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Optical dephasing in pentacene-doped PMMA under high pressure
Otto Berg and Eric L. Chronistera)
Department of Chemistry, University of California, Riverside, California 92521

~Received 8 November 1996; accepted 11 December 1996!

Pressure- and temperature-dependent photon echo results are obtained for pentacene doped
polymethyl methacrylate~PMMA!. A unique pressure effect is observed in which the optical
dephasing rate increases as the pressure is increased from ambient pressure to 4 kbar, above which
the optical dephasing rate is pressure independent up to 43 kbar. The present results are also
compared with pressure- and temperature-dependent photon echo results for rhodamine 101 in
PMMA, in which the optical dephasing rate was completely insensitive to pressure over the range
0 to 30 kbar. A negative correlation is also observed between the optical dephasing rate and the
spectral hole burning efficiency. Line broadening due to pressure induced spectral diffusion may be
responsible for both the increased dephasing rate and the reduced spectral hole-burning at high
pressure. ©1997 American Institute of Physics.@S0021-9606~97!50411-9#

INTRODUCTION

The mechanisms of optical dephasing in mixed molecu-
lar crystals have been well studied and pentacene has served
as an almost ideal substitutional defect chromophore in vari-
ous host crystals. For example, low-temperature photon echo
measurements have been used to document the importance
of librational modes in dephasing the pureS1–S0 electronic
transition of pentacene impurities.1,2 Theoretical treatments
have successfully modeled the temperature dependent
dephasing of dilute mixed solids as collections of indepen-
dent optical two-level systems3,4 coupled to thermally ex-
cited ‘‘external’’ oscillators ~librations, acoustic phonons,
etc.!. Theories have also been developed to account for cou-
pling among chromophores in concentrated samples. Such
systems have been treated as collections of dimers5,6 and as
exciton-type impurity bands,7–9 where the role of static in-
termolecular disorder at absolute zero temperature is empha-
sized. For example, delocalization of the electronic excita-
tion on the impurity species is observed to increase
homogeneous optical dephasing rates of pentacene dimers10

as well as for pentacene monomers at high concentration.11

In contrast to mixed crystals, the status of both theory
and experiment for dopedamorphoussolids is less satisfac-
tory. Whereas pure dephasing processes in crystals freeze out
below ;5 K, doped glasses show residual temperature-
dependent pure dephasing down to the lowest temperatures
studied.12 It is generally supposed that the fluctuations re-
sponsible for the anomalous thermal properties of pure
glasses~‘‘tunneling two-level systems’’! are also involved in
the optical dephasing of chromophores doped into glassy sol-
ids. As was the case with crystals, pentacene is also among
the most thoroughly studied organic dopants in organic
glasses. Molenkamp and Wiersma reported a discrepancy be-
tween the homogeneous linewidth of pentacene in polymeth-
ylmethacrylate~PMMA! obtained from accumulated photon
echo versus hole-burning measurements.13 This difference
was attributed to spectral diffusion and highlighted the role

of the experimental timescale. A hole-burning study on pen-
tacene doped PMMA was published by van den Berg and
Völker,14 and together with the recent results of Meijers and
Wiersma, quantitative agreement between the photon echo
and spectral hole-burning techniques has been reached.15 At
1.7 K, the dephasing rate measured by means of two-pulse
echoes~10210 s observation! merges smoothly with the re-
sult from non-photochemical hole-burning~100 s observa-
tion!, due to spectral diffusion in the period 1029 to 1025 s.15

The dependence of the optical dephasing rate on ‘‘wait-
ing time’’ has been formalized in terms of a distribution of
fluctuation rates. Due to the non-equilibrium nature of glassy
materials, a broad distribution of nearly equal energy con-
figurations of the solid gives rise to dynamic tunneling pro-
cesses even at liquid helium temperatures. Furthermore, a
hyperbolic distribution of dynamic rates is found to be con-
sistent with the form of optical dephasing results.16,17 More
relevant to the present study is the nature of the coupling
between the doped chromophore and fluctuating TLS of the
host glass. Various formal methods have found that only
weak dipole–dipole coupling produces exponential echo de-
cays. Simple distributions of tunneling system parameters
yield the ubiquitousT1.3 dependence of low-temperature
linewidths.18–20,13,21An identical temperature power law has
also been derived assuming a distribution of tunneling asym-
metry parameters.22 Although microscopic models are seri-
ously underdetermined by experiments that average over a
variety of local structures, coupling strengths, etc., some of
these limitations have recently been addressed by studies of
single chromophores23,24and ensembles of identical systems
in amorphous hosts~e.g., protein bound chromophores in
glasses!. The present strategy is to distort both the
chromophore-host coupling and the relevant TLS distribu-
tions of the host in a well-defined way using static high
pressure, and to investigate the resulting changes in optical
dephasing by temperature-dependent photon echo measure-
ments.

