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Toward our goal of using supercritical fluids to study solvent effects in physical and chemical phenomena,
we develop a method to spatially define the solvent local number density at the solute in the highly compressible
regime of a supercritical fluid. Experimentally, the red shift of the pyrazine n-π* electronic transition was
measured at high dilution in supercritical xenon as a function of pressure from 0 to ∼24 MPa at two
temperatures: one (293.2 K) close to the critical temperature and the other (333.2 K) remote. Computationally,
several representative stationary points were located on the potential surfaces for pyrazine and 1, 2, 3, and 4
xenons at the MP2/6-311++G(d,p)/aug-cc-pVTZ-PP level. The vertical n-π* (1B3u) transition energies were
computed for these geometries using a TDDFT/B3LYP/DGDZVP method. The combination of experiment
and quantum chemical computation allows prediction of supercritical xenon bulk densities at which the pyrazine
primary solvation shell contains an aVerage of 1, 2, 3, and 4 xenon molecules. These density predictions
were achieved by graphical superposition of calculated shifts on the experimental shift versus density curves
for 293.2 and 333.2 K. Predicted bulk densities are 0.50, 0.91, 1.85, and 2.50 g cm-3 for average pyrazine
primary solvation shell occupancy by 1, 2, 3, and 4 xenons at 293.2 K. Predicted bulk densities are 0.65,
1.20, 1.85, and 2.50 g cm-3 for average pyrazine primary solvation shell occupancy by 1, 2, 3, and 4 xenons
at 333.2 K. These predictions were evaluated with classical Lennard-Jones molecular dynamics simulations
designed to replicate experimental conditions at the two temperatures. The average xenon number within 5.0
Å of the pyrazine center-of-mass at the predicted densities is 1.3, 2.1, 3.0, and 4.0 at both simulation
temperatures. Our three-component methodsabsorbance measurement, quantum chemical prediction, and
evaluation of prediction with classical molecular dynamics simulationstherefore has a high degree of internal
consistency for a system in which the intermolecular interactions are dominated by dispersion forces.
Introduction
Supercritical fluids may be viewed as tools that will allow
us to study solvent effects without changing the solvent.1,2 The
traditional approach to the study of solvent effects, in which
the solvent is changed and the response of the system is
measured,3 involves far more than a mere change in bulk solvent
properties; it necessarily involves a change in the discrete
interactions between solute and solvent molecules. All traditional
studies of solvent effects are therefore complicated by the many
variables that change simultaneously. The use of supercritical
fluids as tools to study solvent effects allows us to circumvent
the multivariable problem that unavoidably accompanies a
solvent change.
In a supercritical fluid, a chemical or physical process can
be studied in the fluid of interest at constant temperature above
the critical temperature (TC) as a function of pressure and,
therefore, density of the medium. Operation above TC precludes
the complication of a gas-liquid phase change, and the density
of the medium can be varied continuously from gas-like to
liquid-like. Bulk solvent properties such as dielectric constant,
refractive index, and viscosity vary predictably with density,
while the types of intermolecular interactions available to solute
* Corresponding author: Tel 212-960-5444, e-mail hrnjez@yu.edu.
† Department of Chemistry.
‡ Department of Physics.
§ Department of Biology.

and solvent remain constant. We can therefore study solvent
effects without changing the solvent.
A complication we must resolve is that the local solvent
number density in the immediate vicinity of a solute and the
bulk solvent number density are usually not equal in the low to
medium bulk density regime of a supercritical fluid at temperatures close to the critical. This well-studied and thoroughly
reviewed disparity4-9 arises when the attractive interaction
energy between a given solute-solvent pair (εij) is greater (most
commonly) than that between the solvent-solvent pair (εjj) such
that |εij - εjj|/kBT > 1. Under these circumstances, the solvent
clusters about the solute and the local solvent number density
is higher than the bulk solvent number density. When the solvent
number density in the solute primary solvation sphere cannot
be approximated by the bulk solvent number density, the local
solvent property values are not the same as the measurable and
calculable bulk values. We contend that this disparity is not
yet adequately defined, particularly in its three-dimensional
details; this lack of definition compromises our ability to use
supercritical fluids to understand solvent effects. We therefore
work toward a better practical understanding of this clustering
phenomenon, sometimes known as local density augmentation
or enhancement,4 in the highly compressible regime of supercritical fluids.
The system is pyrazine in xenon. Pyrazine (see Figure 1) is
well-known to the computational and spectroscopic communities,10-15 and the pyrazine-one xenon cluster produced by
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dynamics simulations of pyrazine in supercritical xenon. If
experiment, computational prediction, and computational test
of prediction are internally consistent, the primary solvation
sphere at the pyrazine solute may be considered characterized.
This characterization is the minimum requirement for using the
supercritical medium as a tool to understand solvent effects.
Experimental Methods

