)=KQ (0) . (71)

The corresponding expression for the absorption lineshape is given by
o(wL)=-2m, Z;P(a)iubalz Im Jo (0L — s, +1iYs) - (8)

a,

In eqs. (7) and (8), a and ¢ denote vibronic levels belonging to the ground electronic state and b, d denote
vibronic levels belonging to the electronic excited state. P(a) is the equilibrium population of level g, u is the
electronic dipole moment which is taken to be independent of the nuclear coordinates (the Condon approxi-
mation) and its matrix elements are proportional to the Franck-Condon factors {13]. PP represents the prin-
cipal part and J,(s) are the lineshape functions

Ju(8)=—1 J dt [1—exp(—Atr)]" exp[ist—g(7)], (9a)
0
where
g(1)= (4142 [exp(—At)—1+47)] . (9b)

The broad Raman component, Sgr (@, @s), consists of a series of progressively broader lineshapes centered
around the Raman lines at @, - ws=t,, having widths of nA4. Typically, in solution, A is of the order of 100
cm™' so that Sgr will contribute to the fluorescence component {10]. However when A is very small, A~",
Ser may contribute to the Raman component. In the present article we incorporate Spg in the fluorescence
component. It should be noted that the KH expression for Raman [5] is identical with Sz (eq. (7¢)) in the
limiting case whereby 4> 4 and g(t) =4%/4. The KH expression does not contain the other components (Sg
and Sggr). The last term in eq. (7b) represents VR from level b to level d for b# d and depends primarily on the
ratio a=y"/y". When a > 1, the vibronic levels of the excited state very quickly reach thermal equilibrium and
the emission is fully relaxed [7,12]. In the opposite limit, & <1, the VR does not affect the emission spectrum.
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We shall also introduce the absolute individual Raman yield. This is defined as the integrated cross section
of the Raman line at w; — ws=w,, divided by the absorption cross section. It is given by

40)ng cha(wL) lz
3C? o(wy)

where C is the speed of light. The Raman yield is readily available experimentally and provides a sensitive
indicator for the magnitude of k¥ [14].

You(oo)= (10)

4, Results

TNBC has two active Raman modes [ 5] with ground state frequencies wj=1523 cm~'and w3=1133cm~". .
In the top two panels in fig. 1 we display the experimental absorption spectra of TNBC at 230 and 190 K
together with our calculations (eq. (8)) which are in excellent agreement. The Raman yield Y,,(@.) (eq. (10))
provides a direct probe for x. In the lower three panels in fig. 1 we display our experimental (solid circles) and
calculated relative Raman yield for our best fit (« =0.1) of the 190 K lineshapes. In addition we repeated these
calculations for different values of x (x =1 and 10) keeping the same value of I" . The sensitivity of the yield

. 230K

190 K

ABSORPTION

. =1 -1 10 1523 cm™

10 1133 cm”’ Fig. 1. Top panel: Experimental (dashed curve) and calculated
(solid line) (eq. (8)), for the 230 K absorption lineshape of
TNBC. Parameters used in the calculation: d,=1.09, d,=1.17,
wi=1523 cm~!, @;=1625 cm~!, w45=1133 cm~!, w5=1150
cm~}, w=21320cm~", y'=6.5cm™", y'=21 cm~', k=0.1 and
I';=1090 cm~! corresponding to 4=480 cm~' and A=48 cm ™.
Second panel: Same as the top for the 190 K absorption line-
shape. w,=21150 cm~'. The broadening parameters are x =0.1
and I" ;=960 cm~! corresponding to 4=423 cm~! and 4=42.3
cm~'. Other parameters same as in the top panel. Lower three
panels: Experimental (solid circles) and calculated (solid line)
(eq. (10)). Relative Raman yield at 190 K for the transitions
= T 7 indicated. In each panel, the yield was calculated for x=0.1, 1
-6000 -3000 0 3000 6000 and 10 keeping I ;=960 cm~ . The other parameters are the same

_ -1 as in the second panel. The experimental data were multiplied by

('OL (Deg (em ) an overall scaling factor to best fit the £ =0.1 curves.