In the present study, pentacene-doped PMMA at pres-
sures up to 43 kbar is characterized by absorption, emission,
and photon-echo spectroscopies. We are particularly inter-a!Author to whom correspondence should be addressed.
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ested in the pure optical dephasing rate, which is controlled
by elementary interactions of the chromophore with its envi-
ronment. A temperatures greater than 5 K this interaction is
typically dominated by thermally active optical phonons of
the glass. Since compression typically leads to increased vi-
brational energies, previous high pressure experiments have
confirmed that compression tends to reduce thermal dephas-
ing due to a decrease in the corresponding phonon
occupation.25–27 In the present high pressure study we focus
on the low-temperatures region between 1 and 3 K, at which
dephasing is expected to be dominated by TLS fluctuations
unique to glasses. We find that the homogeneous dephasing
rate increases with pressure up to about 4 kbar, after which
the system is relatively insensitive to further pressure in-
creases up to 43 kbar. Both of these results are intriguing
given the significant compression of the matrix and the re-
sulting changes in electronic and vibrational energies over
the 4 to 43 kbar region. The present results are also com-
pared and contrasted with recent photon echo measurements
on rhodamine 101 in the same PMMA matrix,28 in which the
optical dephasing rate was observed to be independent of
pressure from 1 atm up to 30 kbar.

EQUIPMENT AND PROCEDURES

Sample preparation

The photon echo experiments were performed on
samples<0.3 mm thick with an optical density;0.3. Due to
its low solubility, pentacene is difficult to incorporate into
PMMA films of good optical quality. In the present study
these difficulties were addressed by photochemically gener-
ating pentacene monomersin situ. PMMA films were doped
with s-dipentacene, a stable, readily soluble precursor which
was then photochemically dissociated into pentacene mono-
mers.

S-dipentacene is a symmetric dimer of pentacene mol-
ecules covalently bound at the central carbon atoms~posi-
tions 6 and 13!. The aromaticity of the central rings is lost,
leaving four naphthalene groups rigidly bound in a paddle-
wheel shape.S-dipentacene can be photochemically synthe-
sized by irradiating a solution of pentacene in
1-chloronaphthalene with the visible output of a high-
pressure mercury lamp;s-dipentacene precipitates directly
from the solution.29 This product can be spectroscopically
confirmed to be the pure symmetric isomer and was provided
to us by Gary Scott.29 The dipentacene was dissolved in
dichloromethane with purified PMMA~Aldrich, average mo-
lecular weight 30 000!, poured into molds on a glass plate,
and allowed to dry slowly. The resulting films were approxi-
mately 0.3 mm thick, with a final dipentacene concentration
that ranged from 0.01 to 0.02 M. The films were stored at
ambient temperature, in air, in the dark.

The near-ultraviolet output of a filtered mercury vapor
lamp ~nominally 365 nm! was used to photolyze dipentacene
within the films. Irradiation by diffuse light for 30 to 45
minutes gave the desired concentration of pentacene mono-
mers. Freshly photolyzed samples were placed directly into a
cryostat, or stored at 77 K in the dark between experiments,

since exposure to air and light at room temperature led to
degradation of the pentacene~on a timescale of hours!.

High pressures were generated in a diamond anvil cell of
Merrill–Bassett design.30 Unphotolyzed, dipentacene-doped
PMMA was first pressed into a pre-formed Inconel gasket.
The sample was irradiated, then sealed between the dia-
monds. A chip of synthetic ruby was enclosed with the
sample, and another was mounted on the outside of the pres-
sure cell as a reference. Experimental pressures were calcu-
lated from the frequency shift ofR1 fluorescence from the
ruby with an accuracy of61 kilobar. Below 4 kbar the cali-
brated spectral shift in theS1←S0 absorbance of pentacene
itself was used as a more sensitive pressure scale. The fre-
quency shift in this range was linear in pressure~see Discus-
sion! and accurate to within60.3 kbar. Ambient pressure is
referred to as ‘‘0 kbar.’’ Once loaded into a pressure cell, no
degradation of the pentacene was observed under any condi-
tions.