Figure 1. The 0-0 absorbance band of the pyrazine n-π* transition
at 333.2 K and representative xenon pressures, ranging from 0 to 3316.8
psia (0-22.87 MPa). Shown also is the structure of pyrazine with its
two in-plane lone pairs.

Figure 2. Red shift of 0-0 band maximum of pyrazine n-π* transition
as a function of xenon bulk density from 0 to about 24.1 MPa at 293.2
K (black open squares) and 333.2 K (red open circles).

supersonic expansion has been examined by two-color doubleresonance spectroscopy.16 Holroyd studied electron attachment
to pyrazine in supercritical xenon.17 The highly polarizable
xenon18 is a simple model for hydrocarbon solvation, and its
spherical symmetry conveniently limits the orientational degrees
of freedom with respect to the pyrazine solute. The pyrazine-xenon
system is conceptually simplified by the fact that dispersion
forces dominate the intermolecular interactions.
The experimental and computational model is the pyrazine
n-π* electronic transition in supercritical xenon (TC ) 289.74
K, PC ) 5.842 MPa, FC ) 8.371 mol L-1 ) 1.099 g cm-3),19,20
studied as a function of density at two temperatures: one close
to and the other remote from TC. We report (1) the experimental
UV absorbance behavior of the supercritical xenon-pyrazine
system, (2) the quantum chemically determined representative
structures for pyrazine and 1, 2, 3, and 4 xenons, (3) the
computed n-π* transition energies of these structures, (4) a
computational probe of the pyrazine-xenon potential surface
designed to reveal the n-π* transition energy sensitivity to
xenon movement on this potential surface, (5) our prediction
of the supercritical xenon bulk densities at which the pyrazine
primary solvation sphere contains an average of 1, 2, 3, and 4
xenons, and (6) a test of our predictions with classical molecular

The experiments were performed as described previously in
detail.1 Briefly, absorbance measurements were made with a
Cary 300 UV-vis spectrophotometer with a limiting resolution
rated to less than 0.2 nm. Routine data collection with a 0.2
nm slit width and 0.02 nm data intervals focused on the 0-0
band of the pyrazine n-π* transition in the region 335-322
nm (29 851-31 056 cm-1). The absorbance maximum for the
gas phase 0-0 band was reproducibly 323.78 ( 0.02 nm
(30 885.2 cm-1, literature value 323.88 nm, 30 875.6 cm-1)14,15
at about 30 mTorr. Experiments were conducted at constant
temperature (293.2 or 333.2 ( 0.1 K) as a function of pressure
from 0 to ∼24 ( 0.01 MPa at pressure intervals as small as
0.03 MPa in the highly compressible regime. The pressure was
manipulated with a syringe pump. Each of the two reported
data sets (293.2 and 333.2 K) is a composite of several data
sets. Bulk xenon densities ((0.2%) were calculated online with
an equation of state19 used for calculation of fluid properties
by the National Institute of Standards and Technology (NIST)
Chemistry WebBook service.20
Pyrazine (>99%) was purchased from Aldrich Chemical Co.
and used without further purification. Pyrazine readily sublimes
at room temperature and atmospheric pressure; we therefore used
material that had sublimed to the upper walls of the storage
bottle. Xenon (99.999%) was purchased from TechAir (White
Plains, NY) and used without further purification. The UV
spectrum of xenon at high density did not reveal contamination
by any UV-absorbing substances in the region of interest.
Pyrazine was loaded reproducibly as before1 to give a constant
pyrazine concentration of about 1.6 × 10-6 M over the course
of a single data collection run at constant temperature as a
function of incremental addition of xenon (increasing pressure
at constant vessel volume).
Computational Methods
Ab initio electronic structure calculations for pyrazine, xenon,
xenon dimer, and pyrazine with 1, 2, 3, and 4 xenons were
performed with Gamess,21,22 PC Gamess,23 and Gaussian03.24
Stationary points were located on the potential surfaces for
pyrazine and 1, 2, 3, and 4 xenons at a modest level of quantum
chemical theory, using the second-order Møller-Plesset perturbation25 (MP2) method, the 6-311++G(d,p)26 medium-sized
basis set for C, H, and N, and the aug-cc-pVTZ-PP basis set
with an effective core potential (28 electron ECP28MDF) for
xenon.27 Vertical n-π* (1B3u) transition energies10 were computed with a time-dependent density functional28 (TDDFT)
method using the hybrid Becke-style three-parameter density
functional theory (DFT) with the Lee-Yang-Parr correlation
functional29 (B3LYP) and the modestly sized DZVP11 (DGDZVP within the program package Gaussian 03) basis set. Program
package defaults, including criteria for wave function convergence and locations of stationary points on potential surfaces,
were used. Geometry optimizations for configurations of pyrazine with 1, 2, 3, and 4 xenons were performed without
incorporation of the counterpoise method31 into the optimization
routine. For estimation of the basis set superposition error
(BSSE), the counterpoise method was applied to optimized
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TABLE 1: Calculated Ground State MP2/6-311++G(d,p)/aug-cc-pVTZ-PP Energies and Excited State TDDFT/B3LYP/
DGDZVP Singlet n-π* Transition Energies for Pyrazine and 1, 2, 3, and 4 Xenons
system

