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The shape, broadening, and shift of optical absorption spectra of molecular impurity centers in polymer glasses
are considered in terms of inhomogeneous energy distributions and coupling of electronic transitions to
vibrations. Persistent spectral hole burning was applied for frequency-selective probing of zero-phonon lines.
The shift and broadening of spectral holes were studied between 5 and 50 K and by applying a hydrostatic
He gas pressure up to 200 bar. Broadband absorption spectra were recorded between 5 and 300 K in poly-
(methyl methacrylate) and polyethylene. In addition to “normal” thermal broadening, due to the first- and
second-order electron phonon coupling, several narrowing components were predicted on the basis of frequency
dependent hole behavior. Thermal expansion of the matrix and the relaxation of local strains, previously
accumulated on cooling below the glass temperature can lead to shrinking of the inhomogeneous width. A
Voigt treatment of absorption band shapes reveals that the Gaussian component can indeed suffer remarkable
narrowing. Inhomogeneous band shapes and the frequency-dependent thermal and baric line shifts were
rationalized with the aid of a pair of two-body Lennard-Jones potentials. The shift of potential well minima
is a crucial factor influencing solvent shifts, inhomogeneous band shapes, pressure shift coefficients, and
quadratic electron phonon coupling constants.

1. Introduction

Organic dye molecules can possess remarkable optical
properties, including large absorption cross-section, high lumi-
nescence emission rate and quantum yield, strong zero-phonon
transitions, intrinsic photochemistry in solid solutions, etc. The
spectrum at low temperature is mainly shaped by a convolution
of inhomogeneous distribution function (IDF) of transition
energies with vibronic sidebands accompanying zero phonon
lines (ZPLs). Spectroscopic determination of IDF is straight-
forward by means of hole burning or selective fluorescence
methods, if all guest particles possess identical spectra, except
for the solvent shift of ZPLs.1-3 However, the spectroscopy of
single molecules reveals that in disordered environments the
optical responses of impurity centers can be highly individual.4-6

Single chromophores offer unique opportunities for probing the
structure and dynamics of glasses, surfaces, nanoparticles,
proteins, and other special environments.7,8 Although devoid
of such an ultimate resolution and selectivity, the burning of
persistent spectral holes can address ensembles of chromophores
with selected transition frequencies, and thus provide important
insight into the disordered systems.9,10 Hole burning is particu-
larly convenient for observing small pressure shifts, reversible
or irreversible temperature effects, and phonon sidebands.

The factors affecting guest spectra may be classified as the
solvent shift phenomena and the electron phonon coupling
(EPC) processes. Inhomogeneous band shape and pressure
effects reflect the static aspects of the host structure. In the first
approximation, linear EPC is responsible for phonon sidebands,
whereas quadratic EPC manifests itself in the shift and broaden-
ing of ZPLs at temperatures above zero Kelvin. The studies of
solvent shifts, vibronic frequencies and intensities, and quadratic

EPC belong to well established, yet relatively unrelated fields
of condensed phase spectroscopy. Large amount of theoretical
work has been dedicated to solvent shifts in liquids11-14 and
inhomogeneous band shapes in glasses or defect crystals.15-18

Linear EPC theory has been elaborated for zero-phonon transi-
tions, such as Shpolskii lines, and for broad, multiphonon bands,
e.g., the F-centers in alkali halides.19-22 Theories of quadratic
EPC have undergone considerable progress23-27 and reached a
general consistent form in nonperturbative approaches developed
by Osadko28 and Skinner.29

The applications of broad-band spectra have mainly been
restricted to the spectrophotometric and luminescence methods
of chemical analysis30 and the creation of solvent polarity scales
in organic chemistry.31,32 The separation of homogeneous and
inhomogeneous components of the spectra has rarely been
attempted in the broad temperature range. In molecular materials
the ZPLs lose intensity and broaden above 30 to 50 K, becoming
inseparable from the phonon sidebands. If the ZPLs cannot be
discerned, the obtaining of quadratic EPC parameters becomes
difficult. The vanishing and broadening of ZPLs at higher
temperature complicates also the study of the shapes of IDF.
Both the line broadening and IDF are hard to measure in the
spectra dominated by Franck-Condon progressions, even at the
lowest temperatures.

A synthesis of the hole burning method and the broadband
spectroscopy will be attempted in this work. Cold, isolated
impurity molecules seeded in supersonic expansions35-38 served
as a reference state for the characterization of environmental
shifts. Amorphous polymers and vitrified solvents were chosen,
because they can be doped more readily with a large variety of
different color centers than the metallic, ionic, or covalent
network glasses. In a favorable case, the solute may introduce
only a small perturbation to van der Waals glass structure and
properties.
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Stable resonant holes were created in the absorption spectra
of several tetrapyrrolic pigments, polycyclic hydrocarbons, and
polymethine dyes in polymer host matrices. The broadening and
the shift of holes upon changing temperature and pressure in
the He gas atmosphere surrounding the sample was investigated
as a function of burning frequency. The hole burning in soft
glasses is limited to temperatures below 50 K as a result of
vanishing ZPLs, spectral diffusion, or hole filling. Remarkably,
the frequency dependencies of thermal and baric hole shifts are
such as to produce a narrowing of the whole spectrum with
increasing temperature. The extrapolation of the hole parameters
was carried out with the aim of separating the contributions of
inhomogeneous broadening and electron phonon coupling.
Absorption spectra were recorded between 5 and 300 K and
subject to a Voigtian fitting procedure, yielding the Gauss and
Lorentz components. A strong deviation of 0-0 band shapes
at low temperature from Gaussians is emphasized. A narrowing
of Gaussians with rising temperature will be discussed in terms
of hole behavior.

Successful spectral probing would critically depend on the
completeness of the interpretation of spectra, requiring robust
models to connect the host structure with the solvent shifts and
the EPC parameters. We have recently proposed a simple
approach to frequency dependent hole properties in terms of
Lennard-Jones potentials.33,34A single configurational coordinate
is introduced for the characterization of packing density in the
vicinity of a guest molecule. In glasses, the intermolecular
distances fluctuate with respect to the equilibrium values of the
crystalline phases. The nonequilibrium nature of glasses is
incorporated into the model by considering vertical transitions
between pairs of hypersurfaces at different coordinate values,
without the possibility of structural relaxation. The fluctuations
of intermolecular coordinates depend on the glass temperature,
according to a Boltzmann distribution of energies. The solvent
shift can be expressed as a difference between the potential
energies of connected states. The spectral distributions are
obtained by plotting the ground-state energies as a function of
solvent shifts. The response of IDF to a uniform compression
or dilatation of the matrix can be obtained by scaling the
intermolecular coordinate. A frequency dependence of baric line
shifts follows from a difference between the first derivatives of
the potentials.33,34 Thermal line shift and broadening, caused
by changes in the phonon frequencies can be associated with
the second derivatives of Lennard-Jones functions, via the force
constants. An agreement between the spectral behavior and the
model can only be obtained for certain ratios of the equilibrium
distances and the well depths, thus providing the Lennard-Jones
parameters of the excited state.

2. Experimental Section

The pigments (see Figure 1 for structural formulas) and low-
density polyethylene (density 0.915 g cm-3, melting temperature
115 °C) were purchased from Aldrich. As a high molecular
weight poly(methyl methacrylate) (PMMA) commercial Plexi-
glas was used. Chlorin and a phthalonaphthalocyanine NcPc3

were available from our earlier work.39 The 0.1-0.5 mm thick
polymer films were cast from the solution as described in ref
40, where the details of measurements and data treatment can
also be found. In short, the samples were fixed in a continuous
flow optical cryostat CF1204, and the temperature was main-
tained within 1° with the ITC-4 temperature controller (both
Oxford). Absorption spectra were recorded on a Perkin-Elmer
Lambda 9 spectrophotometer with 1 nm slit width. Absorption
spectra are presented and analyzed as measured, without

correction either for the instrumental slit width nor the refractive
index of air. The wavelengths were calibrated with 0.25 M
aqueous solution of holmium chloride. The accuracy and long-
term repeatability were better than 0.1 nm. In the spectra
measured at different temperatures the baseline subtraction was
performed carefully, because the small drifts result in large
uncertainty of Voigtian fitting parameters.