All of the results reported in this study were obtained
from samples immersed in a liquid helium bath cryostat, ei-
ther as bits of film cemented to the sample holder~ambient
pressure! or enclosed in a diamond anvil cell. Temperatures
below 4.2 K were reached by pumping on the liquid helium,
and measured by means of the He vapor pressure. Pressures
in the range 0.5 to 18 Torr~1.2–1.9 K! were measured with
an oil manometer with an accuracy of60.03 K. In the range
18–200 Torr~1.9–3.0 K! vapor pressure was measured with
a mechanical gauge with an accuracy of60.1 K. Absorbance
spectra were recorded in helium at its normal boiling point,
4.2 K.

Optical measurements

The light incident on the sample was modulated by a
mechanical chopper and the transmitted or emitted light was
dispersed through a 0.75 m Spex monochromator and de-
tected with a cooled photomultiplier tube~Hamamatsu
R955P!. A lock-in amplifier detected the modulated compo-
nent of the photomultiplier’s output, which was digitized and
stored on a personal computer. Fluorescence and fluores-
cence depolarization decays were obtained using a 400 MHz
digitizing oscilloscope~HP 54502A! with appropriate decon-
volution of the instrument response function.

The excitation pulses for photon-echo experiments were
generated by pumping a cavity-dumped dye laser with the
frequency-doubled output of a mode-locked,Q-switched,
Nd:YAG laser~Quantronix 116! operating at a repetition rate
of 800 Hz. The dye laser pulse autocorrelation duration was
typically 30–40 ps, with a coherence time of 1 ps. The cavity
dumped pulse energies were;10mJ/pulse and an intracavity
prism plus a narrow-gap etalon yielded a frequency band-
width of 4 cm21. Since intense pulses are known to compli-
cate photon echo experiments in general,31 and the
pentacene/PMMA system in particular,15 the laser was at-
tenuated until photon echo decays were no longer affected.
The experimental energies were,30 nJ/pulse, measured by
a photodiode calibrated against a short-pulse joulemeter
~Molectron!.
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Two-pulse photon echoes were generated by splitting the
dye laser output into two beams of equal intensity. The two
beams were focused into the sample, after which the result-
ing echo signal was collimated, spatially isolated with an iris,
and directed into a monochromator~to remove incoherent,
broadband emission!. The photon-echo signal was identified
by its dependence on both excitation pulses and their time
ordering. A computer controlled optical delay line and an
analog-to-digital converter was used to store the lock-in am-
plified echo intensity as a function of probe pulse delay.
Between 20 and 100 consecutive scans were averaged for
each decay reported here.

RESULTS

Absorbance

The spectra of dipentacene-doped PMMA were recorded
prior to photolysis at room temperature. The films were com-
pletely transparent in the wavelength range 700 nm to 400
nm. A monotonically increasing absorbance appeared at
shorter wavelengths, making the samples effectively opaque
below 285 nm. Superimposed on this signal was a single
resolved feature~FWHM 5 nm! centered at 328 nm. The
wavelength used for photolysis was on the low-energy tail of
this feature. The absorbance at 365 nm was approximately
0.05.

Irradiation of the samples at 365 nm produced a charac-
teristic set of eight new bands: a well-resolved shoulder on
the near-ultraviolet features described above; three weak fea-

tures superimposed on a weak and diffuse background~378
nm, 400 nm, 425 nm!; plus an intense, well-resolved quartet
~475 nm, 498 nm, 534 nm, 578 nm!.

Figure 1 illustrates the effect of pressure on the 450 nm
to 600 nm region of the absorption spectrum at 4.2 K. Three
spectra were obtained from three different samples used for
photon echo measurements. With increasing pressure, the
electronic origin and associated vibronic features broaden
and shift to lower energy. The absorption maximum of the
origin band shifts 24 nm to the red as the pressure is in-
creased from ambient pressure to 43 kbar. However, more
than half of this shift is observed by 14 kbar. When the
pressure on a sample at high pressure was completely re-
leased, the spectral features narrowed and shifted back to-
ward their ambient-pressure positions, but some hysteresis
was observed. Following a pressure cycle from 0 kbar to 40
kbar and back to 0 kbar, a residual red-shift of 4 nm and
broadening of 2 nm~FWHM! was typical for the lowest-
energy band.

