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The solvent-induced broadening mechanisms are considered in the calculation of resonance Raman ex-
citation profiles (RREP) for the v, and v, vibrational modes of lycopene. The broadening mechanisms are clas-
sified into two groups: Inhomogeneous broadening due to a distribution of the 0-0 transition energies and
solvent-induced homogeneous broadening due to coupling with low-frequency solvent-solute interactions. The
conventional sum-over-states formula for RREP is transformed to a formally equivalent expression in the time
domain. The results show that the homogeneous broadening dominates the RREP of lycopene.

Recently, Cotting et al.? have analyzed the Raman
lines of lycopene by using a model including both
homogeneous and inhomogeneous broadening mech-
anisms as well as the multi-mode theory. They have
assumed that each broadening is characterized by a
Lorentzian distribution with a line width, either I’
(homogeneous) or I'inn (inhomogeneous). They have
calculated the resonance Raman excitation profiles
(RREP) for the »,, v2, and vs Raman lines using vari-
ous values of I" and [ian, holding the total width It
(=I'+Tinn) constant at a value determined from the
absorption spectra. At the values of Ity ranging from
450cm~! to 500cm™, with about a 75% (350 cm™?)
contribution from I, the theoretical excitation profiles
are in good agreement with the experimental data
measured in ethyl alcohol, toluene, and carbon di-
sulfide solvents. These results are more informa-
tive than those calculated by Hokins? with only homo-
geneous broadening. Cotting et al.? do not explicit-
ly refer to the origin of homogeneous broadening.
However, 350 cm™! seems to be too large for a realistic
damping constant.

In this context, it is worthwhile to see how the
interpretations of the damping constant in the RREP
for B-carotene analogous to lycopene have changed in
the last several years. Since Inagaki et al.? reported the
experimental RREP of B-carotene, their broad band
shapes have been questioned by many investigators. In
earlier work, the phenomenological damping constant
was used in explaining the broadness of the RREP.
Siebrand et al.¥ took a value larger than 200cm™! as a
damping constant to reproduce the experimental data.
However, Kodama et al.9 have pointed out that the
large value is due not to the damping effect but mainly
to the solvent (-solute) low-frequency modes, which are
not Raman active. Ho et al.® have found the pure
damping constant to be of the order of 50cm™i,
considering both the damping and the low-frequency-
mode effects. Further, Chan et al.”? emphasized that
low-frequency modes provide a Gaussian type of
broadening.

We can expect that the damping constant in lyco-
pene is similar to that of B8-carotene. Thus, the low-
frequency-mode effect should be included in analyz-

ing the RREP of lycopene. In this article, we will
investigate the RREP of lycopene by considering the
low-frequency-mode effect as well as the homogeneous
broadening with a rather small damping constant.
Inhomogeneous broadening is also taken into account.
This broadening is static in nature, reflecting the
spread in molecular transition frequencies. Thus, the
statistical distribution provides a Gaussian-type
broadening, in contrast with the Lorentzian shape
taken by Cotting et al.V

Theory

In order to analyze the band shapes of the absorption
spectra and the RREP of lycopene, we make the following
assumptions:

(a) The Condon approximation is used, since the m-m*
transition is strongly allowed.

(b) Only one component of the electronic-transition mo-
ments is nonzero.

(c) The displaced harmonic oscillator model is used
for both intramolecular modes and solvent (-solute) low-
frequency modes.

(d) The Einstein model is assumed for the solvent modes.
Thus, these modes are reduced to one collective mode, whose
frequency and displacement are given by ws=N"13lwx and
A3=N-1314%¢ respectively, were N is the total number of the
solvent modes and where k refers to an individual solvent
mode.

(e) The distribution of 0-0 transition frequencies is re-
sponsible for the inhomogeneous broadening and has a
Gaussian form, i.e.:

P1an(@) = (v 1n2)/a/T T'}p) exp [~ (@ — 0i0)2102/Ths], (1)

where wgis the mean value of the 0-0 transition frequencies
and where Iy is the inhomogeneous width.

