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ABSTRACT
Molecular electronic states are extremely sensitive to changes in
their environment. Therefore, by inserting probe molecules into a
host material and monitoring the ensuing changes in the widths
and spectral positions of the electronic absorption bands, interac-
tions of probe and host molecules can be studied. A statistical
mechanical model used to analyze these data can also be employed
to extract from pressure-induced changes of the band shape
information about the local environment of the probe molecule.
Dye-doped solid rare gases are ideal model systems to test the basic
assumptions of the statistical model, revealing its potential and
limitations.

1. Introduction
A useful procedure for the study of intermolecular inter-
actions in the condensed phase is to insert into the system

of interest small concentrations of a different molecular
species as probes. If the guest or probe molecule is chosen
such that its optical absorption does not interfere with
that of the host molecules, it is possible to address
experimentally only the electronic states of the guest
molecule, obtaining truly local information. Even though
only the optical absorption of the guest molecule is
studied experimentally, its electronic state energies reflect
the influence of the host material. Electrostatic and/or
dispersive guest/host interactions will shift the electronic
transition energies with respect to their values in the gas
phase. Furthermore, strain fields can lead to changes in
the geometry of the guest molecules, which, in turn,
changes the electronic state energies as well.1

Not only are the spectral positions of the optical
absorption lines of the guest molecules affected, but also
their widths. The reason is that the host material contains
additional excitation modes (like lattice phonons), which
couple to the guest electronic states. These dynamic
effects are especially prominent in disordered host ma-
terials, where low-energy excitations such as two-level
tunneling systems (TLS)2 and (pseudo) local modes3

provide relaxation channels, thereby leading to an increase
in homogeneous absorption line widths. Therefore, mea-
suring the electronic transition energies of guest molecules
provides information on the guest-host interaction strength
(via the line shift) and about dynamical processes in the
guest/host system (via the line widths).

The strength of the guest/host interaction depends on
the local site geometry, that is, on the arrangement of the
host molecules within the interaction range of the guest
molecules. If the local structure were unique, that is, if
each of the guest molecules had exactly the same micro-
scopic local environment, all guest molecules would
experience exactly the same shift of their electronic state
energies. In reality, however, a distribution of local
environments exists, which, in turn, leads to a distribution
of state energies. Since the electronic states corresponding
to the optical transition under study respond differently
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to the slight variations in the environment, inhomoge-
neous broadening will be observed. In other words, the
inhomogeneous line shape consists of a large number of
homogeneous absorption lines that are shifted with
respect to each other.

While inhomogeneous broadening masks the homo-
geneous line shapes (the ratio of inhomogeneous to
homogeneous widths can exceed 105), it provides never-
theless valuable information on guest/host interactions
when analyzed with a statistical mechanical model.4,5 This
model and its derivatives were widely applied to porphy-
rin- and phthalocyanine-type guest molecules in host
materials ranging from alcohol glasses6 to biopolymers7

and aerogels,8 even though these systems satisfy the basic
assumption of the model rather poorly. For example, the
statistical model assumes that the host material can be
dissected into spherical matrix units, which interact
pairwise with the guest molecule through a purely dis-
persive interaction.5 For polymer hosts, for example, the
matrix units were usually chosen to be the monomer
units.9 Our goal was to investigate systems that closely
match the assumptions of the model. We chose solid rare
gases as host matrices, with each rare gas atom being
equivalent to one matrix unit. To facilitate comparison
with previous experiments, we also used free base phtha-
locyanine (H2Pc) as guest molecule.

The question arises whether the local environment of
H2Pc in solid rare gases is crystalline, amorphous, or
disordered. It is known that solid rare gases, which are
quench condensed at liquid helium temperatures, exhibit
a nanocrystalline structure, with grain sizes of the order
of 10 nm and densities that are up to 35% less than the
densities in corresponding bulk crystals.10 Due to the large
number of randomly sized and oriented crystallites, the
atoms in the regions between the crystallites show a wide
distribution of interatomic spacings.11 Therefore, it was
proposed that the interfacial component consists of a
solid-state structure without long- or short-range order.12

This was confirmed by X-ray diffraction experiments on
nanocrystalline metals with similar grain sizes: the prob-
ability function for interatomic distances was found to be
gaslike (that is, a step function).12 For energetic reasons
the assumption that the guest molecule is located between
the crystallites in the low-density region of host is reason-
able.