Figure 2 summarizes the pressure induced wavenumber
shift in the absorption maximum of the electronic origin
band over the pressure range 0–43 kbar. The232
cm21/kbar pressure-induced shift observed below 10 kbar is
very similar to the shifts reported for hole burning studies at
very low pressures.32 Above 10 kbar the observed spectral
shift per unit pressure~i.e., the slope of the data in Figure 2!
is significantly reduced due to a decrease in the compress-
ibility of the PMMA matrix.33 The solid curve in Figure 2
correlates the observed spectral shifts with the square of the
density of the surrounding matrix, as discussed in the next
section.

FIG. 1. Absorption spectra of pentacene in PMMA at various pressures. The
samples were generated by the room temperature photolysis of
s-dipentacene doped PMMA.

FIG. 2. The pressure-induced shift in the frequency of the absorption maxi-
mum of the origin band. The measured shifts~j! are compared with the
solid curve obtained by Eq.~3!.
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Emission

The effect of pressure on the dispersed emission spec-
trum at 1.2 K was examined using excitation pulses similar
to those used in the photon echo experiments. The line-
narrowed emission spectrum~not shown! consisted of sharp-
ened lines~FWHM,30 cm21! with associated broad side-
bands toward lower frequency~FWHM.100 cm21). Except
for the absolute intensity, the shifted spectra were indepen-
dent of pump position within the absorbance band and they
were insensitive to reduction of pump power. The
broadband-detected fluorescence decayed exponentially with
a time constant of 1462 nanoseconds at all pressures, con-
sistent with the fluorescence lifetime of pentacene monomers
in PMMA.13 The spectral shift and the bandwidth of the
sharp emission features increased monotonically with pres-
sure up to 43 kbar.

Photon echo

The influence of pressure on the optical dephasing rate is
shown in Figure 3. The natural logarithm of the photon-echo
intensity is plotted as a function of delay between excitation
pulses. Photon echo data at 1.2 K is shown for samples at 0
kbar ~ambient pressure!, 0.4 kbar, 4.0 kbar, and 43 kbar. The
laser pulse autocorrelation trace indicates the practical time
resolution of the experiment. For exponential photon echo
decays that are much longer than the coherence time of the
driving fields, the homogeneous dephasing rate (1/T2) is
obtained by16

I ~t!5I 0 expS 24t

T2
D . ~1!

The pure dephasing rate (1/T2* ) is obtained by subtracting
the contribution from the excited-state lifetime (T1),

1

T2
5

1

2T1
1

1

T2*
. ~2!

Using the observed value of the pressure independent fluo-
rescence lifetimeT1514 ns, we obtain pressure-dependent
pure dephasing rates at 1.2 K. As the pressure was increased
from ambient pressure to 43 kbar we observed a significant
increase in the pure dephasing rate 1/T2* from 625 MHz~at 0
kbar! to 1450 MHz~at 43 kbar!. However, nearly all of the
observed change occurs over the range 0 to 4.0 kbar, as
shown in Figure 1 and Figure 4.

Figure 4 summarizes the pressure- and temperature-
dependent pure dephasing rates (1/T2* ) over the temperature
range 1.2 K to 3 K, and for sample pressures of 0 kbar
~ambient!, 0.4 kbar, 4.0 kbar, and 43 kbar. A log–log plot of
the data is presented to facilitate comparison with the power
law temperature dependence often observed for optical
dephasing in glasses. The ambient pressure results reported
by Meijers and Wiersma~open circles!15 are also included
for reference. A variety of temperature dependent photon
echo measurements were also obtained at pressures above 4
kbar ~up to 43 kbar!, however, these results were indistin-
guishable from the 4 kbar data set shown in Figure 4~within
experimental uncertainty! and were not included in Figure 4
for clarity.

FIG. 3. Selected photon-echo intensity decays at 1.2 K and at various pres-
sures. The effect of increasing pressure on the dephasing rate is dramatically
reduced at higher pressures.