Spectral holes were burned with a LPD 3002E dye laser,
pumped with 308 nm light from a LPX 100 excimer laser (both
Lambda Physik). Holes were detected in transmission by
scanning the dye laser with attenuated energy at 40 Hz pulse
frequency, using a two-channel setup of a Molectron JD2000
Joulemeter/Ratiometer. The sensitive J3S-10 (109 V/J) probe
was placed in the sample channel and the less sensitive one,
J3-09 (103 V/J) served to measure the laser pulse energy. The
hole widths were corrected for the laser line width by subtracting
its double magnitude, 5 GHz, from the Lorentzian hole width.
Pressure studies were carried out in a cylindrical cell of 20 mm
in diameter, made of stainless steel and supplied with two
sapphire windows. The sample volume of 2× 4 × 4 mm3 was
filled with gaseous He at 200 bar and cooled to 5 K, and the
holes were burned. Subsequently the pressure was released step
by step and the holes were recorded (for details see ref 41).

3. Results

3.1. Spectral Hole Burning. Tetrapyrrolic chromophores,
occurring as heme pigments in the blood and tissue or as
chlorophylls in photosynthetic membranes, are exceptionally
well suited for hole burning in their metal-free state. Prototropic
phototautomerism of the central pair of hydrogens, with quantum
yields ranging from 10-4 (chlorin) to 10-2 (octaethylporphine),
combined with the weak electron-phonon coupling (with
Debye-Waller factorsR from 0.5 to 0.90) facilitates the creation
of deep and narrow spectral holes.39 Hole burning is also
possible in1Lb(R) or 1La(p) type transitions of polyarenes and
in several symmetrical polymethine dyes (cryptocyanine) dis-

Figure 1. Chemical structures of probe molecules.
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solved in a polar and hydrated matrix of poly(methyl meth-
acrylate) (PMMA) that supports photobleaching.41

Temperature (T) and pressure (P) effects were investigated
on deep holes burned over the inhomogeneous band at lowT
(from 5 to 7 K). Rather high burning doses were applied to
improve the hole-to-background ratio, so that the initial width
typically exceeds the quasihomogeneous widthΓqh by a factor
of 2-4. The shift and broadening are strictly proportional to
the pressure change in the He gas atmosphere, and can,
therefore, be characterized with coefficients dν/dP and dΓ/dP,
respectively. The shift coefficients dν/dP show a well-known
linear dependence on hole position, with a slopea and a
frequency at which the pressure shift would disappearν0(P)

(Figure 2):41,42

As a rule,ν0(P) does not coincide with the resonance energy in
a vacuumν0, and the pressure shift is not directly proportional
to the solvent shift.41,42

Similar to pressure shifts, thermal hole shifts display a
pronounced dependence on burning position (Figure 3), although
with an opposite frequency dependence.43 The observedT shift
consists of a phonon-induced, pure thermal shift and a change
of the solvent shift due to the expansion of matrix. It turns out
that after subtraction of the latter from the observed shift, the

resulting pure thermal shiftνT has a similar, although a weaker,
frequency dependence. Both thermal and baric shifts are to lower
frequencies (negative, bathochromic) except for a few com-
pounds (OEP, TPP). The extent of hole broadening, caused
either by a change in pressure or temperature, has a relatively
weak dependence on burning position (filled symbols in Figure
2).

Complex, nontrivial behavior of hole widths is shown for a
phthalocyanine derivative NcPc3 in low-density polyethylene
(PEld) (Figure 4). Quasihomogeneous widthΓqh is determined
at a fixedT for shallow holes with relative depth of zero-phonon
absorption less than 5%.44 Following a warm-up toTc and
cooling to the initial (low) burning temperature, the width and,
to some extent, the position of a hole, are not fully recovered.
The residual broadeningΓc reflects structural changes in a
disordered system, referred to as a spectral diffusion.40,45Another
peculiarity can be documented, when a hole that has been
created at a higherT is monitored on gradual cooling. Instead
of the expected shrinking (dotted line in Figure 4), a hole
broadening is observed with lowering of the temperature. This
Lorentzian broadening was assigned to nonuniform strains
building up in the matrix as a result of aT change.44 The thermal
broadening of a single hole burned at a lowT is the most
complex one, containing information about the fast, reversible

Figure 2. Absorption spectra of tetraphenylporphine in poly(methyl
methacrylate) (a) and phthalocyanine in low-density polyethylene (b)
at 6 K and frequency dependent properties of spectral holes: coefficients
of pressure shift (dν/dP, O) and broadening (dΓ/dP, b), thermal shift
(νT, 0) and broadening (∆Γ(T), 9) between 7 and 25 (35) K. In Pc the
pressure shift (dotted line) extrapolates to zero at-345 ( 22 cm-1

below the 0-0 origin of free pigmentν0 (15131.8 cm-1, ref 38).

dν/dP ) a(ν - ν0(P)) (1)

Figure 3. Thermal shifts of spectral holes burned in the absorption
band of tetraphenylporphine in poly(methyl methacrylate) (a) and
phthalocyanine in low-density polyethylene (b). Hole positions are
indicated as absolute solvent shifts with respect to 0-0 frequencies in
a vacuum in cm-1 units (15617 cm-1 for TPP and (ref 35) and 15131.8
cm-1 for Pc (ref 38)). Phonon induced shiftsνT (thick lines) are
calculated from the observed shift (open symbols) by subtracting the
solvent shift due to the matrix expansion (dotted lines) (eq 19).
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(homogeneous line width,Γh) and slow, irreversible dynamics
(Γc), in addition to a strain-induced, reversible contribution.

3.2. Temperature Dependence of Absorption Spectra.
Absorption spectra of several representatives of one- and two-
dimensional π-electronic chromophores, such as polyenes,
polymethine cations, polycyclic aromatic hydrocarbons, and
tetrapyrroles are illustrated in Figure 5. Absolute solvent shifts
of band maxima∆νmax span from-3300 to+200 cm-1 (Table
1) and the widths vary between 145 and 2500 cm-1 (Table 2).
With increasing negative∆νmax, the inhomogeneous width is
expected to become larger. However, the correlation between
the bandwidth and the solvent shift is generally weak (see Figure
6 in ref 42), because several factors mask this relationship.
Fluctuating (bond) dipole-dipole interactions can produce a
huge spread of solvent shifts of both signs, as compared to a
relatively small electrochromic shift originating from a reaction

field. Another important mechanism of inhomogeneous broad-
ening arises as a result of intramolecular factors, such as the
conformational flexibility of phenyl substituents in tetraphe-
nylporphine or the twisting of terminal aromatic cycles in the
open-chain polymethine dyes (cryptocyanine, PICI) (Figure 1).
Additional broadening in PICI and 1,8-diphenyloctatetraene (1,8-
DPOT) can be ascribed to the excitation of intramolecular soft
modes, originating from the floppiness of molecular structure.
Huge bandwidth of 2500 cm-1 of a charge-transfer transition
in Phenol Blue (N,N′-dimethylindoaniline) derives from a
Franck-Condon envelope of the higher harmonics of high-
frequency bond stretching vibrations (1000-1500 cm-1),
smoothed out by medium-frequency molecular modes (150-
1000 cm-1) and quasilocal modes (10-100 cm-1) (Figure 5).
In the spectra dominated by vertical Franck-Condon transitions,
the adiabatic transition energy, its solvent shift, and the
inhomogeneous bandwidth are difficult to measure, because of
the vanishing 0-0 line.