This assumption can be tested experimentally by
measuring and comparing homogeneous and inhomoge-
neous widths of a specific electronic transition of a guest
molecule in different hosts.13,14 Additional information
comes from the analysis of the effects of external hydro-
static pressure on the optical transitions: from the
measured pressure-induced line shifts the compressibility
of the local environment of the guest molecule can be
extracted.9,15,16 Since the free volume that is available to
the guest molecule influences the “local” compressibility,
structural information can be obtained. As will be shown
below, the same statistical model that we set out to apply
to these model systems can also be used to extract local
compressibilities from the observed pressure shifts. Fur-

ther information on local environments and their impact
on homogeneous and inhomogeneous widths can be
gained if structural changes are induced in a controlled
fashion. This is, indeed, possible with quench-condensed
rare gas mixtures, which for certain mixing ratios exhibit
an amorphous structure instead of a nanocrystalline
structure.17

While measuring inhomogeneous line shapes is straight-
forward, determining the homogeneous line shapes re-
quires a line narrowing technique that allows for the
extraction of the homogeneous widths from the inhomo-
geneously broadened absorption band. One method to
accomplish this is the hole-burning technique,18,19 which
requires the use of guest molecules that can undergo a
phototransformation upon electronic excitation. Using a
narrow band laser, only guest molecules are excited whose
homogeneous absorption lines overlap with the laser
profile. Therefore, only these molecules are phototrans-
formed. If the photoproduct absorbs in a different spectral
region, a dip in the absorption band is created, which is
called a spectral hole. Ideally, the width of the spectral
hole is twice the homogeneous width.20 The spectral hole
also serves as a narrow frequency marker, which responds
with high sensitivity to external perturbations such as the
application of hydrostatic pressure. Performing pressure
experiments on spectral holes rather than the entire
inhomogeneous absorption line is advantageous, as the
pressures required to induce measurable changes of the
profiles of spectral holes are several orders of magnitude
smaller.

The goals of this study are twofold: first, as described
above, we want to test statistical models by applying them
to systems that meet the basic theoretical assumptions,
and second, we want to extract structural information
about the local environments. The paper is structured as
follows: after the statistical model is highlighted, inho-
mogeneous line shapes and pressure-shifted spectral holes
are analyzed to show the influence of correlations between
matrix units on interaction parameters and on matrix
compressibilities. The last section describes the homoge-
neous line widths of H2Pc in solid rare gases and rare gas
mixtures.

2. Statistical Model
The observed inhomogeneous absorption band is the
convolution of the homogeneous line shape Γ(ν) and the
inhomogeneous distribution function I(ν). For the case of
a guest molecule (the “solute”) interacting with N matrix
units (the “solvent”), the latter can be written as4,5,9,21

where V is the sample volume and P(RB1, ..., RBN) is the N+1
particle distribution function describing the probability
for a certain arrangement of the guest molecule and N
surrounding matrix units. A matrix unit at position RBi with
respect to the guest molecule will shift the electronic

I(ν) )
1

VN
∫dRB1 ‚‚‚ dRBNP(RB1, ..., RBN)δ(ν - ∑

i)1

N

ν(RBi)) (1)
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absorption line of the dye molecule by some amount
ν(RBi). The contributions of all matrix units are assumed
to be additive. Averaging over all possible configurations
(RB1, ..., RBN) yields I(ν).