FIG. 4. The effect of temperature and pressure on the pure dephasing rate
(1/T2* ). Data acquired at 40 kbar overlapped the data taken at 4.0 kbar.
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The ambient-pressure data obtained in this study merge
smoothly with the higher temperature data of Meijers and
Wiersma~which extend to 15 K!.15 At elevated pressure we
observe an increase in the pure dephasing rate relative to
ambient-pressure samples at the same temperature. The phe-
nomenon is most pronounced at 1.2 K, where the dephasing
rate at 4.0 kbar is twice that at ambient pressure. Further-
more, the effect of temperature on the optical dephasing rate
at elevated pressures is reduced~i.e., the slope of the log
(1/T2* ) versus logT data is reduced!, corresponding to a
power law temperature-dependent dephasing rate with a re-
duced temperature exponent at higher pressures. Finally, we
observe that the system is nearly independent of pressure
above 4 kbar~up to at least 43 kbar!.

Spectral hole-burning

Under intense light or extended exposure times, spectral
hole-burning occurred, with a corresponding reduction in the
magnitude of the photon echo signal. However, at pressures
>4.0 kbar spectral hole burning was found to be signifi-
cantly suppressed. Whereas extended laser exposure could
deplete the echo intensity at pressures below 4 kbar, at pres-
sures above 4 kbar only minor decreases in echo intensity
were observed even during long exposures. For determina-
tions of the dephasing rate at pressures below 4 kbar the
photon-echo data were signal averaged over short time peri-
ods to minimize the signal reduction, and no discrepancy
was observed between the first and last normalized decays
collected.

A significant change in chromophore-lattice interactions
at a pressure near 4 kbar is evinced by the change in both the
pure dephasing rate and the spectral hole-burning propensity.
Below 4 kbar the low-temperature optical dephasing rate in-
creases with pressure up to 4 kbar, and spectral hole-burning
is observed at all but the lowest laser powers. In contrast,
above 4 kbar the optical dephasing rate is relatively pressure
independent and the spectral hole-burning efficiency is sig-
nificantly reduced.

DISCUSSION

Identification of the pentacene photoproduct

PMMA films doped withs-dipentacene have a lowest-
energy absorbance feature at 348 nm~not shown! that is
characteristic of the naphthalene chromophores of
s-dipentacene.29 After photolysis at;348 nm, several broad
bands appear at visible wavelengths that are characteristic of
pentacene in solution.34 The inhomogeneously broadened
low energy absorption bands shown in Figure 1 are attributed
to the pure electronicS1(

1A1g)←S0(
1B2u) transition, plus a

progression of higher energy vibronic bands. The frequency
separation between the vibronic bands is 14006 30 cm21,
and the principal vibrational modes responsible for this pro-
gression are skeletal C–C stretches plus someC–C–Hbend-
ing and C–C stretching modes.35 A similar absorption spec-
trum ~of the first two peaks! for pentacene-doped PMMA

was reported for a sample prepared by pressing solid penta-
cene into PMMA in a heated hydraulic press.2

The site-selected~fluorescence narrowed! emission spec-
trum ~not shown! also corresponds in detail with previously
reported emission spectra of pentacene-doped PMMA, as
does the 14 ns lifetime measured for the photogenerated
samples.13 All of the spectroscopic analyses of our samples
correspond to published spectra for pentacene monomers
doped into PMMA. However, we cannot rule out the exist-
ence of closely associated pentacene molecules since analo-
gous spectra of distinct pentacene dimers are not available
for comparison.

Pentacene concentration

The concentration of chromophores can be calculated
using the Beer–Lambert law for the integrated absorbance,
Ã 5 Cls̃, whereC is the concentration of chromophores,l is
the sample thickness, ands̃58p3nm2/3nch is the integrated
molecular cross-section36 ~herem is the magnitude of the
transition dipole moment,n is the transition frequency,n
5 1.5 is the index of refraction of PMMA,c is the speed of
light, andh is Planck’s constant!. The integrated absorption
spectrum of pentacene in solution yields an oscillator
strength of 0.08,37 whereas optical free induction and optical
nutation measurements yield a transition dipole moment of 1
Debye for the electronic origin transition of one pentacene
photosite in crystalline para-terphenyl.38,39

In the present study, a direct comparison of the inte-
gratedS1←S0 absorbance region shown in Figure 1~i.e.,
12706 120 cm21 at 0 kbar forl5280 mm! with the pub-
lished absorption spectrum of pentacene in trichlorobenzene
solution34 yielded a concentration of pentacene in PMMA
C 5 5.56 0.23 1024 mole/liter. The sample thickness in the
high pressure diamond anvil cell ranged from 100 to 150mm
depending on the gasket. Reduced optical path length ac-
counts for the reduced integrated band area at higher pres-
sures in Figure 1.