X2 1523 +1133 cm”

RAMAN YIELD
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to x and the agreement with x =0.1 is clear. It is evident from these calculations that for very large detuning of
(W1 — (o, the Raman yield drops, and far off resonance the entire emission consists of the Rayleigh line. This is
a consequence of the Condon approximation. Non-Condon corrections will result in a finite Raman yield at

-1185 cm™

FLUORESCENCE

I 1 T
-4000 —2000 0 2000
' -
—_ cm
W=, (em’)

Fig. 2. The fluorescence lineshapes of TNBC at 230 K, dashed
curve: experimental, solid line: caleulated using egs. (7b) and
(7d). The various panels correspond to different detunings of
WL — @, as indicated, with we=21320 cm~' and all the line-
shapes have been scaled to the same height. The relative intensi-
ties of the curves at the maximum peaks for the detunings — 833,
—239,143,511 and 1425 cm ! are 1,5,5,3,3 (experimental) and
1,4,4,3,5 (calculated). Parameters used are the same as for the
230 K absorption (fig. 1) except that d,=1.31 and d,=1.4. The
electronic energy gap for emission, @, = 20900 cm ™!, represents
a 420 cm ™' red-shift relative to the absorption.
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Fig. 3. The fluorescence lineshapes of TNBC at 190 K, dashed
curve: experimental, solid line: calculated using egs. (7b) and
(7d). The various panels correspond to different detunings of
WL — W as indicated, with w,;=21150 cm~! and all the line-
shapes have been scaled to the same height. The relative intensi-
ties of the curves at the maximum peaks (from top to bottom)
are 1,7,28,17,13,10 (experimental) and 1,5,15,11,10,15 (calcu-
lated ). Parameters used are the same as for the 190 K absorption
(fig. 1) except that d,=1.31 and d,=1.4. The electronic energy
gap for emission, w/,=20750 cm~!, represents a 400 cm ™! red-
shift relative to the absorption. The experimental Raman lines
are included in this figure.
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large detuning. The parameters d,=1.09 and d,=1.17 obtained here are in agreement with a previous fit [5]
(d,=1.0 and d,=1.2) of the Raman excitation profiles. Kinoshita, Watanabe and Kushida [ 15] recently exam-
ined the 0-0 fluorescence peak of B-carotene using a stochastic three-level model and found k =0.3 compared
to 0.1 in this case. In a separate analysis of the excitation profiles of f-carotene in polar and non-polar solvents,
we have found x =0.1 and that there is only a small amount of additional inhomogeneous broadening [ 16]. We
expect this to hold for TNBC as well.

Fig. 2 shows the experimental (dashed) and calculated (solid line) fluorescence lineshapes for various exci-
tation frequencies at 230 K. The value of detuning, @, — ., is indicated in each panel. For clarity, the sharp
Raman lines have been removed from the figure. The relative intensities of the experimental fluorescence spec-
tra in the various panels were calibrated using the solvent line at 2860 cm~! and are given in the caption along
with the calculated relative intensities. The best agreement with experiment was obtained by increasing the
displacements d; and d, relative to what we found in the absorption by 20%. In addition we used a different
value of the electronic energy gap for the emission (denoted w¢;) which is red shifted by 420 cm~' with respect
10 @, used in the absorption (fig. 1). These are manifestations of the solvent reorganization process which
follows the electronic excitation. Other parameters are identical to those of fig. 1.

In fig. 3 we present similar experimental results and calculations for the fluorescence spectra at 190 K. The
experimental intensities for the strongest Raman lines are also shown in this figure. In this case the electronic
energy gap for emission w;, was red shifted by 400 cm~' relative to w,, for the corresponding absorption. In
both figs. 2 and 3 we were able to reproduce qualitatively the shape of the fluorescence as well as the relative
intensity (up to a factor of 2). Our result for y¥=21 is in agreement with ref. [17] and represents a VR rate of
253 fs. The solvent time scale A~ 'is 111 fs at 230 K and 125 fs at 190 K. In order to demonstrate the sensitivity
of our analysis to the VR rate, we have plotted in fig, 4 the fluorescence for the w; — ., =1595 cm ™! excitation
at 190 K for various values of y¥ and y". Haley and Koningstein [17] performed a Raman probe of the S, state
of B-carotene in CS, and found the width of the strong 1524 cm~! fundamental line to be 34 cm~' compared

=0
. (x:g
L
Q
=z -
w
Q
D4 a=32
2l
o]
D -
2
i
- - 66
- Fig. 4. The fluorescence equations (7b) and (7d) for the 441.6
nm (@ —We=1595 cm™~') excitation at T=190 K for various
e values of a=y"/y" keeping 2y"+7y¥=34 cm~!. Both the calcu-
’ I I lated (solid lines) and experimental (dashed lines) have been
—4000 —-2000 0 2000 normalized to the same height. The figure demonstrates the sen-