The function ν(RB), which describes the shift of the guest
electronic transition energy, is given by the difference of
the interaction potentials of a matrix unit with the guest
in the excited and ground states, respectively. Assuming
that the locations RBmin of the minima of the ground- and
excited-state interaction potentials are identical and con-
sidering only nonpolar solute and solvent molecules and
atoms, ν(RB) is of the familiar Lennard-Jones type,

with the origin shifted by R0 to account for the large size
difference between solute and solvent.5 In this representa-
tion, R0 + σ/2 is the solute radius,5 while 21/6σ can be taken
as the solvent diameter. ε is the difference of the respective
depths of the excited-state and ground-state interaction
potentials.

The further evaluation of eq 1 using Fourier represen-
tions and cumulant expansions has been described else-
where.5,22,23 For large number densities F of matrix units
around the guest molecule (F f ∞), this leads to a
Gaussian inhomogeneous distribution,

The experimentally observable quantities solvent shift
νs (which is the spectral position of the band maximum
with respect to the gas-phase position) and full width of
the Gaussian distribution at half-maximum, Γs ) 2(2 ln
2)1/2σs are related to the local number density F of the
matrix units and to the energy-shift function ν(RB):

The function g3(RB,RB′) in eq 5 is a three-particle distribu-
tion function describing the probability for a certain
arrangement of guest molecule and two matrix units.
Therefore, g3(RB,RB′) contains correlations between matrix
units. If these correlations are neglected, which is equiva-
lent to neglecting the mutual steric exclusion of the matrix
units, g3(RB,RB′) can be written as the product of two two-
particle distribution functions g(RB) (guest molecule + one
matrix unit):5,24

In this case, the term proportional to F2 in eq 5
vanishes. The factorization (eq 6) is valid in the limit of
small number densities F f 0 of matrix units, in contra-
diction with the earlier assumption of F f ∞. Matrix

correlations can be included by writing g3(RB,RB′) as the
product of the solvent-solute distribution functions g(RB)
and g(RB′) and a solvent-solvent distribution function
gs(|RB - RB′|):22,23,25

The simplest choice for g(RB) is a step function that
excludes the volume of the guest molecule (which is
assumed to be enclosed in a spherical cavity with radius
R0 + Rc) as a possible location for a matrix unit:

Rc determines how close a matrix unit can come to the
guest molecule. Similarly, we choose a step function for
the solvent-solvent distribution gs(|RB - RB′|), meaning that
a matrix unit (with diameter 21/6σ) can be found anywhere
with equal probability except within the volume occupied
by another matrix unit:

For polymeric matrices the parameters R0, Rc, and σ
are ill-defined and, therefore, in earlier studies were
extracted from additional experimental data.9 The geo-
metric simplicity of rare gases, however, allows one to
determine these parameters beforehand: the Lennard-
Jones parameters σ of pure solid rare gases (see Table 2,
below) come from literature data,26 while the cutoff R0 +
Rc is given by the sum of solute and solvent radii R0 +
(1 + 21/6)σ/2. Finally, R0 can be estimated from the solute
radius RF ) R0 + σ/2. With these parameters we can
calculate exclusively from the measured inhomogeneous
line shapes the number density F of matrix units sur-
rounding the guest molecule and the interaction potential
parameter ε with and without consideration of matrix
correlations.

As mentioned in the Introduction, the statistical me-
chanical approach also provides a description of the
effects of external pressure on spectral holes.9 In our
experiments the pressure change is always accompanied
by a simultaneous change in temperature (see Experi-
mental Details). Therefore, the observed hole shifts will
be due not only to pressure changes but also to the
thermal expansion of the matrix. We have extended the
statistical model to account for temperature effects as
well.24

In analogy to the inhomogeneous distribution (eq 1),
the temperature/pressure kernel, i.e., the probability that
a dye molecule with the original solvent shift ν will have
a new transition frequency ν′ after a pressure change ∆p
and a temperature change ∆T, can be written as

ν(RB) ) {4ε[( σ
R - R0

)12
- ( σ

R - R0
)6] if R g R0

∞ if R < R0

(2)

I(ν) ) 1

x2πσs
2

exp[-
(ν - νs)

2

2σs
2 ] (3)

νs ) F∫dRB g(RB)ν(RB) (4)