Thermal broadening and the shifts to opposite directions are
illustrated for octaethylporphine (OEP) and 1,8-DPOT in
PMMA (Figure 6). The band maximaνmax, the 0-0 transition

TABLE 1: Absorption Band Maxima of Pigments in Poly(methyl methacrylate) at 6 K and Their Temperature Dependencea

pigment

νmax,
6 K

(cm-1)
ν0

(cm-1)

∆νmax,
6 K

(cm-1)

∆νobs,
100/293 K

(cm-1)
p

(cm-1)
dνmax/dP

(GHz/bar)

νsolv,
293 K
(cm-1)

νT,
100/293 K

(cm-1) a2(νT) a2(∆νobs)

OEP 16238( 0.5 16056( 5 182 -10.2/-116 -128( 19 0.055 -5 -9.3/-111 2.28 2.25
chlorin 15814.3( 0.5 15912(j) -98 -5.8/-74 -659( 20 -0.121 11 -7.7/-85 2.11 2.26
TPP 15579.3( 0.5 15617(j) -38 -8.5/-98 -639( 40 -0.118 10 -10.4/-108 2.06 2.11
t-Bu-TAP 16239( 0.5 16326(9 -87 -10.5/-123 -988( 39 -0.26 23 -14.5/-146 1.89 2.09
NcPc3b 13329.2( 0.5 13877(6 -548 -2.0/-21 -2087( 24 -0.451c 76 -14/-97 1.70 1.97
3,4-BP 24812( 1 25265(j) -453 -4.0/-73 -1567(60 -0.235 20 -7.7/-93 2.29 2.51
9,10-ClA 24803( 1 25950(j) -1147 2.0/-7 -4175d -0.855 74 -11.4/-81 1.69
tetracene 21071( 1 22403(j) -1332 6/4 -5137( 207 (-1.0) 87 -9.8/-83 1.82
anthraceneb,e 38449( 2 41517( 40 -3068 8.4/160 -8077( 166 (-1.59) 267 -33/-107
cryptocyanine 14017( 1 14630( 100 -613 0/-32 -3024( 286 (-0.58) 50 -9/-82 1.89 2.30
PICI 18905( 2 19716( 40 -811 -1/-15 -2964( 147 (-0.57) 49 -9/-64 2.07 4.64
1,8-DPOTe 24709( 3 27732( 40 -3023 34/183 -10024( 166 (-1.97) 171 4/12 1.63
Phenol Blue 16476( 2 19781( 134f -3305 46/366 -6255( 556 (-1.22) 106 25/260 2.48 2.07

a νmax, absorption band maximum at 6 K;ν0, 0-0 transition energy in a vacuum, measured in a cold jet (j, refs 35-37, 41) or extrapolated from
solvent shift data (refs 39, 42, 46);∆νmax, solvent shiftνmax-ν0; ∆νobs, temperature shifts at 100 and 293 K;p, steepness of a plot of band maxima
in liquid n-alkanes at at 293 K vs the Lorentz-Lorenz function (polarizability) of solvent (ref 41), dνmax/dP, pressure shift coefficient of a spectral
hole burned at the band maximum (ref 41), the values in parentheses were estimated from eq 20;νsolv, solvent shift component of the thermal shift
∆νobs at 293 K (eq 19);νT, pure thermal, phonon induced shift of band maxima at 100 and 293 K;a2(νT) anda2 (∆νobs), temperature coefficients
of the approximations ofνT and ∆νobs to a power law.b In low-density polyethylene.c For phthalocyanine.d For anthracene.e S2rS0 transition.
f Vertical, vibronic charge-transfer transition.

Figure 4. Different ways to measure hole widths, illustrated for
asymmetric phthalocyanine NcPc3 in a low-density polyethylene film,
close to the absorption maximum (751 nm). Quasihomogeneous width
Γqh (O) is obtained for holes burned and measured at the same
temperature (Tb ) Tm). Because of thermal, nanoscopic strains in the
matrix, the broadening of a single hole on warming of the system
(Tb<Tm) is (incidentally) close toΓqh rather than1/2Γqh (/). For the
same reason, a spectacular broadening on cooling (Tb > Tm) appears
(9). If the temperature is raised toTc and lowered again down to burning
temperature for the measurement (Tb ) Tm), the broadening by spectral
diffusion Γc is obtained (2).

Figure 5. Normalized absorption spectra of porphyrins (1, 2),
polycyclic hydrocarbons (3, 4), linear chromophores (5, 6), and a
charge-transfer compound (7) in PMMA films at 7 K, presented in the
scale of absolute solvent shifts vs the 0-0 frequency in a vacuum (see
Table 1).
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frequencies in a vacuumν0 and the absolute solvent shifts∆νmax

(∆νmax ) νmax - ν0) are summarized in Table 1 together with
the thermal shift values between 6 and 100 (293) K. The band
symmetry can be characterized by comparing the double half-
width at half-maxima of the long-wavelength slope (2hwhm)
with the full-width at half-maximum (fwhm). Most band shapes
can very well be approximated to Voigt profiles over the whole
T range. Voigtian treatment yields the widths of a Gaussian
component, representing a steep, exponential decay, and a
Lorentzian that has a shallow, hyperbolic falloff. The spectra

were cut on the blue flank at 90% or 95% height of the peak
maximum, and the low-frequency part, including the maximum,
was subject to fitting. The bandwidth parameters 2hwhm, fwhm,
ΓG, and ΓL are collected in Table 2 for the low-temperature
spectra (6-10 K). The change of bandwidths between the lowest
temperature and 100 (293) K are shown in parentheses. TheT
dependence of the above-mentioned four broadening parameters
(2hwhm, fwhm,ΓG, andΓL) is displayed in Figure 7 for OEP
and 1,8-DPOT. The observed shifts of band maxima∆νmax and
its components (the pure thermal shiftνT and the solvent shift
νsolv) of these chromophores are shown in Figure 8.

TABLE 2: Absorption Bandwidths of Pigments in Poly(methyl methacrylate) at 6 K and Their Temperature Dependencea

pigment

2hwhm
(∆100/293 K),

cm-1

fwhm
(∆293 K),

cm-1

ΓG

(∆293 K),
cm-1

ΓL

(∆100/293 K),
cm-1 2hwhm/fwhm

ΓG/ΓL

(293 K) a2(2hwhm) a2(ΓL)