Eelectronic (au)

pyrazine
one xenon
two xenons
1
2a
2b
2c
2d
3a
3b
3c
4a
4b
4c

-263.6308815
-328.5491126
-657.0998564
-592.1853480
-920.7403850
-920.7390384
-920.7391826
-920.7394372
-1249.2945297
-1249.2942655
-1249.2941056
-1577.8480597
-1577.8477166
-1577.8485738

Ecorrecteda (au)

Ebb (kcal)

-657.0990768
-592.1827693
-920.7347073
-920.7336849
-920.7336837
-920.7338540
-1249.2856892
-1249.2855262
-1249.2855436
-1577.8365917
-1577.8366988
-1577.8369664

-0.53
-1.74
-3.51
-2.87
-2.87
-2.99
-4.69
-4.58
-4.60
-5.81
-5.88
-6.04

n-π* (nm)

n-π* (cm-1)

311.30

32123.4

311.88
312.84
312.23
312.88
312.51
313.54
313.96
313.00
314.82
312.70
313.81

32063.6
31965.2
32027.7
31961.1
31999.0
31893.9
31851.2
31948.9
31764.2
31979.5
31866.4

calculated shiftc (cm-1)
0
-59.8
-158.3
-95.7
-162.2
-124.4
-229.5
-272.2
-174.4
-359.2
-143.8
-256.9

average shiftd (cm-1)
0
-52.8
-142.1

-225.1
-249.2

a
Counterpoise-corrected energy. b Cluster binding energy (mol-1) relative to isolated pyrazine and xenon. c With respect to isolated pyrazine
table entry (32 123.4 cm-1). d The average shift for 1 is the Boltzmann-weighted average (T ) 293.15 K) for all configurations explored on the
potential surface defined in Figures 7-9. The average shifts for 2, 3, and 4 are the Boltzmann-weighted averages for the configurations
reported in this table. The values changed insignificantly when calculated at 333.15 K.