σs
2 ) F∫dRB g(RB)ν(RB)2 + F2∫ ∫dRB dRB′[g3(RB,RB′) -

g(RB)g(RB′)]ν(RB)ν(RB′) (5)

g3(RB,RB′) ) g(RB)g(RB′) (6)

g3(RB,RB′) ≈ g(RB)g(RB′)gs(|RB - RB′|) (7)

g(RB) ) {1 if R g R0 + Rc

0 if R < R0 + Rc
(8)

gs(|RB - RB′|) ) {1 if |RB - RB′| g 21/6σ
0 if |RB - RB′| < 21/6σ

(9)
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For the small pressure changes in our experiments, the
temperature/pressure shift was found to be linear. It is
assumed, thatsin analogy to pure pressure effects9sthe
hole shift and the hole broadening due to the thermal
expansion are linear functions of the temperature change.
The function ν′(RB,∆p,∆T) can then be linearized to

The contributions from pressure and temperature
changes have opposite signs and are proportional to the
gradient ∂ν(RB)/∂R of the transition energy shift function
as well as to the compressibility κ of the matrix and its
volume thermal expansion coefficient γ, respectively. If
the thermal expansion of the matrix is known, eq 11 can
be used to determine the compressibility κ of the host
matrix from the measured line or hole shifts ∆ν(ν,∆p,∆T)
) ν′(RB,∆p,∆T) - ν(RB). To study whether the consideration
of matrix correlations affects the calculated compress-
ibility, we included correlation effects in the evaluation
of eq 10 (details in ref 24). The calculation leads to
expressions for the pressure/temperature shift that con-
tain integrals that are similar to those in eqs 4 and 5. For
the transition energy shift function (2), these integrals have
to be evaluated numerically, to extract the compressibility
from experimental data. It is possible, however, to obtain
an analytical expression for the pressure/temperature shift
∆ν(ν,∆p,∆T) if a purely attractive van der Waals potential
ν(RB) ∝ 1/R6 is employed:

This result holds irrespective of the inclusion of matrix
correlations in the analysis, suggesting that, for the
determination of the compressibility κ, correlations be-
tween matrix units will also play a minor role if the
transition energy shift function (eq 2), which is based on
a Lennard-Jones potential, is used. To verify this assump-
tion the measured pressure/temperature shifts will be
evaluated numerically using the Lennard-Jones-based
potential and analytically using eq 12.

3. Experimental Details
For our experiments, rare gases (Linde) with a purity of
99.998% (argon) and 99.990% (krypton and xenon) were
used. The gases either were used directly or were mixed
prior to further processing. The concentrations of the gas
mixtures were determined by monitoring the pressure in
the mixing chamber during the composition process. As
guest molecule, free base phthalocyanine (H2Pc) (Aldrich)
was used. To produce solid matrices doped with low

concentrations of guest molecules the latter were evapo-
rated in a Knudsen effusion furnace (T ≈ 600 K). After
being homogenized with the matrix gas in a superheating
chamber, the mixture passed through a nozzle onto a
sapphire substrate, which was mounted on the coldfinger
of a continuous flow cryostat. The samples were prepared
in vacuo. In a typical sample with a thickness of about 10
µm, the H2Pc concentration was approximately 2 × 10-3

mol/L. To attain temperatures down to 1.5 K and to
maximize the cooling efficiency, the solid matrices were
immersed into liquid helium after preparation. Pumping
on the helium bath lowered the temperature. Sealing off
the helium bath produced the desired hydrostatic pressure
changes but also led to temperature changes according
to the vapor pressure curve.

Broadband absorption spectra were recorded with a
monochromator (Jobin-Yvon THR 1500, spectral resolu-
tion ∼0.2 cm-1). Spectral holes were burnt and scanned
with a single-mode dye laser system (Coherent 599,
spectral width ∼3 MHz; for details see ref 27). Spectral
hole formation is achieved by a light-induced 90° rotation
of the two inner protons of H2Pc.