OEP 161( 1 (1.5/64) 163.3 (75) 136.3 (-29.5) 46.2 (14.2/121) 0.986 2.95 (0.64) 2.93 1.95
chlorin 229.4( 1 (1.5/36.8) 240.5 (38.8) 214 (-12) 29.3 (8.5/73) 0.954 7.30 (1.97) 2.94 1.74
TPP 277( 1 (17/119) 275 (115) 173 (-71) 180 (20/220) 1.01 0.96 (0.26) 1.67 1.96
t-Bu-TAP 329( 1 (10/103) 312 (102) 206 (-4) 210 (18.2/146) 1.05 0.98 (0.57) 2.14 1.95
NcPc3b 145.2( 1 (4.5/32) 145.4 (27) 124 (-14) 43 (10/67) 0.999 2.88 (1.0) 2.32 2.05
3,4-BP 247( 2 (6/83) 226.5 (92) 158 (-158) 150 (13/193) 1.09 1.05 (0) 3.20 2.42
9,10-ClA 362( 2 (19/162) 324 (-38) 76 (15.3/290) 4.26 (0.78) 2.20 2.34
tetracene 315( 2 (13/95) 325 (127) 252 (-35) 110 (17/190) 1.03 2.29 (0.72) 2.56 2.22
anthraceneb,c 489( 4 (40/307) 323 (298) 328 (-3/60) 0.98 (1.60) 2.27
cryptocyanine 488( 2 (12/96) 586 (132) 468 (35) 23 (7.0/106) 0.83 20.3 (3.9) 2.46 2.35
PICI 1072( 4 (33/250) 835 (125) 420 (35/244) 1.99 (1.45) 1.75 1.81
1,8-DPOTc 575( 5 (35/248) 341 (227) 362 (5/75) 0.94 (1.3) 1.84 2.78
Phenol Blue 2512( 5 (50/426) 2976 (400) 2419 (360) 0 0.84 ∞ 2.20

a 2hwhm, double value of the half-width at half-maximum on the red side of the band at 6 K, where the broadening at 100 and 293 K is indicated
in parentheses; fwhm, full-width at half-maximum;ΓG andΓL, the Gauss and Lorentz components of the Voigtian fitting of the low-frequency half
of the spectrum;a2, temperature coefficients of the approximations to power laws.b In low-density polyethylene.c S2 r S0 transition.

Figure 6. Temperature dependence of absorption spectra of octaeth-
ylporphine (a) and 1,8-diphenyloctatetraene (b) in poly(methyl meth-
acrylate) films, plotted relative to 0-0 frequencies in a vacuum (16056
and 27732 cm-1, respectively).

Figure 7. Temperature dependence of the absorption bandwidth and
its Gaussian (ΓG) and Lorentzian (ΓL) components of OEP (a) and 1,8-
DPOT (b) in PMMA.
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4. The Lennard-Jones Model

4.1. Structural Disorder and Inhomogeneous Broadening.
Inhomogeneous bandwidth reflects the fluctuations of solvent
shifts, resulting from the disorder in a guest-host system.
Attractive dispersion (London) forces and exchange repulsion
are the predominating interactions between nonpolar molecules,
such as polyethylene and aromatic hydrocarbons. In terms of a
Lennard-Jones (L-J) potential, the ground state stabilization
energy (Ug) of an impurity molecule surrounded by solvent
particles, each at a distanceri, can be expressed as a sum of
short-range repulsive and long-range attractive parts:

whereεg is the depth of the potential well andσg is the distance
between the solute and the solvent particles in the ground-state
equilibrium. Three or nine sets of parametersεg and σg are
needed, respectively, if either the solute or the solvent, or both
are anisotropic.

In glasses, most intermolecular distances are close to equi-
librium value, similar to that in the crystals. A small number of
solvent particles deviating significantly from the equilibrium
position are not only responsible for the vanishing of transla-
tional symmetry, but also have the largest contribution to local
energy fluctuations. The sum sign may be dropped, if a single
generalized coordinate is introduced:

The L-J potential is often written in a slightly different form
Ug ) 4εg[(σg′/r)12 - (σg′/r)6]. Here σg′ denotes a distance at
which the potential energy changes sign. In the rigid sphere
model σg′ is often identified with a radius of the closest
approach, or a diameter. Note thatσg ) 21/6σg′ ) 1.12σg′.

The solute-solvent interactions are degenerate in the sense
that certain loose and tight guest-host configurations have the
same energy. In disordered solids, the deviations from the
equilibrium coordinate are frozen, due to very restricted
structural relaxation below the glass temperatureTg. The particle
distribution is established at the glass transition, so that the
characteristic variation range of solvation energies is in the order
of thermal energykBTg. The Boltzmann distributionΦ of
intermolecular interaction energies in the ground state can be
written as

The distribution maximum is normalized at the well minimum
by addingεg to the numerator of eq 4. Figure 9a shows a L-J
potential for εg ) σg ) 1 (Ug ) r-12 - 2r-6) and several
distributionsΦ for thermal energies by 5, 10, 20, and 100 times

Figure 8. Temperature induced shift of absorption band maxima and
its components in OEP (a) and 1,8-DPOT (b) in PMMA. Pure thermal
shift νT is a difference between the observed shift and a solvent shift
due to thermal expansion of matrix.

Ug ) εgΣi[(σg/ri)
12 - 2(σg/ri)

6] (2)

Ug ) εg[(σg/r)
12 - 2(σg/r)

6] (3)

Figure 9. (a) Lennard-Jones potential and the Boltzmann energy
distributionsΦ for different glass transition temperatures (eq 4). The
well-depths-to-thermal-energy ratio at glass temperatureεg/kBTg equals
to 5, 10, 20, and 100. Zero levels of distribution functions are shifted
to match thermal energieskBTg above the potential minimum by 0.01,
0.05, 0.1, and 0.2 units, respectively. (b) Inhomogeneous bands (IDF)
obtained from a ground-state energy distribution function withεg/kBTg

) 10 for different displacements of potential minimaσ*/σg. At σ*/σg

) 1 the largest possible negative solvent shift is-0.2, resulting in an
unusual, one-sided distribution curve (thick line).

Φ ) exp[-(Ug + εg)/kBTg] (4)
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less than the well depthεg, respectively. When the fluctuation
amplitude is small, the probability distributionΦ is a narrow
Gaussian. In the materials with high glass temperatures,Φ
becomes broad and asymmetrical.

To relate the distribution functionΦ to the spread of optical
transition energies (IDF), a potential function should be available
for the excited state. The potential well is deeper in the excited
state, because theπ-π* and n-π* transitions in nonpolar
chromophores are subject to negative (red, bathochromic)
vacuum-to-matrix shifts. In addition, negative pressure shifts
require the equilibrium coordinate be smaller in the upper state.33

Therefore, out of four possibilities, the most relevant case with
ε* > εg andσ* < σg is illustrated (Figure 10a). The potential
curve of the excited state is upshifted by transition energy in a
vacuumν0:

Absolute solvent shift∆ν (in energy units) is a difference
between the potentials of the excited state (U*) and the ground-
state minusν0 (Figure 10b):

If the minima coincide, the largest solvent shift would occur at

the equilibrium distance (σ* ) σg). The maximum (negative)
solvent shift increases fast, ifσ* * σg, in particular, whenσ*
< σg.

The inhomogeneous distribution of solvent shifts (IDF) is
obtained by plotting the ground-state distributionΦ vs ∆ν,
instead ofr (Figure 9b). If the potential minima coincide (σ*
) σg), the degeneracy of the initial state is preserved also in
transition energies, and the IDF would have a sharp cutoff of
the red flank. The largest negative solvent shift would cor-
respond to a potential minimum, whereas both the appressed
and the loosely incorporated centers would absorb at higher
frequencies. A small displacement of potential minima by 1%
effectively removes the degeneracy in optical transition energies.
The IDF is symmetrical and approximately Gaussian, ifσ*/σg

equals to (εg/ε*)1/12, or 0.985 forε* ) 1.2εg. The inhomogeneous
band broadens fast with further decreasing the ratioσ*/σg, and
develops a shallow slope of the red flank. It is of interest that
potential curves do not cross, when (εg/ε*)1/12 < σ*/σg < (εg/
ε*)1/6; i.e., the relative coordinate shift lies between 0.97 and
0.985 in our example.

