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of the integrand in eq 1 are reproduced in the approxi- 
mation embodied in eq 4 and the approximate spectrum. 
In order for a vibrational structure to be seen in a specrum, 
one must have classical trajectories which make return 
visits to the vicinity of their initial conditions (the recip- 
rocal of this return period will give the spacings between 
overtone bands), but the swarm of trajectories representing 
p,(t) gets increasingly filamentary, or its center moves away 
from its original position upon repeated passes, or both, 
with the result that the periodic maxima in the trace 
(right-hand side of eq 4) decay from one to the next, re- 
sulting in broadened overtone bands. Typically, relatively 
small displacements in phase space of p,(t) will cause 
significant reduction of the overlap [Tr (p  p,(t))l1l2. Thus, 
the bandwitlth-determining decay may take place without 
much energy relaxation out of the prepared mode, for a 
displacement may affect the overlap with little effect on 
the mode energy. This provides a semiclassical means of 
understanding energy relaxation effects as separate from 
dephasing or overlap effects. Thus, the result7 that T1 
relaxation is classically very much longer than the 50 fs 
implied by the bandwidths in benzene is indeed indication 
of a T, dominated mechanism. 

Following the original “dephasing”, which gives rise to 
the bandwidths of the overtone structures, the trajectories 

may return en masse to their original vicinity, causing 
structure to be seen under the bands, as in Figure 1. When 
this return time is correctly predicted by the classical 
mechanics, the classical spectrum will show structure under 
the overtone bands with the correct spacing between the 
“combination” lines. 
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Site-Dependent Vibronic Line Widths and Relaxation in the Mixed Molecular Crystal 
Pentacene in p-Terphenyl 
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The different line widths and shapes observed in absorption spectra of the first vibronic transition of the four 
sites of pentacene in p-terphenyl are examined. A model involying vibrationally induced line narrowing and 
lattice coupling is suggested to explain the differences. The iiportance of local environment in vibrational 
relaxation is discussed. 

Introduction 
Intramolecular vibrational relaxation is an area of sub- 

stantial interest for molecules in gas, liquid, and solid 
phast3s.l In all phases the density of final states and the 
nature of the interactions with the final states are im- 
portant in determining relaxation and dephasing rates. In 
solid-state systems, coupling to lattice phonons, either 
directly or via intervening intramolecular vibrations, can 
affect the relaxation and dephasing processes. Here we 
present an example in which pentacene molecules in dif- 
ferent sites of a p-terphenyl host lattice, hence experiencing 
the same bulk phonon environment, exhibit substantially 
different vibrational dephasing properties. This demon- 
strates that subtle details of the local environment must 
be considered to obtain a clear understanding of vibra- 
tional dephasing. 

Pentacene in the low temperature p-terphenyl lattice 
exhibits four distinct sites.3 These sites result from the 
p-terphenyl phase transition at  -190 K in which p-ter- 
phenyl ring rocking freezes The final ring distribution 
causes the low temperature unit cell to contain four con- 
formationally different p-terphenyl  molecule^.^ Each 
pentacene molecule presumably replaces one p-terphenyl 
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molecule in the lattice, yielding four conformationally 
different pentacene environments. Since these crystals are 
grown well above the phase transition temperature, pen- 
tacenes populate the four sites equally. 

Each of the four So - S1 origin transitions is Gaussian, 
characteristic of inhomogeneousl) broadened lines. The 
first vibronic transition of each site might be expected to 
exhibit a line shape which is the convolution of the inho- 
mogeneous Gaussian width of the origin and a vibration- 
al-lifetime-broadened Lorentzian. Although the three 
lower energy sites’ vibronic lines are of about the same 
width, only one exhibits the ext3ected shaDe. while one is 
- ___________ 

a pure Gaussian and one is a iu re  Lorentzian. The first 
vibronic transition of the fourth (highest energy) site 
differs strikingly from the others. It is Lorentzian in shape, 
much narrower than the other sites’ vibronic transitions, 
and considerably narrower than its origin. We wish to 
report and discuss these four vibronic transitions and 
propose a static and a dynamic model to explain the ob- 
served behaviors. 