Figure 3. Structure 1 for pyrazine and one xenon. Blue is nitrogen,
gray is carbon, white is hydrogen, and yellow is xenon, all scaled to
75% of their van der Waals radii. Three perspectives are shown: left
structure has pyrazine plane and N-N axis perpendicular to page;
middle structure has pyrazine plane coplanar with page; right structure
has pyrazine plane perpendicular to page and N-N axis coplanar with
page.

structures. Two geometry optimizations incorporating the
counterpoise method32,33 (readily accomplished with Gaussian
03) and with different basis sets were performed for our
configuration in which pyrazine and one xenon are most strongly
bound: MP2/6-311++G(d,p)/aug-cc-pVTZ-PP (215 basis functions) and MP2/aug-cc-pVTZ-PP (423 basis functions).34-39
Single-point, counterpoise-corrected energies at the MP2/augcc-pVQZ-PP (968 basis functions)40 level were calculated for
both of these structures.
Equilibrium molecular dynamics simulations41,42 of pyrazine
in xenon were performed with the GROMACS program
package.43 Nonbonded interactions were modeled with eq 1, a
standard Lennard-Jones potential, φLJ(rij), in which the atoms
i, j are treated as hard spheres separated by distance r with well
depth ε and governed by the combination rules in eqs 2 and 3.

[( ) ( ) ]

φLJ(rij) ) 4εij

σij
rij

12

-

σij
rij

6

(1)

εij ) (εiiεjj)1/2

(2)

σij ) (σiiσjj)1/2

(3)

We chose to use the Lennard-Jones xenon parameters given by
Egorov,44 ε/kB ) 220.8 K (well depth 0.44 kcal/mol) and σ )

Figure 4. Structures 2a-d for pyrazine and two xenons. Blue is
nitrogen, gray is carbon, white is hydrogen, and yellow is xenon, all
scaled to 75% of their van der Waals radii. Three perspectives are
shown: left column structures have pyrazine plane and N-N axis
perpendicular to page; middle column structures have pyrazine plane
coplanar with page; right column structures have pyrazine plane
perpendicular to page and N-N axis coplanar with page.

3.96 Å, and a cutoff of 20.0 Å (5.05σ), to which long-range
dispersion corrections were applied. The pyrazine topology file
was created on the Dundee PRODRG2 Server45,46 using pyrazine
coordinates obtained from a quantum chemical geometry
optimization at the MP2/6-311++G(d,p) level. We used the
recommended Gromos96 united-atom force field43 and the
SHAKE constraint algorithm to fix pyrazine geometry. Cubic
periodic boxes containing 1000 xenon atoms and one pyrazine
molecule were temperature-coupled with the Berendsen thermostat, but not pressure-coupled to a barostat. Box side lengths
ranged from 200 to 44.4 Å, affording a bulk density range of
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Figure 5. Structures 3a-c for pyrazine and three xenons. Blue is
nitrogen, gray is carbon, white is hydrogen, and yellow is xenon, all
scaled to 75% of their van der Waals radii. Three perspectives are
shown: left column structures have pyrazine plane and N-N axis
perpendicular to page; middle column structures have pyrazine plane
coplanar with page; right column structures have pyrazine plane
perpendicular to page and N-N axis coplanar with page.
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to liquid-like values and excludes the complication of gas-liquid
phase transitions. We begin with pyrazine at very low concentration in the absence of xenon. Our vibrationally well-resolved
spectrum of the gas phase n-π* transition for pyrazine is
previously reported.1 The principal features of this spectrum
remain resolved even at the highest xenon density studied (ca.
2.2 g cm-3) and shift to the red with increasing xenon density.
We focused on the 0-0 band at 30 885.2 cm-1 (323.78 nm).
Figure 1 shows the typical behavior of this band at 333.2 K
and representative pressures from 0 (<30 mTorr in pyrazine) to
22.87 MPa. (The behavior at 293.2 K, not shown, is qualitatively
similar.) The integrated area of the 323.78 nm band origin at 0
psia increases with the introduction of xenon. The band broadens
and the area increases with density. The total red shift is -206.6
cm-1 at 293.2 K (TC + 3.4 K) and -191.0 cm-1 at 333.2 K
(TC + 43.4 K), which correspond to a decrease in the n-π*
transition energy of 0.65 and 0.55 kcal mol-1, respectively.
The observed band area increase may correspond to a local
xenon refractive index effect on the pyrazine n-π* transition
oscillator strength. Meyers and Birge derived a simple expression to account for their experimental observations with pyrazine
and a series of hydrocarbon solvents; it requires knowledge of
the solvent refractive index and a geometric factor that depends
on the shape of the solute and the orientation of its transition
moment.47,48 We recently presented49 a preliminary comparison
of experiment and theory, in which we evaluated the theoretical
prediction that the sign and magnitude of the change in solute
excitation oscillator strength depends on the change in solvent
refractive index and the shape of the solute approximated as a
cylinder.
The experimental data translated to 0-0 band shift in
wavenumbers with respect to density at both 293.2 and 333.2