The band-shape function of the absorption spectra of the
system with inhomogeneous broadening is given by:

I(wy) =dep,,,,,(w+w,>z,,<w), @

where w1 is the frequency of the incident light and where
In(w) is the band-shape function without inhomogeneous
broadening. Within the Condon approximation, we can
separate Iy(w) into the high-frequency part, Io(w), and the
low-frequency part, piw(w). Thus,
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1.,<w>=lMg.lzgda/p.ow(w')Io(w'+w), 3)

where Mg, is the electronic transition moment between the
ground state (g) and the excited state (e). The high-frequency
part, Io(w), represents the contribution from the optical modes
which determine the intensity of the vibronic band. We can
assume that the thermal excitation of the high-frequency
modes can be neglected. Thus, the high-frequency part, lo(w),
is given by:

Iy(2) = —R go vé 1’3[ 0|v,>lzs dtexp
[i(@ + g}lv;w,): —-r1

1 o n A2
= —ReS de I1 exp(——i-(l ——e"’j‘))exp(iQt ~TIt),
T 0 j=1 2

#)

where w; and v{ are the vibrational frequency and the
vibrational quantum number of the j-th mode in the excited
state, and where I' is the damping constant whose depenence
on a vibrational level is neglected. The low-frequency part,
pow(w’), forms the band-shape function for the optical modes
and is given by:

Prow(@') =v2:0 vﬁ;opv'[<velv;>‘2(usws—”;‘":-wl) (5)

where ws is a common vibrational frequency in the ground
state and the excited state and where P, the Boltzmann-
distribution function of the vs-th vibrational level in the
ground state. pow(w’) is also given by the following time
integration:

Pon @) = 5|~ ditexp (A< >+ Dt

— La@<n>+ =it
©)

where {ns)=(ehws/kT—1)-1 is the thermal-average quantum
number. We are concerned with the strong coupling case,
ie, (1/72)4%2<ns>+1)>1, in which the short time
approximation used by Chan et al.” is valid. Thus, we can
approximate pww(w’) in this form:

A

1 (> . 1
Prow(@) = Tns_gtexP(_zt (—-?A:w,+ w’)

— <>+ Do)
=(v/Tn2/n/ 7T hy)expl — (& — w02/ T}y ], (7)
where wiow=(1/2)4%ws and where
Tiow=+/T024,0,(2<n >+ 1)172. (8)
Equation 7 indicates that the low-frequency mode induces a

homogeneous broadening with a Gaussian shape with the
width @Now and that the bodies of the absorption spectra are
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blue-shifted by wiw. We call this broadening a ‘“‘solvent-

induced broadening.”
By inserting Eq. 3 into Eq. 1, we obtain:

10) =M/ {d0{dwpm(+ a)pum(@) 0+ 0). (O

Since both pinn(w+twi), and pw(w’) are Gaussian functions,
their convolution is given by a Gaussian function:

1(0) =M {dopun(on+ o)), (10)

where:

Peor(2) = (»\/m/\/zl",’o,)exp[— (2 — 0yg— Wyoq) 2 1n2[ I3, ]

with Te=v/TontTow. Only the total width, I, can be
obtained from the band shapes of the absorption spectra, so
we cannot distinguish between inhomogeneous and
solvent-induced homogeneous broadening. On the other
hand, each broadening mechanism has a different influence
on the band shapes of the RREP, as will be shown below.

The resonance Raman intensity of a fundamental line is
given by:

S(w) wca wlgdw.pm(w.w.) S P @), (11)

where wy is the frequency of the scattered light and where
ay, (wa) is the Raman tensor:

(00 = ~i(Mg)* 3137 (<Ol > 1>t

vi=0 v{=0

x I |<Ofo, > et oo > rescimmwmictmiore, (12)

We can convert Eq. 12 into the analytic form, using the
following relations:

<L0jo;><y;| 1> =7£2=¥(l —e"n‘)exp[—%—g(l -—-e“l‘)], (13)

l<Olv}>I’e"’3’f‘=°"P["_’ C"J')] (14)

and:

|<<vglog>| et crirwret =exp[_%:(1 -—e"st)]

Vs v, |et(p-vs)u,t( A 2(vg=p)

ﬂ—OP'[vs_p)']z )\/2 \l—ctut_l)) > (15)

where 4a (a=1, }, s) is the displacement of the a-th mode.
The lower-frequency part, Eq. 15, in Eq. 12 cannot be
separated from the others, as in the case of absorption spectra,
because the Boltzmann distribution factor, P,,, operates after
ay, (w) is squared. The solvent-induced line-width, INew, is
related to the displacement, 4s, and the frequency, ws, of the
low-frequency mode through Eq. 8. Thus, the solvent-
induced line-broadening indirectly affects the RREP,
though Iow does not explicitly appear in the formula. Fur-
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ther, the RREP calculation clearly differentiates between
the inhomogeneous broadening and the homogeneous
broadening effects.