' 1 sitivity of the fluorescence lineshape to the VR rate. The best fit
— cm
(’OS meg ¢ ) a=3.2 was used in figs. 2 and 3.
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to 21 cm~! in the S, state. Assuming the present relaxation scheme (egs. (6)) we thus have 2y"+y¥=34 cm ™!
and y¥=21 cm~! resulting in y*=6.5 cm~'. These numbers are not expected to be identical in the present study
since TNBC lacks the methyl side-groups of f-carotene and consequently has two instead of three Raman modes,

and also, the present solvent (isopentane) is different. Nevertheless they provide a rough estimate for y" and
y¥. We then varied a=7y"/y" keeping 2y"+y'=34 cm~'. As « increases the fluorescence tends from unrelaxed
(top) to fully relaxed emission (bottom) and the hot band emission from the excited vibronic levels disappear.
It is not possible to reduce the hot band intensity and obtain a comparable fit by merely changing the displace-
ments and frequencies. Clearly the dispersed fluorescence is extremely sensitive to « and the best agreement is
for «=3.2 with y*=21 cm~' and y*=6.5 cm™~". These values were used in figs. 2 and 3. The sharp spikes in the
upper panels originate from the broad Raman component and they disappear as o increases.

5. Discussion

In this Letter we presented a detailed experimental and theoretical study of the fluorescence spectra of TNBC
in isopentane at 190 and 230 K. Our theoretical analysis of these lineshapes resulted in structural information
(molecular frequencies and displacements) as well as dynamical information (the solvent relaxation time A~
the solvent coupling strength 4, and the vibrational relaxation rate y¥). The value of k¥ =A4/4=0.1 implies that
the line broadening is in the slow modulation regime. Our agreement for the absorption lineshapes are excellent.
The Raman yield shown in fig. 1 provides a sensitive probe for x and the dispersed fluorescence lineshapes
depend crucially on a=7"/y", as demonstrated in fig. 4. The agreement between the experimental and the cal-
culated dispersed emission profiles in figs. 2 and 3 is also satisfactory. We were able to reproduce the shape as
well as the relative intensities of the dispersed fluorescence.

There are several factors which could contribute to the differences between our calculated and the experi-
mental spectra. First our relaxation matrix which assumes that all vibrational levels relax to the ground state is
clearly oversimplified. It is however adequate given the lack of other structural and dynamical information on
this system. In addition, non-radiative decay channels (which were not included in the present analysis) will
reduce the intensity of the fluorescence. This reduction could depend on the excitation energy @; — ., and will
affect the relative intensity of the dispersed fluorescence lineshapes. In addition, we have considered here a
single infinite heat bath. This picture is oversimplified. The optically inactive modes of the molecule form a
separate finite bath. Vibrational relaxation among these modes is expected to be faster than relaxation to the
solvent. This process has been well documented in the work by Kaiser et al. [ 18] who found a rapid (7 <2 ps)
intramolecular VR rate resulting in an increase in the internal temperature of a number of molecules following
excitation. The equilibration with the solvent occur on a much longer time scale of tens of picoseconds (e.g. 40
ps for azulene in CCl,). The resulting VR rate ((y*) ~!=253 fs) obtained from our analysis is in accord with
the experiments of Weiner and Ippen [18] who measured transient bleaching signals of dye molecules in solu-
tion and found, for each dye, a fast transient decay of roughly 70 fs (the pulse width) followed by a long expo-
nential tail with a time scale in the range of 190-480 fs. The decay times were relatively insensitive to choice of
solvent and were attributed to intramolecular relaxation processes. The fast transient decay is consistent with
our solvent correlation times of =~ 100 fs. The intramolecular and solvent-induced VR may result in a change
in local temperature. These changes are expected to vary with the detuning of @ — ., as different amounts of
vibrational energy are available and will affect the resulting line broadening and spectral shifts in the emission.
In particular we note that the calculated fluorescence for large negative detuning ( —833, —239 for fig. 2 and
— 1015, —663, —169 in fig. 3) is broader than the experimental. A possible explanation is that for negative
detunings we expect vibrational energy to flow from the bath modes to the system modes resulting in an effec-
tive cooling of the bath and reduced line broadening.

In conclusion, we have demonstrated how a detailed analysis of the Raman and fluorescence lineshapes allows
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us to extract the relevant structural and dynamical parameters of this system. A more detailed study in which
the dispersed fluorescence is monitored as a function of time following a pulsed excitation may provide a more
complete picture of the solvation and relaxation processes [20,21].
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