Experimental Section 
Absorption spectra were redorded at  1.4 K by using a 

xenon arc lamp, a 3/4-m monochromator (slits set for 0.1-A 
resolution), and a 1P28 phototube. Numerical convolution 
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TABLE I 
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0 1  0, 0 3  0 4  

electronic energy,a cm-‘ 16883.0 f 0.2 16886.8 i 0.2 17006.1 f 0.2 17064.6 i. 0.2 

optical density ( max)c 0.42 0.39 0.42 0.42 
lifetime, ns 24.1 f 0.5 24.5 I: 0.5 9.5 f 0.5 8.7 f 0.5 

a Deviations are 95% confidence limits (+1.96u/n1’*) where n = 19, 20, 21, and 23 for 0,-0,, respectively. 

fwhm,b GHz 41  39 38 37 

The full- 
width at half-maximum varies slightly from sample to sample, but the four sites are always uniform. 
is 3 x mol/mol. 

Crystal concentration 

TABLE I1 

Vl v2 v3 v4 

vibronic energy,” cm-I 17149.4 I: 0.4 17155.0 I: 0.5 17272.4 f 0.4 17334.6 * 0.1 
vibrational energy,a V,-On, cm-’ 266.4 f 0.5 268.2 ? 0.6 266.3 f 0.5 270.0 I: 0.2 

optical density (max)C 0.25 0.26 0.25 0.24 
qualitative line shape Gaussian Lorentzian Voight Loren tzian 
estimated vibrational lifetime, ps d 

fwhm,b GHz 115 110 100 34 

2 3 5 
a Deviations are 95% confidence limits (1:1.96a/n”~) where n = 10, 10, 15, and 16  for V,-V,, respectively. The full- 

width at  half-maximum varies slightly from sample to sample but the similarity of Vl-V, and disparity of V, are always 
maintained. Crystal concentration is 2 X mol/mol. CZ’ Gaussian line shape precludes lifetime estimate. 

PENTACENE IN P-TERPHENYL 
0.51 O R I G I N  ABSORPTION SPECTRA 1.4 K 

Flgure 1. Typical pentacene in p-terphenyl absorption spectra at 1.4 
K of the four So -+ SI origins, 01-04. Note that they are virtually identical 
in shape, width, and height. Crystal concentration is 3 X 10“ mol/mol. 

calculations show that the line shapes were not distorted 
by the monochromator slit function. 

Crystals of pentacene in zone-refined p-terphenyl were 
grown from the melt by using standard Bridgeman tech- 
niques. Optically clear and nondistorted regions of the 
sample crystals were mounted over 600-pm pinholes. Some 
variation in absorption line widths occurs for different 
samples. The lack of correlation between line width and 
concentration indicates that sample cutting and handling 
procedures probably cause the variations. The experi- 
ments, performed on many samples over a wide concen- 
tration range, are reproducible. The results discussed 
below are representative. 

The line shape fittings were performed by using digitized 
absorption data. It must be emphasized that small 
amounts of noise, uncertainties in baseline location, and 
problems in defining a “best” fit lead to some variation 
in fitting results. These factors make the fitting procedure 
semiquantitative but do not affect the general results 
presented here. 
Results and Discussion 

Typical absorption spectra of the So - SI origin of each 
site, 01-04, are shown in Figure 1. Associated parameters 
appear in Table I. The homogeneous line widths, mea- 
sured by optical coherence experiments: are >lo00 times 
narrower than the observed absorption line widths. Thus, 
the Gaussian absorption lines truly indicate the inhomo- 
geneous broadening of the purely electronic transition. 

Typical absorption spectra of the first vibronic transition 
of each site, V1-V4, are shown in Figure 2. Associated 
parameters appear in Table 11. The inhomogeneous 
widths of the origins of the lines shown in Figure 2 were 

PENTACENE IN P-TESPHENYL 
0.31 V ERONIC 46SOR’TI3\ SPEC’RA l.4K 

I/&& 17334.6 CT-’ 

Figure 2. Typical pentacene in p-terphenyl absorption spectra at 1.4 
K of the four first vibronic transitions, V1-V4. Crystal concentration 
is 2 X mol/mol. Origin width associated with these four lines is 
58 GHz (-2 cm-I). Note that V,-V, are all much wider than the orlgln 
wldth. V, is of distinctly different shape and much narrower than V,-V, 
and the origin. 

Flgure 3. Pentacene in p-terphenyl first vibronic transitions (soli lines) 
as in Figure 2. VI and V2 are shown fit to a Gaussian and a Lorentzian, 
respectively (dashed Ilne). V3 and V4 appear wlth Gaussian (dotted) 
and Lorentzian (dashed) fits. Note that VI and V, have substantial 
Gaussian (inhomogeneous) character while V2 and V, are pure Lor- 
entzians. 

58 GHz. The most striking feature of the four vibronic 
lines is that V4 is substantially narrower than V1-V3 and 
is almost half the width of its origin, 04. 