0.027-2.50 g cm-3. Under these simulation conditions, the
xenon critical temperature is 293.5 K, which is within about
1% of the experimental value. The simulation temperatures were
296.9 K (TC + 3.4 K) and 336.9 K (TC + 43.4 K). Time steps
of 2 fs for 10 million steps gave a total simulation time of 20
ns. Integration of the equations of motion was performed
according to a leapfrog method in GROMACS.
Results and Discussion
Our ultimate objective is to use supercritical fluids as tools
to study solvent effects on physical and chemical phenomena;
our present objective is to achieve a three-dimensional understanding of the local environment of pyrazine in xenon. This
study has three components. The first component is the
experimental description of how pyrazine absorbs UV light as
a function of xenon bulk density. The second component is the
quantum chemical description of the ground-state potential
surface of pyrazine and 1, 2, 3, and 4 xenons and of how
pyrazine absorbs UV light as a function of xenon number and
orientation with respect to pyrazine. These two components
should allow prediction of the experimental densities at which
pyrazine is associated with an aVerage of 1, 2, 3, and 4 xenons.
The third component is the classical molecular dynamics
description of local xenon number density at the solute pyrazine
as a function of bulk density. These molecular dynamics
simulations allow us to evaluate the integrity of our density
predictions and to acquire insight into the width of xenon
number distribution in the pyrazine primary solvation sphere
at a given bulk density.
Pyrazine in Supercritical Xenon. Operation above TC
affords continuous variation in bulk fluid density from gas-like

Figure 6. Structures 4a-c for pyrazine and four xenons. Blue is
nitrogen, gray is carbon, white is hydrogen, and yellow is xenon, all
scaled to 75% of their van der Waals radii. Three perspectives are
shown: left column structures have pyrazine plane and N-N axis
perpendicular to page; middle column structures have pyrazine plane
coplanar with page; right column structures have pyrazine plane
perpendicular to page and N-N axis coplanar with page.
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Figure 7. Energy and calculated n-π* shift of 1 as a function of
pyrazine-xenon distance. The distance coordinate (d) is a line
perpendicular to the pyrazine plane and passing though the pyrazine
center of mass. Open circles indicate energy as a function of
intermolecular distance. Filled circles indicate shift in calculated n-π*
transition relative to isolated pyrazine as a function of intermolecular
distance.

Figure 8. Energy and calculated n-π* shift of 1 as a function of
xenon movement in the plane above pyrazine. Zero on the distance
coordinate (d) corresponds to the potential minimum for the system.
The distance coordinate is a line parallel to and 3.772 Å from the
pyrazine plane. Open circles indicate the CP-corrected energy of the
system as a function of distance. Filled circles indicate shift in calculated
n-π* transition relative to isolated pyrazine for each of these
configurations.

K is shown in Figure 2. The dashed line, defined by the
apparently linear regions at low and high densities, represents
the expected behavior of the system if the local xenon density
at pyrazine were equal to the bulk xenon density. The local
xenon number density at pyrazine is greater than the bulk
number density from about 0.2 to 1.7 g cm-3 at 293.2 K and
accounts for the observed deviation from linearity. The almost
linear behavior at the higher temperature suggests that the bulk
and local xenon number density are nearly equal at 333.2 K;
higher temperature diminishes the importance of the relatively
small potential difference between the pyrazine-xenon and
xenon-xenon systems.
Pyrazine and Xenon Computational Approach. Pyrazine’s
primary solvation sphere must fill stepwise with an aVerage of
1, 2, 3, and 4 xenons with increasing density. Geometry
optimization gave representative structures 1, 2a-d, 3a-c, and
4a-c for pyrazine and 1, 2, 3, and 4 xenons (Figures 3-6 and
Table 1). Regardless of starting configuration, all geometry
optimizations of pyrazine and one xenon led to 1 (Figure 3), in
which the xenon is centered above the pyrazine plane. The
pyrazine geometry within all supramolecular calculations was
not held fixed but was allowed to relax. We then calculated the
n-π* transition energies for each of these structures and
determined their shifts with respect to the calculated n-π*
transition for isolated pyrazine.
As in our previous work with ethane,1 we constructed
representative configurations for pyrazine and 1, 2, 3, and 4
xenons. The high cost of these geometry optimizations limits
our ability to thoroughly explore these potential surfaces; large
basis sets and electron correlation are necessary to capture the
dispersion forces that bind these clusters.32,33,35-39 Structure 1