The time integrations in Eq. 4 and Eq. 12 can now be
evaluated by the use of the time-dependent method proposed
by Tannor and Heller.? In this article, the actual numerical
integration is performed with the normalizing frequency,
which has already been used in the calculation of radia-
tionless transition rates in large molecules.9:1) We now
introduce the normalizing frequency, wy, which defines the
integers:

B; = w;/oy and &, =w,/wy.
Furthermore, the following quantities are defined:
7 = I'lwy and x=wyt.

Thus, we can write Io(ws) in Eq. 9 as follows (see Eq. 4):

0

1 kad i ,
Io(a).)=mRe2_,"o---2 I |<0fv;>|?

=0 v3=0j=1

0 n
X So dxexp (i@, x+ ¥ iv;@ % —rx) (16)
i=1
The time-integration in Eq. 16 leads to:

00 n N
S dxexp(iByx+ 3 ity —rx) =———————— (17)
0 7=l But 3 +ir
]=

On the other hand, we can easily obtain this relation:

2 O i(1—e2r)
dxexp|i@,x+ gv,w,x—rx) =— (18)
o 7=t Bt 218 +iy
J=

because wj and w, are integers. Thus, we obtain:

l ©o

L) = —— 31 - 31

roy(l—e ) gzo  izo;

|<0[g, >

n
=1

2% n
X So dxexp(i@,x + Y] ivjw x—rx)
1=1

———l———Sztdxﬁex —l—ll’(l—-e‘zr’) elazrz, (19)
= roy(l—em) Yo V0P| T2 .

Furthermore, we can replace the integration over the
frequency in Eq. 10 by the following sum:

(m+Dwy
S 000100 (04 + 01) o ()

I(wo=m>°:°_:“ -

00
=0y 3 Pi(moy+ o))ly(moy), (20)
m=—oo
where we neglect the variation of the integrand in the
moy<w.<(m+1)wy region. A similar procedure leads to the
following expressions for the resonance Raman intensity:

= 2 1 ( fw, &
% (@0) = nw(l—e"")So de/?\l —emr)

X exp[—A-2—§(l —e“'x")]
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and:

S(wy) oc w;‘”lwzvmgwpmh(m“)u + wl)ugop v.la‘,s(mwy) [% (22)

Results and Discussion

We will now analyze the band-shapes of the absorp-
tion spectrum and the RREP of lycopene in toluene
solvents. The damping constant, I, is assumed to be
50cm™! according to the case of B-carotene®; this
corresponds to a picosecond relaxation process and
seems to be realistic. This value hasonly a minor effect
on the band-shapes of the absorption spectrum and
the RREP, in the presense of inhomogeneous and
solvent-induced homogeneous broadening mecha-
nisms due to low-frequency modes.

The frequencies of the three Franck-Condon active
modes, v1, vz, and vs, of lycopene are taken to be
w1=1516cm™1, w2=1154cm™!, and ws=1005cm™!
respectively. The frequency, ws, and the displacement,
4s, of the solvent mode are related to the homogene-
ous line-width, Iow, through Eq. 8. In the following
calculations, we first estimate the homogeneous line-
width, Iow, from the absorption spectra. Thus, we
do not need to provide ws and 4s independently. We
prefer to give ws. Further, ws and 45 are somewhat
arbitrary because only their combined quantity, i.e.,
Tow, is determined. Therefore, we can assume a round
value of 50 cm™! as ws; this seems to be reasonable for an
approximate frequency of the solvent mode. Let us
now refer to the normalizing frequency, wy. Foragiven
set of wj, a large number of wy values may give a value
identical to those in Egs. 19 and 21 because of the
periodicity of the integrands. It is sufficient, however,
to consider only their maximum- the largest common
integer divider in the set. The value of wyshould be, at
most, 1 cm™! for our three w; values. However, even if
some larger wy is used, the relative values of @; are not
very largely altered, provided thateach @;is redefined as
the integer nearest to w;/wn. Therefore, we are allowed
to adopt a larger wy than the largest common integer
divider, disregarding a small rounding error. Thus,
we take 25cm™! as a value of wy. This value also
satisfies the condition under which we can replace
the integration into the sum in Eqs. 20 or 22, because
the linewidth of lycopene is very large.