4.2. Pressure Dependence of Inhomogeneous Band Shape.
Under hydrostatic and isotropic pressure all interparticle dis-
tances will be scaled to the same degree. Upon a linear
compression by a factor ofb, the potential energy amounts to

Herebσg defines a new equilibrium position. It is easy to see
that, besides the shifting to shorter distances, the width of
ground-state energy distributionΦ is actually shrinking on
compression:

In contrast to the ground-state distribution function, the IDF
broadens with increasing pressure, since the solvent shift has a
steep distance dependence forσ*/σg<0.99 (Figure 10a). Apart
from a broadening and a bathochromic shift, the changes in the
band shapes are relatively small at high pressures (Figure 11).
A pressure of 40 kbar causes a linear compression typically of
0.92 to 0.93 in many polymers and molecular crystals.47,48The
broadening and the shift of the S1 bands of phenanthrene and
anthracene in PMMA matrix by a factor of 2-3 at 80 kbar49

compare well with the predictions of the model, if the ratio of
equilibrium distancesσ*/σg equals (εg/ε*)1/12 (0.985) rather than
(εg/ε*)1/6 (0.97). Unfortunately, in the otherwise extensive
literature on high-pressure spectroscopy the band shape analysis
seems to be scarce, especially at low temperatures.49-53

4.3. Pressure Shift of Spectral Lines.The pressure shift of
transition energy is obtained by differentiation of solvent shift
(eq 6):

By introducing isothermal bulk compressibilityâT that is three
times the linear compressibilityRT [RT ) -(dr/dP)Tr-1], one
obtains

Figure 10. (a) Lennard-Jones potential surfaces of the ground state
(Ug) and the excited state (U*), ν0 is the transition energy in a free
guest molecule. Arrows denote optical transitions at the maximum and
the edges of inhomogeneous band. (b) Vacuum-to-matrix shifts (solvent
shifts) of transitions between a ground-state potentialUg (εg ) σg ) 1)
and the excited-state potentialsU* (ε* ) 1.2) for different relative
equilibrium positionsσ*/σg.

U* ) ε*[( σ*/ r)12 - 2(σ*/ r)6]+ν0 (5)

∆ν ) ν - ν0 ) U* - Ug - ν0 (6)

Ug′ ) εg[(bσg/r)
12- 2(bσg/r)

6] (7)

Φ ) exp[-(Ug′ + εg)/kBTg] (8)

dν/dP ) -12ε* r-1(dr/dP)[(σ*/ r)12 - (σ*/ r)6] +
12εgr

-1(dr/dP)[(σg/r)
12- (σg/r)

6] (9)

dν/dP ) 4âT [ε*(σ*/ r)12- ε*(σ*/ r)6 - εg(σg/r)
12+

εg(σg/r)
6] (10)
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The slopea of a plot of pressure shift coefficients dν/dP vs the
solvent shift can be written as33

If the ratio of potential well depthsε*/εg scales either as (σg/
σ*)12 or (σg/σ*)6 the slope values of 2âT and 4âT are obtained
in the vicinity of the band maximum (r ) σg). A numerical
example with ε*/εg ) 1.2 shows that the pressure shift
coefficients are nicely linear over a wide range of solvent shifts
(∆ν is -0.2 at the band maximum) for shifted potential well
minima with σg/σ* equal to 0.97 or 0.985 (Figure 12a). The
slopes between 2âT and 4âT, as well as the deviation ofν0(P)

from the resonance frequency of a free chromophoreν0 agree
well with the P shift data in polymers41 and ethanol glass.42

4.4. Temperature Shift and Broadening of Zero Phonon
Lines. The line broadening and shift of dynamic origin at
temperatures above 0 K are accounted for in terms of quadratic
electron phonon coupling (QEPC). Both the dephasing rate and
the line shift depend on a phonon frequency change, described
with a quadratic term in harmonic potentials. The nonpertur-
bative QEPC theory of Osadko28 and Skinner29 provides
following expressions for the line shiftνT and broadeningΓh

(in frequency units) in the case of weak interaction with a single
harmonic pseudolocal mode:

whereW is the QEPC constant,ωg is the phonon frequency, if
the impurity is in the ground state,τg is the lifetime of the
phonon level, andn(ωg) is the Bose factor{n(ωg) ) [exp(hωg/
kBT) - 1]-1}.

In the low-temperature limit (kBT , hωg) one obtains from
eqs 12 and 13 the same Arrhenius law [∼exp(-hωg/kBT)] for
both the shift and the broadening. At highT (kBT . hωg), the
Bose factors reduce to a linear and a quadratic dependence,
respectively.

The QEPC constantW depends on the ratio of harmonic
frequencies of a (pseudo)local vibration in the lower (ωg) and
the upper state (ω*) as (ω*/ωg)2 - 1. Therefore,Wcharacterizes
the curvature of potential energy surfaces. Localized phonons
are known to interact particularly strongly with optical excita-
tions. In crystals, the different mass and size of an impurity as
well as changed force constants can cause phonon localization.
On the other hand, in glasses, free volume plays additional and
possibly predominating role in creating soft, localized modes.34

A larger magnitude of effective coordinater corresponds to a
lower packing density of the host matrix, with decreased force
constants between the particles. The second derivative of a
potential d2U/dr2 ≡ U′′ would yield a force constantk, that

Figure 11. Pressure induced shift and broadening of inhomogeneous
bands (IDF) for a ground-state energy distribution withεg/kBTg ) 10
and the displacements of potential minimaσ*/σg equal to 0.985 (a)
and 0.97 (b) (see Figure 9b). The effect of linear compressionb ranging
from 1.0 to 0.85 is illustrated.

a )
2âT[2(ε*/εg)(σ*/ r)12 - (ε*/εg)(σ*/ r)6 - 2(σg/r)

12+(σg/r)
6]

[(ε*/εg)(σ*/ r)12- (ε*/εg)(σ*/ r)6 - (σg/r)
12+ (σg/r)

6]
(11)

Figure 12. Dependence of pressure shift coefficients dν/dP (a) and
the quadratic electron-phonon coupling constantsW (b) on solvent
shift for different displacements of potential minimaσ*/σg. Very small
relative displacements (σ*/σg∼1) would lead to hole splitting.

νT ) 1/2Wωgn(ωg) (12)

Γh ) 1/4W
2ωg

2τgn(ωg)[n(ωg) + 1] (13)
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determines the harmonic frequency asω ) (2π)-1(k/µ)1/2 (µ is
the reduced mass). Thus, for L-J potentials, the QEPC constant
can be expressed as33

In Figure 12bW is plotted vs the solvent shift, rather than
coordinater. If the minima are not shifted, the QEPC constant
at the band maximum (r ) σg ) σ*) would depend only on the
relative depth of potential wells asε*/εg - 1. Forε*/εg ) 1.2,
the solvent shift at the band maximum is-0.2 and the thermal
shift would be toward higher frequencies, since the QEPC
constantW is positive (0.2). Therefore, a thermal blue shift is
predicted for a transition with a red (negative) solvent shift,
contrary to observations. When the potential wells are displaced,
having σ*/σg less than 0.98, bathochromic shifts may be
obtained (W < 0). Moreover, a diminishing of negative
temperature shifts with increasing (negative) solvent shift is
evident, in agreement with the observed behavior of spectral
holes (Figure 2).