4. Inhomogeneous Distribution and Correlation
Effects
Figure 1 shows a low-temperature (T ) 4 K) absorption
spectrum of H2Pc in solid krypton. We are interested in
the absorption band labeled Qx, which corresponds to the
lowest energy electronic transition of H2Pc. This transition
shows large inhomogeneous broadeningsfor example, in
a krypton matrix at T ) 4 K the ratio of inhomogeneous
to homogeneous width is roughly 1500! Table 1 sum-
marizes for all investigated rare gases the measured center
frequencies νc(Qx), the full widths at half-maximum

f(ν′|ν,∆p,∆T) )
1

I(ν)V N
∫dRB1 ‚‚‚ dRBNP(RB1, ..., RBN)δ(ν - ∑

i)1

N

ν(RBi))δ(ν′ -

∑
i)1

N

ν′(RBi,∆p,∆T)) (10)

ν′(RB,∆p,∆T) ) ν(RB) - κ(∂ν(RB)
∂R

R
3)∆p + γ(∂ν(RB)

∂R
R
3)∆T

(11)

∆ν(ν,∆p,∆T) ) 2ν[κ∆p - γ∆T] (12)

FIGURE 1. Absorption spectrum of H2Pc in a krypton matrix.

Table 1. Center Frequency νc, fwhm Γs, and Solvent
Shift νs of the Qx Band of H2Pc in Solid Rare Gases at

T ) 4 K

matrix νc (Qx) (cm-1) Γs (Qx) (cm-1) νs (Qx) (cm-1)

argon 14 764 44 364
krypton 14 664 58 464
xenon 14 540 89 593
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(fwhm) Γs, and the solvent shift νs(Qx) with respect to the
gas-phase absorption of H2Pc.28

According to the statistical mechanical model outlined
above, the inhomogeneously broadened absorption band
is expected to have a Gaussian shape. However, the
measured absorption bands show a slight asymmetry on
the low-energy side. This observation indicates a second
preferential position of phthalocyanine in rare gas matri-
ces, which had been noticed earlier in argon.29 Indeed,
the argon absorption band can be reproduced well by two
Gaussians shifted with respect to each other by 70 cm-1.
The correction hardly alters the parameters of the domi-
nant band (given in Table 1), which were obtained with a
single Gaussian fit, and is therefore omitted in the
following.

The observed increase of the solvent shift νs from argon
to xenon matrices implies an increased interaction be-
tween guest molecule and host matrix. This is due to the
increasing matrix polarizability, which is strong enough
to compensate for the decreasing number of matrix atoms
within the interaction range of the guest molecule (es-
sentially limited to three solvent shells24). Therefore, when
going from argon to xenon, fewer matrix units produce
the increasing solvent shift. According to basic statistics,
the relative fluctuations of the number of rare gas atoms
interacting with the guest molecules increase as well,30

which finds its expression in larger fluctuations of the
transition energy shifts of H2Pc. Therefore, we expect an
increasing inhomogeneous width Γs, which is observed
(see Table 1).

We now apply the statistical model to extract from the
measured values of νs and Γs the number density F of
matrix units surrounding the guest molecule and the
interaction potential parameter ε with and without con-
sideration of matrix correlations. First, the parameters σ,
Rc, and R0 have to be specified. From literature data for σ
(see Table 2, taken from ref 26), Rc can be calculated. As
guest-molecule radius RF, which is needed to calculate
R0, we take the radius along the long in-plane axis of H2-
Pc: RF ) 6.5 Å.31 At this point we want to reemphasize
that, in polymeric host matrices, the geometrical param-
eters R0, Rc, and σ are not known due to the complexity
of the matrix units in these systems. These parameters
had to be calculated using additional input data such as
the pressure-induced shift of spectral holes. Since these
parameters are known for solid rare gases, the measured
inhomogeneous line shapes are sufficient to extract
number densities and interaction potential parameters
with (Fk,ε̂) and without (F,ε) consideration of matrix cor-
relations. The results are summarized in Table 2.