Intermolecular coupling

Because of the photochemical method used to generate
pentacene in PMMA, we address the possibility that closely
associated pentacene molecules are electronically coupled. It
has previously been shown that low temperature~15 K! pho-
tolysis of covalent dimers of anthracene and tetracene in
PMMA matrices can generate absorption and emission fea-
tures that are red-shifted~and distorted! relative to the iso-
lated monomer spectrum.40,41 Such spectral features have
been attributed to the formation of closely associated mono-
mer pairs at low temperature~i.e., noncovalent ‘‘sandwich
dimers’’!.40,41 However, even when such ‘‘sandwich
dimers’’ are generated~by photolysis at low temperature!,
temperature cycling from 15 K to 290 K and back to 15 K
caused the absorption and emission spectra to revert to those
of the unperturbed monomeric species.40,41 Thus, the mobil-
ity of polyacene molecules in PMMA at room temperature
allows the migration and separation of the polyacene mono-
mer species following photolysis. In the present study, the
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room temperature photolysis of di-pentacene doped PMMA
samples yielded absorbance and emission spectra that closely
match the spectra reported for pentacene monomers in amor-
phous hosts. Of course some significant pentacene–
pentacene interactions may not reveal themselves in the ab-
sorption and/or emission spectra.

Time-resolved fluorescence depolarization

In cases where intermolecular interactions are not strong
enough to affect the absorption and emission spectra, they
can still give rise to significant intermolecular energy trans-
fer. Fluorescence depolarization rates were measured to ex-
amine the rate of energy transfer between photochemically
generated pentacene molecules in PMMA. These results~not
shown! showed no evidence of a fast energy transfer contri-
bution that would be expected for closely associated chro-
mophores. Furthermore, the observed time-resolved fluores-
cence anisotropy decayed with the formr (t) 5 r 0 exp
( 2 at21/2), which is consistent with a random distribution of
chromophores.42 The fluorescence depolarization results sug-
gest that the pentacene chromophores created by room tem-
perature photolysis of di-pentacene in PMMA behave as
relatively unperturbed isolated chromophores.

The effects of weaker interactions and concentration
fluctuations may also be reduced by inhomogeneous broad-
ening in PMMA. In mixed crystals, it has been demonstrated
that the dephasing rate and photon echo decay function are
very sensitive to coupling amongmultiple pentacene mol-
ecules, even at concentrations as low as 5.43 1025

mole/liter.11 However, in an inhomogeneously broadened
sample the effective concentration of chromophores resonant
at a given frequency is reduced by the extent of inhomoge-
neous broadening. All other things being equal, the effective
resonant concentration would scale inversely with the inho-
mogeneous bandwidth~observed to be; 1 cm21 in the
mixed crystal and; 395 cm21 in PMMA!. When the con-
centration of our pentacene doped PMMA samples is re-
duced by this ratio we obtain a value of 5.53 1024 M /395
5 1.4 3 1026 M , i.e., in the empirical low-concentration
limit. Pairwise coupling is more difficult to rule out since the
absorption bands associated withS1←S0 transitions of pen-
tacene dimers in a crystalline matrix are shifted from the
monomer resonance by less than 40 cm21.10

Further evidence that delocalized excitations are not
playing a significant role in the present pentacene/PMMA
system is the convergence of our photon echo measurements
of optical dephasing rate with those reported for PMMA di-
rectly doped with pentacene.15 Both measurements yield a
pure dephasing rate of 7706100 Mhz at 1.7 K, as shown by
a comparison of the open and solid circles in Figure 4. Spec-
tral hole-burning results14 are also in agreement with the
stimulated echo results at long waiting times.15 Since both
theory and experiment7,11 indicate a proportional relation be-
tween the dephasing rate of delocalized excitations and the
concentration, this level of agreement indicates the absence
of such effects.