5. Discussion

5.1. Pressure and Temperature Induced Shifts of Spectral
Holes: A Frequency Dependence.Pressure shifts of spectral
holes in glassy solvents and polymers have been extensively
studied since 198754 (see Table 5 in ref 42 for a review of data).
Transition frequencies of the chromophores in a vacuum and
local compressibilities of several dye-doped proteins were
derived, basing on an assumption that solely the dispersive
interaction is responsible for the solvent shift.55,56However, the
very fact of pressure induced broadening of holes indicates that
this assumption is generally not valid, and therefore, additional
interactions had to be considered.41,42,57For a single microscopic
solvent shift mechanism the pressure shift is obviously propor-
tional to the solvent shift. According to the London formula,
the attractive dispersion energy depends on intermolecular
distance asr-6 (n ) 6), yielding a slopea equal to 2âT.
However,a values as large as 4âT (12RT) clearly indicate that
a steeper intermolecular potential with a power coefficient
around 12 is involved.41,42 Large variation ofa within a factor
of 3 in PMMA41 or ethanol glass,42 doped with different dyes
shows thata cannot be regarded as a matrix parameter.
Moreover, the pressure shift vanishes at a frequencyν0(P) that
does not coincide with the 0-0 transitions measured in
supersonic jets (Figure 2b). These inconsistencies have been
resolved, at least in a qualitative level, by using a pair of
displaced L-J type potentials (Figure 12a).33 A correct (ascend-
ing) slope is obtained for the frequency dependence ofP shift
coefficients, if the steeper potential well of the upper state has
a shorter equilibrium distance (σ* < σg).

The L-J model using a single effective coordinate predicts
no P shift at the band maximum, if the equilibrium positions
coincide (σg ) σ*) (Figure 12a). By contrast, in the stochastic
theory by Skinner, basing on the L-J potentials withσg ) σ*,
a negativeP shift originates from the displacement of solvent
molecules in the outer coordination layers, withr > σg.57 A
gas like distribution of the host particles assumed in this model
seems to be hard to reconcile with the fact that most particles
occupying the first coordination sphere are located at∼σg. The
closest coordination layer should be considered in the first place,
since it is responsible for at least of 90% of the solvent shift.
The formal coordinater used in our one-dimensional L-J model
can be identified with an average distance of the closest

neighbors surrounding the chromophore. In the context of
phonon softening and localization,r can be associated also with
a vacancy causing a deviation fromσg. The equilibrium
coordinatesσg andσ* depend on molecular wave functions of
different electronic states, and cannot be regarded as independent
variables.

A prominent dependence of temperature induced hole shifts
on burning position has been reported recently (Figure 3).43 The
thermal shift is generally bathochromic, but becomes less
negative on approaching the red edge of spectrum. The phonon-
induced shift must be separated from the solvent shift component
that is due to thermal expansion of the host matrix. The isochore
was built by combining isobaric thermal expansion coefficient
RP with isothermal volume compressibilityâT (Figure 13):

Sufficiently accurate values ofRP in a broadT range are
available for PMMA58 and PE of different crystallinity.59

Multiplication of -PV by a pressure shift coefficientdν/dP
yields a solvent shiftνsolv that is to be subtracted from the
observed hole shift∆νobs, to obtain the pure thermal, phonon-
induced shiftνT (Figure 3). The frequency dependence ofνT

between the burningT (6-8 K) and 25 or 35 K is plotted in
Figure 2 (open squares). Pure thermal shiftνT is predominately
negative and has a weaker frequency dependence than∆νobs

(Figure 3).
In quadratic EPC theory the thermal line shift is associated

with the change of phonon frequencies in the respective
electronic states (eq 12). A steeper potential well in the excited
state, corresponding to a bathochromic solvent shift would
obviously lead to a hypsochromic thermal shift. This controversy
can be lifted, if the equilibrium coordinates are displaced in
different electronic states. Forσ* < σg, a descending slope of
the frequency dependence ofνT is reproduced successfully
(Figure 12b).

5.2. Pressure and Temperature Induced Broadening of
Spectral Holes.As compared to hole shifts, the color effect in
the broadening is weak. Pressure broadening coefficients dΓ/
dP, the thermal hole broadening of holes burned at lowT and
the quasihomogeneous widthΓqh all tend to be larger at the
band edges, sometimes forming a shallow V-shape (Figure 2).43

One-dimensional L-J model establishing a one-to-one relation-
ship between the coordinate and the solvent shift can describe

W ) U* ′′/Ug′′ - 1 ) {ε*[13(σ*/ r)12-

7(σ*/ r)6]/εg[13(σg/r)
12- 7(σg/r)

6]} - 1 (14)

Figure 13. Isochores of the polymers, calculated from thermal
expansion coefficients and isothermal compressibilities using eq 15.

PV ) ∫
0

T

(3RP/âT) dT (15)
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only the shifts. Several degrees of freedom coupled with a two-
branched potential are necessary for obtaining hole broadening
as a result of isotropic compression or dilatation.57 An important
broadening mechanism could be the anisotropy of particles,
requiring several sets of L-J parameters for adequate description
of intermolecular interactions.

Negligible thermal shifts occurring on the red edge of OEP,
TPP (Figure 3), or chlorin43 spectra in both PMMA and PEld
are in obvious contradiction with large broadening. Several
QEPC constants with different signs, although producing a small
net shift, could lead to a considerable broadening, since the
homogeneous line width depends onW2 (eq 13). Free volume,
packing defects, and incongruous substitution can create a large
number of quasilocal modes with different properties, covering
a broad frequency interval. It would only be possible to
distinguish in a single molecule experiment, whether a center
couples to many modes simultaneously or interacts with a few
(or just one) vibrations. However, a descending frequency
dependence of thermal hole shifts proves that, on the average,
the predictions of a single-mode model are fulfilled (Figure 12b).

5.3. Absorption Band Shape at the Low Temperature.In
the low temperature limit, the observed band shape depends
solely on the distribution of solvent shifts and the linear vibronic
interactions, since the quadratic electron phonon coupling
vanishes. Experimentally, IDF can be determined as a distribu-
tion of saturated depths of spectral holes or, preferably, by tuning
the laser excitation within the 0-0 band, while recording the
intensity of a well-defined vibronic line in fluorescence.1-3 The
IDF is difficult to measure accurately, if the zero-phonon lines
are either weak or broad.

In the case of a symmetrical band the full-width at half-
maximum (fwhm) and the double half-width at the low-
frequency flank (2hwhm) coincide (Table 2). The fwhm has
obviously little meaning, if intramolecular modes form strong
vibronic satellites with intensities comparable to a 0-0 band,
e.g., in pseudoisocyanine (PIC) or 9,10-dichloroanthracene (9,-
10-ClA) (Figure 5). The low-frequency portion of the 0-0 band
(2hwhm) has still been identified, very approximately, with
IDF.41,42 Remarkably, a nearly symmetrical Gaussian shape is
obtained when the Franck-Condon factors are very large, such
as in Phenol Blue. The progressions of high frequency 1200-
1500 cm-1 core stretching vibrations combine with other local
and pseudolocal modes, so that the spectral envelope loses all
structure and merges into a band more than 2500 cm-1 wide
(Figure 5). Such excessive broadening is diagnostic for charge-
transfer transitions producing large shifts in the equilibrium
coordinates of both intra- and intermolecular modes.

The long-wavelength portion of the spectrum, including the
maximum, can almost perfectly be approximated to Voigt
curves, enabling a partitioning to Gaussian (ΓG) and Lorentzian
(ΓL) components. A large ratioΓG/ΓL for Phenol Blue (∞),
cryptocyanine (20.3), and chlorin (7.3) points to the prevalence
of a Gaussian shape (Table 2). Extensive Lorentzian contribution
in other systems indicates that most spectra fall off less steeply
than the exponential law. Thermal broadening renders the spectra
more Lorentzian, as indicated by a sharp decrease in the ratio
ΓG/ΓL at roomT (Table 2).