Comparing the calculated number density F to the
number density Fcryst found in rare gas crystals shows that,
without consideration of matrix correlations, the statistical
model yields physically unrealistic matrix densities, which
are almost half an order of magnitude larger than the
densities observed for single crystals! Moreover, this
overestimation of the number density results in interac-
tion potential parameters ε that are too small to account
for the observed solvent shift, as a simple shell structure
model quickly verifies.24 These results show that the low-
density approximation F f 0 (see section 2) used in earlier
studies is questionable. When matrix correlations are
taken into account as sketched in section 2, the number
density Fk drops far below Fcryst, and the depth of the dye-
matrix interaction potential ε̂ increases accordingly (see
Table 2). Since ε̂ represents the solvent shift of one matrix
unit located in the minimum of the transition energy shift
function (eq 2), its value can be compared to the solvent
shifts found in clusters of aromatic molecules with just
one attached rare gas atom:32,33 for various aromatics, the
first attached rare gas atom provides about 8% of the total
shift. For our systems, the ratio ε̂/νs is between 6.3% and
8%, confirming the reliability of the results. Therefore, to
obtain physically reasonable results, matrix correlations
have to be included. As mentioned above, the calculated
number densities Fk are significantly below the crystalline
number densities Fcryst, implying that H2Pc is located in a
low-density region of the nanocrystalline sample. These
data therefore support the notion that the guest molecule
is located in the interstitial regions between the grains.

Quench-condensed Ar1-xXex mixtures are amorphous
for 0.2 < x < 0.7 and nanocrystalline otherwise.17 To study
whether these structural differences affect the inhomo-
geneous line shape, we studied H2Pc-doped Ar1-xXex

mixtures. Figure 2 shows the inhomogeneous Qx absorp-
tion band of H2Pc-doped argon-xenon matrices for
different mixing ratios. The Qx band has a Gaussian shape,
with the band maximum located between the band
maxima of the two constituents. The band shape cannot
be described as a superposition of pure argon and xenon
spectra, which demonstrates that the gases are homoge-
neously mixed during the condensation process and also

Table 2. Calculated Number Densities and Potential
Parameters with (Gk,Ê) and without (G,E) Matrix

Correlationsa

matrix σ (Å) ε (cm-1) ε̂ (cm-1) F (Å-3) Fk (Å-3) Fcryst (Å-3)

argon 3.405 1.57 23.1 0.145 0.009 75 0.0267
krypton 3.65 2.45 33.4 0.104 0.007 87 0.0222
xenon 3.98 4.58 47.5 0.062 0.005 94 0.0173

a Also listed are the Lennard-Jones parameters σ and the
number density Fcryst found in rare gas crystals.26

FIGURE 2. Normalized absorption spectra of the Qx band of H2Pc
in solid Ar1-xXex matrices. From left to right: x ) 1 (pure Xe), x )
0.6, 0.4, 0.3, 0.15, x ) 0 (pure Ar).
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in the solid matrix. As in pure rare gas matrices, the mean
matrix-dye interaction manifests itself in the frequency
of the absorption band maximum, which for the rare gas
mixtures is plotted in Figure 3 versus the Xe concentration.
The right scale displays the solvent shift, which increases
continuously with increasing Xe concentration. The solid
line in Figure 3 is derived from eq 4, which was extended
to mixed systems. The density of the matrix was interpo-
lated between the values of the pure components as
described in ref 34. Given this simple approach, the
agreement of the calculated curve with the experimental
data is quite satisfactory.35

Due to the limited range of the dispersive guest/host
interaction, only the local environment of H2Pc deter-
mines the solvent shift. From the continuously increasing
solvent shift with increasing Xe concentration, we may
conclude that the local environment also changes con-
tinuously over the entire composition ratio and that no
drastic change of the number density of matrix units
within the interaction range of the guest molecule takes
place. This corroborates the notion that the local environ-
ment of H2Pc is noncrystalline already in pure rare gas
hosts.