Vibrational relaxation is expected to occur on the pi- 
cosecond timescale: resulting in a considerably broadened 
homogeneous line ( Tl process). If the homogeneous line 
widthbecomg significant relative to the inhomogeneous 
broadening, the line shape becomes a Voight profile, a 
convolution of the Lorentzian homogeneous line with the 
Gaussian inhomogeneous broadeningm6 The net result 
would be a vibronic line broadened by the addition of 
Lorentzian character. Only V3 behaves in this manner. 
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processes, the V3 lifetime is -3 ps. This compares fa- 
vorably with the 2 f 1 ps value obtained by Wiersrna in 
a picosecond laser experimenta2 

The V4 line, which is -34 GHz wide, is within experi- 
mental uncertainty described by a pure Lorentzian as 
shown in Figure 3c. The inhomogeneous broadening 
(Gaussian character) in V4 is negligible compared to the 
58 GHz exhibited by Oh As with V2, the  inescapable 
conclusion is that the inhomogeneous broadenink! has 
disappeared. 

One simple explanation of this phenomenon, using the 
static model presented above, would be that the subsite- 
dependent vibrational inhomogeneity exactly cancels the 
inhomogeneous broadening of the origin for both Vz and 
V4. This would be an extremely unlikely coincidence. 

Another possible explanation is based upon a dynamic 
model involving vibrationally induced line narrowing. 
Kubo' has described the spectral effect of random modu- 
lation of an ensemble of two-level systems over a Gaussian 
distribution of energies. If the transition correlation 
function decays exponentially with decay constant *y and 
the.width of the Gaussian energy distribution is A, then, 
in the slow modulation limit (r/A << l), the observed 
spectrum exhibits the Gaussian shape of the inhomoge- 
neous energy distribution. In the fast modulation limit 
(r/A >> l), the line is motionally narrowed and becomes 
Lorentzian with a homogeneous linewidth of 

Figure 4. Schematic illustrating the inhomogeneous broadening of an 
electronic origin and a vibronic transition. The lower stair steps represent 
the variation in electronic transition energy with position in the inho- 
mogeneous lint?. Variations in vibrational potential surfaces caused 
by the electronic inhomogeneity result in slightly different vibrational 
transition energies across the inhomogeneous line (illustrated as smoothly 
varying for clarity). Thus, the vibronic transition (upper stay steps) exhibits 
both electronic and vibratlonal inhomogeneities. So is illustrated as 
constant energy for clarity. 

Detailed examination of V1 and V2 shows that V1 is 
Gaussian and V2 is Lorentzian (see Figure 3a). This has 
been observed p rev i~us ly .~~  Simultaneous Voight profile 
fits indicate that the width of any Lorentzian (Gaussian) 
underlying Vl(V2) is a t  most -10% of the full line width. 
It must be emphasized that a Gaussian (Lorentzian) con- 
volved with a much narrower Lorentzian (Gaussian) is 
essentially indistinguishable in shape from the original 
pure Graussian (Lorentzian). Thus, within the error of the 
fit, V1 is a pure Gaussian of about twice the width of O1. 
Similarly, Vlz is a pure Lorentzian with none of the inho- 
mogeneous (Gaussian) broadening seen in 02. 

The increased inhomogeneous broadening of V1 can be 
explained in terms of a straightforward static model. 
Site-specific differences in p-terphenyl conformations 
around the pentacenes cause the So - S1 energy differ- 
ences of the four sites. Within any one site, some small 
amount of additional, local disorder results in the narrow, - 2 CITL-~, inhomogeneous origin broadening. These various 
local environments will be called subsites. The different 
subsite environments cause the pentacenes to have slightly 
different electron distributions which, within the confines 
of the Born-Oppenheimer approximation, results in a 
distribution of potential energy hypersurfaces for nuclear 
motion. Because subsites possess unique vibrational po- 
tential surfaces, they are expected to have slightly different 
vibrational energy level structures. Vibronic transitions, 
then, should exhibit not only the inhomogeneous broad- 
ening of the origin but also an inhomogeneous energy 
distribution due to subsite-dependent variations in vi- 
brational energy. This is illustrated schematically in Figure 
4. Thus, this model predicts that, in general, vibronic 
transitions will have different inhomogeneous widths than 
their corresponding electronic origins. 