was used to construct four initial structures for geometry
optimization of selected pyrazine and two-xenon configurations.
Geometry optimization at the MP2/6-311++G(d,p)/aug-ccpVTZ-PP level gave structures 2a-d (Figure 4). Structure 2a
is the only one of these four in which the two xenons are on
opposite sides of the pyrazine plane. Initial configurations of
pyrazine and three xenons leading to optimized structures 3a-c
(Figure 5) were composites of 2. Likewise, initial configurations
of pyrazine and four xenons leading to optimized structures
4a-c (Figure 6) were derived from 3. Counterpoise corrections
for 2-4 were computed postoptimization; the counterpoise
method was not incorporated into the optimization routines.
There is evidence that the MP2 correlation method overestimates the binding energy for van der Waals clusters and that
the CCSD(T) method may be necessary if accurate energies
are needed.35 We judge that high-level ab initio computations
involving CCSD(T) methods are not necessary for present
purposes. We need reasonable structures for the series pyrazine
and 1, 2, 3, and 4 xenons at reasonable computational cost.
Optimization with the 6-311++G(d,p) (C, H, N) and aug-ccpVTZ-PP (Xe) basis sets, with diffuse functions on heavy atoms
and hydrogen, satisfies this need.
Gradient optimization performed with the counterpoise (CP)
correction incorporated into the routine and gradient optimization performed with the CP correction applied a posteriori (as
is usually done) lead to two different potential energy surfaces;
we denote these as CP-corrected and standard potential energy
surfaces, respectively.32,33 For a two-component system, each
step in a gradient optimization with CP requires five separate
energy calculations rather than the single calculation required
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TABLE 2: Comparison of CP-Corrected and Standard Potential Energy Surfaces for the System 1, Pyrazine, and One Xenon
entry
1
2
3
4
5
6

CPa

basis set

Ecorrected (au)b

6-311++G(d,p) (C, H, N) aug-cc-pVTZ-PP (Xe) no -592.1825174
6-311++G(d,p) (C, H, N) aug-cc-pVTZ-PP (Xe) yes -592.1827693
aug-cc-pVTZ-PP (C, H, N, Xe)
no -592.3594094
aug-cc-pVTZ-PP (C, H, N, Xe)
yes -592.3597067
aug-cc-pVQZ-PP (C, N, H, Xe)e
-592.5445818
aug-cc-pVQZ-PP (C, N, H, Xe)f
-592.5449595

Eb (kcal)c plane-Xe distance (Å) n-π* (cm-1) shift (cm-1)d
-1.58
-1.74
-2.18
-2.36
-2.41
-2.50

3.572
3.772
3.479
3.650
3.772
3.650

32028.7
32063.6
32018.4
32046.2

-94.6
-59.7
-101.9
-74.1

a
Optimized on CP-corrected potential surface is “yes”; optimized on standard potential surface and corrected a posteriori is “no”.
Counterpoise-corrected energy. c Cluster binding energy (mol-1) relative to isolated pyrazine and xenon. d Entries 3 and 4 calculated with
respect to transition energy (32 120.3 cm-1) for isolated pyrazine geometry optimized at the MP2/aug-cc-pVTZ level. e Entry 5 is a
single-point, CP-corrected calculation with large basis set at geometry obtained from optimization in table entry 2. f Entry 6 is a single-point,
CP-corrected calculation with large basis set at geometry obtained from optimization in table entry 4.

b

Figure 10. Red shift in pyrazine n-π* transition as a function of xenon
number in pyrazine primary solvation sphere.

Figure 9. Energy and calculated n-π* shift of 1 as a function of
xenon movement in the plane above pyrazine. Zero on the distance
coordinate (d) corresponds to the potential minimum for the system.
The distance coordinate is a line parallel to and 3.772 Å from the
pyrazine plane. Open circles indicate the CP-corrected energy of the
system as a function of distance. Filled circles indicate shift in calculated
n-π* transition relative to isolated pyrazine for each of these
configurations.