5. Pressure Effects
The application of hydrostatic pressure induces positional
changes of the matrix units from their “equilibrium”
positions, which makes it possible to modify the guest-
matrix interaction strength in a controlled fashion. The
modified guest-matrix interaction strength leads, in turn,
to a shift of the electronic transition energy. Experimen-
tally, we measure this line shift by recording the changes
of a spectral hole when hydrostatic pressure is applied.
Using the statistical model described in section 2, from
the shift of the center of the spectral hole the compress-
ibility of the matrix surrounding the guest molecule is
calculated.

We have seen that consideration of matrix correlations
greatly influences the results for the microscopic interac-
tion parameter ε and the number density F. The question
arises of whether matrix correlations play an equally
prominent role in the determination of matrix compress-
ibilities. It was mentioned earlier that, for the case of a

purely attractive van der Waals potential, the equation
describing the pressure-induced shift of the hole center
(eq 12) remains unchanged when matrix correlations are
introduced, implying that matrix correlations do not affect
the result for the compressibility. Furthermore, the analy-
sis of the pressure-induced hole shifts in polymer hosts
using eq 12 (for ∆T ) 0 K) yields compressibilities that
agree quite well with mechanically determined values.9

To determine whether this apparent insignificance of
matrix correlations for the hole shifts also holds if the
transition energy shift function (eq 2) is used, the pres-
sure-induced hole shift with and without consideration
of correlations is now analyzed numerically.

Figure 4 shows the changes of a spectral hole in an
argon matrix due to an increase of pressure and temper-
ature. While retaining a Lorentzian profile, the position
of the hole center shifts to a lower frequency and the hole
broadens. The measured shift of the hole center is plotted
in Figure 5 (squares) versus the pressure increase, al-
though the shift is also due to the concomitant temper-
ature increase. The circles in Figure 5 show the pure
pressure effect after the contribution of the thermal
expansion of the matrix has been removed as outlined in
section 2 (see ref 24). From the corrected data, the

FIGURE 3. Position of the maximum of the Qx band (left-hand scale)
and solvent shift νs (right-hand scale) of H2Pc in Ar1-xXex matrices
versus Xe concentration. FIGURE 4. Pressure shift and broadening of a spectral hole (H2Pc

in Ar). Trace 1, original hole profile; trace 2, spectral hole after a
pressure increase of 88 kPa.

FIGURE 5. Shift of hole center vs pressure change: raw data (9)
and data after temperature correction (b).
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compressibility was determined numerically. The results
are listed in Table 3. Comparing columns 2 and 3 reveals
that the calculated compressibilities with (κ̂LJ) and without
(κLJ) correlations are identical within the experimental
accuracy. This confirms that, for the determination of
compressibilities, matrix correlations are of no impor-
tance! Moreover, the compressibilities hardly change if the
full Lennard-Jones-based shift function (eq 2) is ap-
proximated by the simple van der Waals potential (κLJ

versus κvdW in Table 3), suggesting that the interacting
matrix units are located within the attractive part of the
Lennard-Jones interaction potential. This interesting result
justifies the widespread use of the analytical expression
(eq 12)6-8 for compressibility determinations in a variety
of samples. We would like to emphasize that this proof
was possible only by the use of rare gases as host matrices,
where the geometrical parameters of the matrix units are
well defined!

The compressibilities κcryst of large, pure rare gas
crystals36 decrease from argon to xenon, which is due to
the increasing strength of the van der Waals interaction.
This behavior is opposite to that found in our systems.
Since the guest/host interaction parameters are the same
as those in bulk crystals, the discrepancy has to have a
structural origin. For example, the higher compressibility
of a xenon matrix around H2Pc can be explained by larger
free volume, which is equivalent with a smaller number
density F as compared to the bulk (see section 4). In this
light, the numbers for argon remain puzzling: one could
speculate that in argon the large number of randomly
oriented, interlocking crystallites shield the guest molecule
to some extent, leading to an “effective” pressure at the
guest site that is smaller than the externally applied
pressure. At this point, no definite conclusion is possible.
However, our data support the notion that the local
environment of H2Pc is noncrystalline.