Pressure-induced spectral shifts and inhomogeneous
broadening

The pressure induced shift in the electronic origin band
of pentacene/PMMA at 14 kbar is2 4506 30 cm21 ~shown
in Figure 1!, corresponding to a shift versus pressure ratio of
Dñp /Dp 5 232 cm21/kbar over this pressure range. Inter-
estingly, a pressure-dependent spectral hole-burning study in
the same system at 1.5 K yielded a shift of2 0.22 cm21

with an applied pressure (Dp) of 0.0068 kbar,32 which cor-
responds to a similarDñp /Dp 5 2336 2 cm21/kbar ratio
even at this very low pressure region. Although the pressure
shift is clearly fairly linear below 14 kbar, Figure 2 illustrates
the reduced spectral shifts at higher pressures~due to a de-
crease in the compressibility of the PMMA matrix33!.

The solid curve in Figure 2 is a model which expresses
the pressure-induced frequency shift as an extension of the
gas-to-matrix solvent shift, assuming that dispersive intermo-
lecular interactions are dominant.43,44 Specifically, the spec-
tral shift of a non-polar solute~such as pentacene! interacting
with a nonpolar matrix~not strictly true of PMMA!, Dñ, is
taken to be inversely proportional to the sixth power of the
average distance between the chromophore and the surround-
ing matrix, i.e., proportional to the square of the density.43,44

Utilizing the gas to solid spectral shift at atmospheric pres-
sure,Dñ0, one obtains,

Dñ5Dñ0•S r

r0
D 2 ~3!

wherer/r0 is the density relative to that at atmospheric pres-
sure, andDñ is the spectral shift with respect to the gas-
phaseelectronicorigin (Dñ 5 ñ 2 ñVAC).

The gas-to-PMMA solvent spectral shift for pentacene at
atmospheric pressure,Dñ0 5 21305 cm21, is obtained from
the gas-phase electronic origin of pentaceneñvac

5 18 625 cm21 45 and the peak of the 0-0 absorbance in
PMMA at ambient pressureñ0 5 17 320 cm21. Using the
pressure-density relation for PMMA,33,46 Eq. ~3! yields a
good fit to the observed spectral shifts at pressures below 25
kbar, as indicated by the solid curve in Figure 2. The dis-
crepancy between Eq.~3! and the experimentally observed
spectral shifts at higher pressures may be due to a decrease in
the compressibility of PMMA at higher pressure~that may
not be accurately represented in theP-V relationship!.33 It is
also possible that non-dispersive interactions involving the
polar carbonyl groups of PMMA may become more signifi-
cant at higher pressures.

Pressure effects on optical dephasing

The pressure-induced changes in the optical dephasing
of pentacene in PMMA are unique. Similar temperature and
pressure dependent photon echo measurements on
rhodamine 101 in PMMA were surprisingly pressure inde-
pendent over the 0 to 30 kbar range investigated.28 In con-
trast, when the electronic states of the solute interact strongly
with low-frequency optical modes of the matrix, the dephas-
ing rate typically decreases with pressure at any fixed
temperature.25–27
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The pressure independent optical dephasing observed
above 4 kbar is also inconsistent with electronic coupling to
thermally populated low frequency phonon-like modes. It is
difficult to explain the insensitivity of the optical dephasing
rate of pentacene in PMMA over the 4–43 kbar pressure
range, particularly in light of the significant changes in other
physical properties of the matrix over the same pressure
range. For example, the relative volume of the sample and
the density and dispersion of Debye phonons~with corre-
sponding changes in thermal excitation at the relevant tem-
peratures! are curiously detached from the optical coherence
phenomena.

There are significant differences between the tempera-
ture and pressure effects on the optical dephasing of penta-
cene versus rhodamine 101 as solute chromophore in a
PMMA matrix. While both of these chromophores reveal a
general insensitivity of the dephasing rate over wide pressure
ranges, the pentacene in PMMA results show two unique
aspects:~1! a pressure effect on 1/T2* at pressures below 4
kbar; and~2! the accompanying modified power law tem-
perature dependence.

In the present study, theincreasein the dephasing rate
(1/T2* ) observed for a pressure increase from 0 to 4 kbar
suggest that something other than electronic coupling to low
frequency optical modes~e.g., TLS! is responsible. Further-
more, since the pressure-induced increase in the optical
dephasing rate is greatest at low temperature, the power law
temperature dependence of the optical dephasing rate be-
comes very weak at higher pressures.