Inhomogeneous band shape calculated within the one-
dimensional L-J model depends very strongly on the ratio of
equilibrium coordinatesσ*/σg (Figure 9b). The low-frequency
part of the calculated IDF curves was cut at 0.95 level on the
blue side, similarly to the absorption spectra, and subject to a
Voigt fitting. For σ*/σg ) (εg/ε*)1/6 equal to 0.97 in our example,
the red flank has a considerable Lorentzian component of about

25%, with the ratioΓG/ΓL equal to 3.8. An extending red flank
and a more steeply rising blue side with 2hwhm/fwhm larger
than unity occur inR(1Lb)-type transitions that are weakly
coupled to low-frequency vibrations, e.g., in benzene, toluene,
naphthalene, pyrene, and 3,4-benzopyrene (3,4-BP), even in
liquid solutions. The role of electrostatic interactions is small
in these transitions, and the host-guest potential is predomi-
nately of repulsive-dispersive type. Similar shapes have been
reproduced by Kador17 and Skinner18 in a stochastic model using
the L-J potentials with coincident minima, in apparent contra-
diction with our analysis.

With σ*/σg approaching (εg/ε*)1/12, ΓL decreases fast and the
ratioΓG/ΓL tends to infinity. The IDF is rendered a symmetrical
Gaussian forσ*/σg ) (εg/ε*)1/12 (equal to 0.985 in Figure 9b).
When the ratioσ*/σg becomes even closer to unity, IDF
develops a sharply rising low-frequency flank. In many spectra,
the red flank is steeper than the high-frequency side (2hwhm/
fwhm < 1), but this can mostly be a result of vibronic
congestion, rather than IDF.

5.4. Temperature Narrowing of Inhomogeneous Width.
The Voigtian analysis of absorption band shapes shows that
the Gaussian widthΓG can diminish with increasing temperature,
in contrast to the bandwidth and its Lorentz componentΓL

(Table 2, Figure 7a). However,ΓG increases for transitions with
strong linear electron phonon coupling, as open-chain polyme-
thine dyes (cryptocyanine and PICI) and 1,8-DPOT (Figure 7b).
It follows from the L-J model (Figure 11) and the measurements
at high pressure49 that matrix compression enhances inhomo-
geneous bandwidth. As a consequence, the IDF that has been
established at the glass transition is expected to broaden on
cooling, and vice versa, a narrowing would occur on matrix
expansion with increasingT.

Therefore, the narrowing ofΓG can be associated with thermal
volume expansion that can formally be related to a negative
pressure-PV, in accordance with the isochores of polymers.
In eq 15 the volume compressibilityâT values at 4.2, 77, and
293 K, equal to 1.3, 1.35, and 1.48 are taken as linear with
temperature for PMMA, whereas those of PEld, 1.41, 1.41 and
2.96, all in 10-5 bar-1 units,60 respectively, were interpolated
with an exponential growth. The isochores were approximated
to power dependencies between 0 and 300 K (Figure 13).
Pressure broadening coefficient of spectral holes dΓ/dP multi-
plied by PV yields a narrowing componentΓih(Pbr). Another
contribution to the shrinking of IDF, denoted asΓih(Psh) arises
from the positive slopea of a frequency dependence of pressure
shifts (Figure 2). Relative to the inhomogeneous bandwidth at
low temperatureΓih, the narrowing can be written as a sum:

Thermal volume expansion amounts to 3.7% in PMMA58 and
9% in PEld at 293 K.59 The volume shrinking on cooling to 0
K is equivalent to application of a pressure of 2.6 kbar on
PMMA. The respective pressure is higher in PEld (4.9 kbar),
because the thermal expansion at glass temperature (∼240 K)
is not fully compensated by the higher compressibility of the
viscoelastic state. From a typical dΓ/dP of 0.3 GHz/bar or 0.01
cm-1/bar (Figure 2) and a “thermal pressure change” of-2.6
kbar one obtains theΓih(Pbr) of -26 cm-1 or roughly 10% of
inhomogeneous bandwidth. The slopea varying between 2âT

and 4âT (2.6× 10-5 and 5.2× 10-5 bar-1 in PMMA)41 yields
a relative change of inhomogeneous bandwidthΓih(Pbr)/Γih of
about 10%. In total, thermal expansion of the host matrix can

∆Γih ) -[Γih(Pbr)+ Γih(Psh)] ) -(aΓih + dΓ/dP)PV (16)
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result in band narrowing by∼20% at 293 K, in qualitative
accordance with the behavior ofΓG in several dyes (Table 2,
Figure 7a).

A question remains, however, whether the matrix dilatation
influences solely the Gaussian part of the spectrum. A pressure
change produces a Gaussian broadening of the initially Lorent-
zian spectral holes.44,55 By contrast, a hole burned at highT
retains a Lorentzian shape on cooling, despite of the broadening.
Conservation of Lorentzian hole shapes was ascribed to a
buildup of local, anisotropic strains at aT change.44 The T
dependence of mechanical properties reveals several relaxation
processes in the polymers belowTg, referred to asR, â, γ, etc.,
transitions (R belongs to a glass transition).61 Polyethylene is
viscoelastic at roomT, with Tg of about 240 K.62,63 Notwith-
standing the glass point above 293 K (Tg ) 350 K), PMMA
also remains pliable at ambient conditions. When soaked in
liquid nitrogen (77 K) the polymers become very breakable
(fragile) like mineral glass. Violent cracking on slight mechan-
ical impact means that the surface energy of splinters should
be compensated by relaxing internal strains. It is plausible that
these strains accumulate only at temperatures considerably below
Tg. Lorentzian hole broadening could be associated with
anisotropy of such strains and their localization in the domains
of nano- to micrometer size.44 At the higher temperatures closer
to Tg the thermal volume change is probably more isotropic,
yielding a Gaussian broadening.

5.5. Electron)Phonon Coupling Effects on Bandwidth.
Interestingly, another narrowing mechanism of the measured
absorption contour follows from the frequency dependence of
pure thermal, phonon-induced line shiftνT that has the largest
negative values on the high-frequency edge of spectrum (Figure
2). Bathochromic displacement of the blue flank of the spectrum
with increasingT, combined with a negligible shift of the red
edge, tends to squeeze the band (Figure 3). This additional
mechanism is due to quadratic electron phonon coupling, and
is independent from the microscopic solvent shifts, affecting
inhomogeneous broadening. As a result, quadratic EPC con-
tributes to the bandwidth in two opposite ways, via the
dynamical broadeningΓ(W2) and by means of frequency
dependent shiftνΤ that leads to a narrowingΓ(W).

The interplay of different width components is illustrated in
Figure 14 for S1 absorption of octaethylporphine (OEP) in poly-
(methyl methacrylate). The observed hole shift∆νobs is a
superposition of the solvent shift and the pure thermal shiftνT

(Figure 2). The bandwidth extrapolated from the frequency
dependence of∆νobs, denoted asΓ(hole shift) in Figure 14 (filled
squares) is a sum ofΓih(Psh) and the thermal shift effectΓ(W),
and thus, the latter can be derived as a difference. The narrowing
component found from the pressure broadening of spectral holes
Γih(Pbr) is occasionally quite similar to a change of the Gaussian
width ∆ΓG (filled circles). The observed broadening∆(2hwhm)
(open squares) is remarkably small below 150 K as compared
to the Lorentzian broadening∆ΓL (open circles), thus giving a
direct evidence for the narrowing processes.

Bearing in mind the presumably dynamical nature of Lorent-
zian broadening∆ΓL, a comparison with the extrapolated
(quasi)homogeneous hole widthΓqh would be of interest. The
width of a resonant fluorescence line, or a hole, excited with
monochromatic light, would correspond to a double homoge-
neous width, as a result of self-convolution of two identical
Lorentzians. Hole broadening caused by spectral diffusionΓc

is to be subtracted fromΓqh, to obtain a theoretically relevant
dynamic width (eq 13):

Temperature dependencies of∆(fwhm), ∆ΓL, and the ex-
trapolated homogeneous line widthΓh are compared in Figure
15 for phthalonaphthalocyanine (NcPc3) in a low-density
polyethylene matrix. TheΓqh measured between 10 and 45 K
was corrected for the spectral diffusion (eq 17, see Figure 4)
and approximated to a power law asT2.25 (solid line). The
Lorentzian broadening∆ΓL and the extrapolatedΓh compare
surprisingly well up to 300 K. Tentatively, one can assume that
∆ΓL indeed reflects the rate of dephasing over a broad
temperature range.