6. Homogeneous Line Shapes
As discussed in the Introduction, dynamical scattering
processes involving lattice vibrations and (pseudo) local
models are reflected in the homogeneous line shape.
Amorphous samples contain additional low-energy exci-
tationssdescribed as two-level tunneling systems (TLS)s
which are not found in ideal crystals. Therefore, the
homogeneous line shape also contains structural informa-
tion. Putting identical guest molecules in two different
phases should result in markedly different homogeneous
widths.13 We investigated this aspect by measuring the
homogeneous line widths at the center of the absorption
band. Figure 6 shows the measured widths vs the Xe

concentration. In pure argon matrices, the homogeneous
line width is significantly smaller than that in pure xenon.
It gradually increases up to a Xe concentration of 50%,
with no recognizable discontinuity at the expected transi-
tion from a polycrystalline to an amorphous structure.
From specific heat experiments17 it is known that low-
energy excitations such as TLS and pseudo-local modes
are present not only in the amorphous phase but also in
pure solid rare gases, where these excitations can exist in
phase boundaries and in the neighborhood of impurities
inside the crystallites. The lack of a sudden change of the
homogeneous line width at the transition to the amor-
phous phase may therefore be attributed to the high
disorder and porous structure, which is characteristic for
pure quench-condensed matrices.

Further evidence for the assumption that H2Pc is
located in the disordered interstitial regions between the
crystallites of pure rare gas solids comes from the obser-
vation that the homogeneous line widths of H2Pc in pure
rare gases are comparable to those of H2Pc in amorphous
polymers and significantly larger than those of tert-butyl
H2Pc in a crystalline n-hexadecane matrix.13 Therefore, H2-
Pc is not located in a crystalline local environment in pure
solid rare gases.

7. Summary
We applied a statistical mechanical model describing the
inhomogeneous broadening of electronic transitions of
guest molecules in solid hosts. This model also accounts
for the pressure-induced changes of spectral holes burnt
in these transitions. Inherent in this model is the dissec-
tion of the host material in spherical matrix units that
interact independently and only dispersively with the
guest molecules. Initially this model was applied to
polymeric hosts, in which case the concept of individual
and independent matrix units was questionable. There-
fore, we studied solid rare gas hosts, which are ideal
systems with regard to the assumptions made in the
model. The simplicity of rare gases provided readily
geometrical parameters that were not available for poly-
mer hosts.

Our systematic studies of the model using rare gas
hosts proved that the consideration of correlations be-
tween matrix units is crucial for the extraction of physically
reasonable microscopic interaction parameters (e.g., mini-

Table 3. Matrix Compressibilities Determined with
(K̂) and without (K) Correlations, Using

Lennard-Jones (LJ) and van der Waals (vdW)
Potentialsa

matrix κvdW (Gpa-1) κLJ (GPa-1) κ̂LJ (GPa-1) κcryst (GPa-1)

argon 0.28 0.24 0.25 0.35
krypton 0.29 0.27 0.29 0.30
xenon 0.42 0.39 0.38 0.27

a The crystalline compressibilities κcryst are taken from ref 36.

FIGURE 6. Homogeneous line widths at the maximum of the Qx
band of H2Pc in Ar1-xXex matrices versus Xe concentration, T )
1.8 K.
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mum value of transition energy shift function) from
measured inhomogeneous line shapes. Furthermore, in
combination with the measured homogeneous line widths
of guest molecules in pure and mixed solid rare gases,
these data provided structural information on the local
environment of the guest molecule: we verified that in
quench-condensed, pure rare gases the guest molecule
is located in low-density regions between the crystallites
of the host matrix. Further evidence for this assignment
comes from the calculated compressibilities. Interestingly,
matrix correlations are of little importance for the deter-
mination of matrix compressibilities from pressure-shifted
spectral holes.

We gratefully acknowledge many stimulating discussions with
Dr. L. Kador.
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