TABLE 3: Predicted Experimental Gbulk at 293.2 and 333.3
K for average n ) 1, 2, 3, and 4 Nearest-Neighbor Xenons
As Measured by Pyrazine n-π* Electronic Transition
predicted Fbulk (g cm- 3)
average nXe
1
2
3
4

∆ν

(cm-1

-66.5
-133.0
-199.5
-266.0

)

293.2 K

333.2 K

0.50
0.91
1.85
2.50

0.65
1.20
1.85
2.50

in the absence of CP. Gradient optimizations with CP incorporated into the routine are therefore more expensive than those
without CP, and there is evidence that the properties of the two
surfaces may differ significantly. For example, intermolecular
distances on the CP-corrected surfaces are consistently greater
(about 0.1 Å or more) than those on standard surfaces.32

Figure 11. Radial distribution functions for pyrazine-xenon (black
curve, maximum at 0.499 nm) and xenon-xenon (red curve, maximum
at 0.434 nm) at the simulated 296.9 K and bulk density (1.86 g cm-3)
at which three xenons are predicted to lie within 5 Å of the pyrazine
center of mass.

Table 2 summarizes our comparison of the CP-corrected and
standard surfaces for 1, the pyrazine, and one xenon system.
Entries 1 and 2 are the geometry optimization results obtained
from the same basis set for the standard and CP-corrected
surfaces, respectively. The CP-corrected structure has a greater
binding energy and a pyrazine-xenon distance that is 0.2 Å
longer. Similarly, entries 3 and 4 are the geometry optimization
results obtained from identical (but larger than for entries 1 and
2) basis sets. Again, the CP-corrected structure has a greater
binding energy and a pyrazine-xenon distance that is 0.17 Å
longer. The consequences of surface choice are also reflected
in the calculated shifts; the magnitude of the shift is smaller
for the CP-corrected surface than for the standard surface.
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Figure 12. Superimposed: (a) experimental shift of pyrazine n-π*
transition 0-0 band maximum as a function of xenon bulk density at
293.2 K (open black circles); (b) quantum chemically obtained bulk
density predictions for average of 1, 2, 3, and 4 xenons in pyrazine
primary solvation sphere (filled black squares); (c) molecular dynamics
derived average xenon number density within 5 Å of pyrazine center
of mass as a function of bulk xenon simulation density at TC + 3.4 K
(filled red circles). The line is determined by the apparently linear
regions at low and high density.

Figure 13. Superimposed: (a) experimental shift of pyrazine n-π*
transition 0-0 band maximum as a function of xenon bulk density at
333.2 K (open black circles); (b) quantum chemically obtained bulk
density predictions for average of 1, 2, 3, and 4 xenons in pyrazine
primary solvation sphere (filled black squares); (c) molecular dynamics
derived average xenon number density within 5 Å of pyrazine center
of mass as a function of bulk xenon simulation density at TC + 43.4 K
(filled red circles). The line is determined by the apparently linear
regions at low and high density.