In many chromophores∆ΓL varies between 70 and 290 cm-1

at 293 K. The temperature coefficients of a power-law fita2-
(ΓL) are rather uniform, 2.1( 0.3 (Table 2). On the other hand,
the as-measured broadening∆(2hwhm) ranges between 30 and
300 cm-1 at 293 K, and the fit coefficients show a much larger
scatter of 2.4( 0.7 (Table 2).

Figure 14. Temperature dependence of absorption bandwidth of OEP
in PMMA, influenced by three narrowing components that are derived
from the pressure broadeningΓih(Pbr) (dotted line), the frequency
dependence of pressure shiftsΓih(Psh) (dashed line) and temperature
shiftsΓ(W) (dash-dotted line) of zero-phonon holes. Total narrowing
(thick line) is an overestimate as compared to the Gaussian narrowing
∆ΓG (b), or the difference between the observed bandwidth 2hwhm
(0) and the Lorentzian component∆ΓL (O) (not shown).

Figure 15. Temperature dependence of the band broadening∆(fwhm)
(0), its Lorentzian component∆ΓL (O) and the quasihomogeneous hole
width Γqh for naphthalo-phthalocyanine in low-density polyethylene.
Γqh was measured between 10 and 45 K, corrected for spectral diffusion
broadening (eq 17, see Figure 4), and approximated to a power law
(solid line).

Γh ) 1/2(Γqh - Γc) (17)
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The influence of linear electron-phonon coupling on broad-
ening is undoubtedly strong, but difficult to assess. The phonon
assisted anti-Stokes absorption on the low-frequency side of 0-0
line contributes to overall broadening atT > 0. The Debye-
Waller factors are obviously small (R < 0.01) in the flexible
chromophores with high densities of internal low-frequency
modes (PICI, 1,8-DPOT) or a charge-transfer transition (Phenol
Blue). The respective Huang-Rhys factor (equal to-lnR)
shows that at least five phonons will be created on electronic
excitation. It appears that linear EPC contributes predominately
to the Gaussian component, and masks the decrease ofΓG in
the chromophores with strong vibronic coupling (Figure 7b).

Consequently, a partitioning scheme can be proposed for the
T-dependent bandwidth, on the basis of linear EPC [∆Γ(LEPC)],
quadratic EPC [Γ(W2) andΓ(W)], and a change of inhomoge-
neous distribution function [Γih(Pbr) + Γih(Psh)]:

The homogeneous broadening is mainly Lorentzian, while
the linear EPC and the shrinking of IDF predominately affect
the Gaussian part. The determination of dephasing rates in terms
of ∆ΓL is of considerable interest, because the homogeneous
line width is hardly accessible by burning persistent spectral
holes at high temperatures (50-300 K).

5.6. Temperature Shift of the Absorption Band Maxima.
It has been reckognized for a some time that the spectral shifts
induced by a temperature change should have a component that
depends on matrix density.54,64 The solvent shift caused by
thermal expansion was estimated on the basis of pressure shift
coefficients and the “thermal pressure” derived from the isochore
equation (eq 15). Pure thermal shiftνT is calculated from the
observed shift∆νobs and the solvent shift:

Pressure shift coefficients of spectral holes burned at the band
maximum dνmax/dP are available for a number of chro-
mophores.41 For other compounds dνmax/dP can be estimated
from the correlations with solvent shifts∆νmax (see Figure 9 in
ref 41) or, preferably, slopes of solvatochromic plotsp (Table
1):

The slopep expresses the sensitivity of spectral transition
energies with respect to the Lorentz-Lorenz function of
refractive index (solvent polarizability) in liquids at ambient
temperature.39,42,46

For the majority of transitions the phonon induced shiftsνT

are negative and vary within a relatively narrow range, between
-8 and-14 cm-1 at 100 K and-64 and-146 cm-1 at 293 K
(Table 1). In contrast, the solvent shift componentνsolv is
hypsochromic and reflects simply a reversal of bathochromic
solvent and pressure shifts with the dilatation of matrix. For
many transitions with moderately large dispersive solvent shifts
varying between-600 and -1300 cm-1 (phthalocyanine,
p-bands of polyarenes, cyanine dyes)νsolv and νT are ap-
proximately equal, but with opposite signs, so that a mutual
cancellation takes place (Table 1). As a result, the observed
band shifts are small and irregular. By contrast, in 1,8-DPOT
and Phenol Blue characterized with huge solvent shifts exceed-
ing -3000 cm-1, νT can be small (Figure 8b) or even positive.

One may speculate, that in 1,8-DPOT, with high polarizability
in the excited state (reflected in thep value as large as-104

cm-1) that corresponds to an extended electron distribution, the
intermolecular equilibrium coordinateσ* is not less thanσg,
and as a consequence,W > 0 (eq 14, Figure 12b).

The power coefficients ofT shifts of are quite uniform (2.0
( 0.3) and close to those for the Lorentzian broadening (2.1(
0.3) (Tables 1 and 2). Therefore, a single mode approach in a
weak coupling limit (eqs 12 and 13), predicting a linear and a
quadratic dependence for the shift and broadening at the high
T limit, respectively, is not sufficient for the description of
molecular materials in a broadT interval. Internal degrees of
freedom in large molecules, covering a wide range of frequen-
cies can evidently play an important role in quadratic EPC
processes.

Negative thermal shifts may seem incompatible with vacuum-
to-matrix shifts of the same sign, because a bathochromic solvent
shift presupposes a stabilization of the excited state. A steeper
potential well of the upper state has a higher frequency, resulting
in a positive coupling constantW (eq 14). This paradox can be
resolved within the L-J model, if the equilibrium distances are
shorter in the excited states (σ* < σg, Figure 12b).

5. Conclusions

A comparative study of broadband absorption spectra and
spectral holes was carried out for organic chromophores
embedded in glassy polymers. Quite obviously, thermal shifts
of the spectra constitute a superposition of a phonon induced
shift, and a solvent shift depending on a density change of the
host matrix. It was established for the first time that the matrix
expansion also causes shrinking of inhomogeneous bandwidth,
thus explaining unusually small band broadening in several
guest-host systems. A decrease of the Gaussian component of
the spectrum with increasing temperature can be directly
ascertained for transitions with appreciable zero phonon lines.
The narrowing mechanisms manifest themselves in the baric
shift and broadening of zero phonon holes burned within
inhomogeneous band. Additional narrowing arises as a result
of the frequency dependence of pure thermal, phonon induced
line shifts.

The absorption contour is rarely a pure Gaussian, and contains
a substantial Lorentz component, even at 5 K. Thermal
broadening of the latter is comparable with the hole broadening,
corrected for spectral diffusion and extrapolated far beyond the
actual burning temperature range of 6 to 50 K up to 300 K.
Thus, Lorentzian broadening is largely homogeneous, and due
to quadratic interaction with phonons. Linear vibronic coupling
in the form of anti-Stokes transitions gives rise to predominately
Gaussian broadening.

Characteristic dependencies of thermal and baric hole shifts
on burning position, having opposite slopes, could be success-
fully reproduced in terms of Lennard-Jones potentials containing
a single effective coordinate. Non-Gaussian inhomogeneous
band shapes and their transformation on matrix compression
can also be accounted for. In the excited-state equilibrium the
intermolecular distances must be less for bathochromically
shifted transitions.
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