The V3 absorption line shape is intermediate between 
Gaussian and Lorentzian, as shown in Figure 3b. A Voight 
profile fit indicates V3 is a - 70-GHz Gaussian convolved 
with a - 50-GHz Lorentzian. Although some additional 
inhomogeneous broadening probably has occurred due to 
the static mechanism suggested above, the Gaussian width 
approximately equals that of the O3 origin. Thus, V3 
corresponds approximately to the situation in which the 
inhomogeneous broadening of the electronic origin is 
convolved with a lifetime broadened homogeneous Lor- 
entzian. If the Lorentzian width is due entirely to lifetime 

To this must be added the line width due to lifetime 
processes. Thus, the total homogeneous line width would 
be 

where T1 is the lifetime of the two-level system. 
We postulate that, for the V4 vibronic transition, the 

internal 270-cm-' vibrational motion of the pentacene 
molecule couples to the local lattice environment allowing 
sampling of the various subsite energies. Then the rate 
of frequency fluctuations is the vibrational frequency, y 
= 270 cm-l, and the fluctuations occur over an energy 
distribution corresponding to the inhomogeneous line 
width, i.e., A = 2 cm-l. Thus, r/A >> 1 and the Gaussian 
inhomogeneous width is motionally narrowed. It becomes 
Lorentzian in shape with a width of 

With the extensive motional narrowing of the inhomo- 
geneous line, the dominant contribution to the observed 
V4 line width is due to the vibrational lifetime, Tl, as in 
eq 2. Thus, this model predicts a Lorentzian line shape 
and the V4 Lorentzian width corresponds to a vibrational 
lifetime of -5 ps. 

Since V2 is also Lorentzian, we postulate that it too is 
undergoing motional narrowing. The same considerations 
used for V4 imply that the V2 width is also due to the 
lifetime. The observed Lorentzian width yields a lifetime 
estimate of 2 ps. 

The questions arise of why only V2 and V4 exhibit vi- 
brational motional narrowing of the inhomogeneous line 
and what is the mechanism of this narrowing. We propose 
that the answer lies in a detailed comparison of the Yl-V4 
vibrational frequencies and the p-terphenyl host vibra- 
tional frequencies. 

Low temperature infrared and Raman spectra of p-  
terphenyl have been recorded.8 The infrared spectrum 
contains modes at 134 and 135 cm-l. These are exactly 
half the energies of the pentacene vibrations in sites two 
and four, respectively (see Table 11). Thus the Vz and V4 

cm-'. 
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vibrations are degenerate with two-quantum excitations 
of host lattice modes while V1 and V3 are not. Coupling 
between the pentacene vibration and the two-quantum- 
excited lattice modes would be expected to be very weak 
(<<1 cm-l) but could become significant when they are 
degenerate. Therefore the vibration excited on pentacene 
in sites two and four is not a pure intramolecular pentacene 
vibration. Due to the weak coupling to lattice modes, a 
superposition of pentacene and p-terphenyl vibrational 
states is excited. The nature of the 134- and 135-cm-l 
lattice modes is unknown. However, it is suggestive that 
the phase transition associated with the freezing out of the 
p-terphenyl ring rocking occurs at -190 K, Le., -132 cm-l. 
If the inhomogeneous distribution is due to a slight vari- 
ation of angular orientation of p-terphenyl rings about the 
pentacenes, then excitation of V2 and V4 could set these 
rings in motion and provide a mechanism for motional 
averaging of the V2 and V4 inhomogeneous lines. 

Thus, degeneracy of V2 and V4 with lattice modes pro- 
vides a mechanism for vibrational motional narrowing of 
the inhomogeneous character in V2 and V4 while permit- 
ting VI and V3 to retain their inhomogeneous line widths. 
Clearly, a more detailed understanding of the source of the 
inhomogeneous broadening as well as greater knowledge 
of the specific site geometries and the nature of the pen- 
tacene and p-tesphenyl vibrations would materially add 
to our understanding of this phenomenon. 

Regardless of whether the above model is correct, the 
fact remains that the Vz and V4 lines are fundamentally 
different from V1 and V3, although all involve the same 
vibration of the same molecule in the same bulk phonon 
bath. The differences in the local environments of sites 
two and four change the vibrational energy of the molecule 
only slightly, yet have a major effect on the vibrational 
coupling to the environment. Even subtle differences in 
local environment can have major effects on vibrational 
relaxation and dephasing. When examining vibrational 
dephasing of a molecule in several host lattices, great care 
must be exercised in explaining observed differences. In 
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noncrystalline solutions there are not four discrete sites 
but a very large distribution of local environments. Our 
results indicate that uniformity of properties throughout 
this distribution is by no means guaranteed. Thus, un- 
derstanding of vibrational dephasing in solution may re- 
quire detailed examination of the role of local environ- 
ments on the relaxation process. 
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