We adopt the same displacements of the three
Franck-Condon active modes as those Cotting et al.?
have used. Thus, we have 4;=1.1, 42=1.0, and 43=
0.5. Using these values of the displacements and
varying the total width, Iy, we calculate the absorp-
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Fig. 1. Optical absorption line shapes for lycopene
in toluene at 300 K. The measured absorption line
shape (dashed line) is that of Ref. 1. The best fitted
theoretical line shape (solid line) was obtained using
I'=50cm™! and I'c:=450 cm™1, together with 4,=1.1,
45,=1.0, 453=0.5 and wo’otwiw=19310cm~1. The
(--—) line is the another theoretical line shape
with I'=450cm~! and I'=0cm™1.

tion spectra and seek the curve best-fitting the experi-
mental value. Figure 1 shows that the best fit is ob-
tained at I:—450 cm~! and wootwiew=19310cm™1. We
also stress the good agreement in the lower-frequency
region of the 0-0 band; this is in contrast to the
result of Cotting et al. The disagreement may be
due to a Lorentzian shape of the broadening. This
fact is suggested by the following hypothetical
calculations. We assume that only a pure damping
effect contributes to the absorption band-width. That
is to say, we take 450 cm™! as the damping constant, I,
and reduce It to zero. The calculated absorbance
comes to be higher than the one observed in the tail
of the 0-0 band and resembles the result of Cotting
et al. These results suggest that the main broadening
mechanism is not related to the damping constant, I,
giving a Lorentzian-type broadening, but to the width
of inhomogeneous broadening, I'inh, and/or the width
of the solvent-mode-induced broadening, INow, both
of which provide a Gaussian-type broadening.

In our model, I'inh and Iow cannot be distinguished in
the analysis of the absorption spectra. On the other
hand, the RREP calculation clearly differentiates
between these effects, as has been shown in the previ-
ous section. First, we calculate the RREP for the
two extreme cases. Figure 2 shows the RREP for the
v1 vibrational mode of lycopene when only an
inhomogeneous broadening exists and another ex-
treme case in which only a homogeneous broadening
mechanism is operative. The agreement between the
theory and the experiment is better for the full
homogeneous case than for the full inhomogeneous
one. This fact suggests that the presence of low-
frequency modes essentially determine the observed

Fig. 2. Resonance Raman excitation profile line
shapes of the »1 mode for lycopene in toluene at
300 K. The circles give a measured profile line shape
of Ref. 1. The three theoretical curves are shown.
The solid line is for I'inh=300 cm~! and Iew=335 cm™1
the dashed line for I'nh=0cm™!, and Iew=450cm™!
and the (--—) line for I'nn=450 cm—! and INew=0cm™1,
The other parameters used are the same as those
in Fig. 1.

features of the RREP, in the case of the realistic
damping constant, I', of 50 cm~1. Further, a fairly large
value (300cm™!) of inhomogeneous broadening Iinn
only partly improves the RREP. This is intimately
related to the Gaussian shape of homogeneous and
inhomogeneous broadening. The total line-width for
our Gaussian broadening is the same as that Cotting
et al.V obtained by using the Lorentzian broaden-
ing mechanism. In the Lorentzian case, the total
line-width, It is a sum of the inhomogeneous
broadening, I'inh, and a damping constant, I. Since ot
is determined to be constant from the absorption
spectra, a large value of I'inn considerably reduces I
Cotting et al.? have already suggested that values of I'inn
larger than 300cm~! may cause the major effect in
the RREP. In our Gaussian case, however, the total
line-width, I, equals \/IinhtTiow. This relation
leads to a still larger Iow (335cm™!), even at the
large Iinh (300 cm™?). The features of the RREP cal-
culated with this Iow are similar to. that of the full
homogeneous case (INow=450 cm™1). In the presence of a
large homogeneous broadening, an inhomogeneous
broadening itself may little affect the RREP. A similar
tendency is also shown for the v; vibrational mode, as
we can see in Fig. 3.

In conclusion, a reasonable damping constant, which
is also similar to that of B-carotene, can be assum-
ed for the case of lycopene if we take into account
the solvent-induced broadening mechanisms. The
full inhomogeneous broadening mechanism provides
a rather large discrepancy between theory and
experiment for the RREP. The experimental data
are roughly consistent with the full homogeneous
broadening mechanism. The effect of inhomogeneous
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Fig. 3. Resonance Raman excitation profile line

shapes of the v2 mode for lycopene in toluene at
300 K. The circles give a measured profile line shape
of Ref. 1. The three theoretical curves are shown:
The solid line is for I'nh=300 cm—!and Now=335 cm™,
the dashed line for Iph=0cm™!, and New=450 cm™!,
and the (--—) line for I'inn=450 cm~! and Iow=0 cm™1.
The other parameters used are the same as those
in Fig. 1.

broadening partly improve the results, though the
RREP values for the »; and vz vibrational modes of
lycopene are insensitive to the large variation in Iih.
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