A T1.3 power law has been reported for the lowest tem-
perature ambient pressure data for pentacene in PMMA.14,15

Although the present results overlap with these previous am-
bient pressure results, the best power law fit to our 0 kbar
data yields (1/T2* ) } T1.1. Similarly, the best power law fits
for the data at elevated pressures are (1/T2* ) } T0.8 at P
5 0.4 kbar, and (1/T2* ) } T0.3 at P > 4.0 kbar, as shown in
Figure 4. If the temperature exponent of the linewidth,

G}T11D ~4!

is correlated with the TLS density of states,16

r~E!aED, ~5!

then the high pressure results suggest an anomalous density
of TLS states thatdecreaseswith increasing TLS energy,
i.e.,D,1.

Effect of pressure on photophysical spectral hole-
burning

The spectral hole-burning efficiency of pentacene-doped
PMMA was observed to correlate with the pressure effect on
1/T2* . Specifically, the efficiency of spectral hole-burning is
reduced for pressures>4 kbar, which is the same pressure at
which the optical dephasing rate reaches its limiting high
pressure value. The similar and restricted pressure region
over which these changes are observed suggests a correlation
between the factors that determine the hole-burning rate and
the optical dephasing rate. van den Berg and Vo¨lker provide

evidence that the photophysical product states of pentacene
in PMMA lie within 50 GHz ~1.7 cm21! of the burning
frequency,14 which can be compared to the 3 GHz frequency
range accessible by spectral diffusion.15 A general increase
of spectral diffusion under pressure would be sufficient to
explain both the accelerated dephasing rate~diffusion on the
timescale of the echo experiment! and the reduced hole-
burning efficiency~diffusion on the shot-to-shot timescale!.
Alternatively, the correlation between hole-burning effi-
ciency and the dephasing rate of individual chromophores is
also consistent with weaker hole-burning due to increased
linewidth of the transitions. One recent comparative study of
doped polymers has related hole-burning efficiency to bulk
sample density,47 however, such a correlation is not observed
in the present data nor in our previous high pressure photon
echo study of optical dephasing of rhodamine 101 in
PMMA.28 Where spectral diffusion data are available at am-
bient pressure~e.g., a waiting time of;3 ns! its absolute
contribution to the linewidth is 300 MHz for pentacene in
PMMA15 versus 120 MHz for rhodamine 101 in PMMA,17

which may account for the different pressure effects ob-
served for pentacene versus Rh101 in the same PMMA ma-
trix.

Regarding the microscopic basis of dephasing and spec-
tral diffusion, we note that the electronic transition of a dop-
ant is modulated by ‘‘external’’ oscillators only to the extent
that coupling between dopant and oscillator is different in the
two electronic states involved. A standard result of theoreti-
cal impurity/TLS dephasing models is that only dipole–
dipole coupling is consistent with observations. Therefore, in
considering the difference between pentacene and rhodamine
101 as chromophores, we address the change in dipole mo-
ment associated withS1–S0. Rhodamine 101 has an intrinsic
permanent dipole moment in both states; for a variety of
dyes in polymeric matrices this difference is in the range
0.2–2 D.48 Both states of isolated pentacene, by contrast, are
nonpolar. It is the uncommonly large polarizability ofS1
pentacene that, in the presence of a polar matrix, yields a
large change of dipole moment. For pentacene in PMMA, a
value ofDm51.5 D has been measured by means of electric
field dependent hole burning.44 In light of the present data, it
appears that coupling of TLS to a purely matrix-induced di-
pole moment change~pentacene! is more sensitive to pres-
sure than coupling to an intrinsic dipole moment change of
comparable magnitude~rhodamine 101!.

CONCLUSIONS

Two main comparisons are made between the pressure-
dependent photon-echo results for pentacene in PMMA ver-
sus those obtained for Rh101 in the same matrix:~1! the
optical dephasing rate for Rh101 in PMMA was insensitive
to pressure increases over the range 0 to 30 kbar, while pen-
tacene in PMMA showed little change in optical dephasing
from 4 kbar to 42 kbar, and~2! the pentacene in PMMA
system showed a significant pressure effect, but it was re-
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stricted to a small pressure region from 1 atm to 4 kbar,
above which it was relatively insensitive to further pressure
increases.

The pressure increases up to 4 kbar were also observed
to correlate with a decrease in the rate of spectral hole-
burning. This correlation suggests that pressure induced
spectral diffusion on a very fast timescale may be respon-
sible for the increased dephasing rate. Furthermore, the de-
crease in spectral hole-burning at high pressure may be due
to the corresponding broader spectral linewidth at high pres-
sure.
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