Furthermore, as expected, the binding energy increases with
basis set size because we have not yet reached the basis set
limit. Our small sample also indicates that intermolecular
distance decreases with basis set size. Finally, entries 5 and 6
are single-point, counterpoise-corrected energies calculated with
the large aug-cc-pVQZ-PP basis set for the geometries in entries
2 and 4. They provide some insight into how far removed these
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geometries may be from those obtained by optimization at the
basis set limit.
The structure denoted by entry 2 is our working structure
for system 1. All other structures reported in Table 1 for 2, 3,
and 4 are those obtained from standard potential surfaces in
which the counterpoise correction is applied only to the final,
optimized structures. Frequency calculations at the MP2/6311++G(d,p)/aug-cc-pVTZ-PP level for 1 (Table 2, entry 2)
and isolated pyrazine and xenon gave vibrational zero-point
energies (ZPE) of 47.86, 47.78, and 0 kcal mol-1, respectively.
The change in ZPE on formation of 1 (∆ZPE) is therefore 0.08
kcal mol-1. This gives an estimated ∆H° of formation for 1 of
-1.66 kcal mol-1. The frequency calculation for 1 also allowed
identification of a low-frequency vibrational mode (39.608
cm-1) that corresponds to a pyrazine-xenon intermolecular
stretching vibration.
Table 1 also gives our results for isolated pyrazine and xenon
as well as for the xenon dimer. As previously reported,1
calculated pyrazine bond lengths were 1.342 95, 1.394 43, and
1.087 86 Å for C-N, C-C, and C-H, respectively. Pyrazine
bond lengths within the supramolecular structures 1-4 changed
by no more than about 0.005 Å. We report the binding energies
for structures 1-4, obtained by subtracting the energies of the
isolated species from the total energies of the structures 1-4.
A plot of binding energy as a function of xenon number (not
shown) gives good linear correlation (R2 ) 0.998). In fact, the
binding energy (Eb) as a function of xenon number (n) is
reasonably represented by the expression Eb ) - 1.51n kcal
mol-1. The xenon dimer (two xenon) entry agrees rather well
with the experimental values50,51 for binding energy (-0.5295
kcal mol-1) and internuclear distance (4.361 Å) and is tabulated
here as a point of reference. Our calculated Xe-Xe internuclear
distance is 4.4424 Å at the MP2/aug-cc-pVTZ-PP level,
geometry optimized on the CP-corrected surface.
Calculation of n-π* Transition. Weber and Reimers10
showed that the TDDFT/B3LYP/cc-pVDZ method reliably gives
an n-π* transition energy of 3.99 eV for pyrazine. In our hands,
this method with the DGDZVP basis set, chosen because it is
also defined for xenon, gave 3.980 eV (311.52 nm, 32 100.6
cm-1, see below) for isolated pyrazine. These values represent
average absorption frequencies and may be compared to the
3.97 eV experimental value,10 which is the sum of the 0-0
transition energy (3.83 eV, 323.82 nm) and the estimated
reorganization energy (0.14 eV).12 We applied this method to
the pyrazine and xenon structures 1-4 and obtained the results
also tabulated in Table 1. Tabulated shifts for 2, 3, and 4 are
Boltzmann-weighted averages of the shifts for the configurations
reported in the same table and depicted in Figures 4-6. The
tabulated shift for 1 is a Boltzmann-weighted average (T )
293.15 K) for all 140 configurations explored on the potential
surface defined by Figures 7-9. The isolated pyrazine reference
value for this shift (Table 1, 3.983 eV, 311.30 nm, 32 123.4
cm-1) is obtained from structure 1 (Table 2, entry 2), from which
the xenon atom has been deleted. The resultant isolated pyrazine
is nearly identical to pyrazine optimized in the absence of a
single xenon (∆EMP2 ) 0.0003 kcal mol-1) and is used as the
reference for construction of the potential energy surface defined
by Figures 7-9. This is a compromise; otherwise, it would be
necessary to geometry optimize the pyrazine component of each
configuration (140 total) used to construct Figures 7-9. Our
-52.8 cm-1 Boltzmann average shift for 1 is close to the -67
cm-1 shift observed by two-color double-resonance spectroscopy
for the pyrazine-one xenon cluster produced by supersonic jet
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Figure 14. Xenon number density distribution within 5 Å of the pyrazine center of mass derived from molecular dynamics simulations. Left:
results for TC + 3.4 K at the predicted bulk densities for which the pyrazine primary solvation sphere is expected to be occupied by an average of
1 Xe (open circles, F ) 0.50 g cm-3), 2 Xe (red filled circles, F ) 0.91 g cm-3), 3 Xe (black filled squares, F ) 1.85 g cm-3), and 4 Xe (red filled
squares, F ) 2.50 g cm-3). Right: results for TC + 43.4 K at the predicted bulk densities for which the pyrazine primary solvation sphere is
expected to be occupied by an average of 1 Xe (open circles, F ) 0.65 g cm-3), 2 Xe (red filled circles, F ) 1.20 g cm-3), 3 Xe (black filled
squares, F ) 1.85 g cm-3), and 4 Xe (red filled squares, F ) 2.50 g cm-3).

expansion.16 The validity of our geometry optimization and
excited-state computational methods is thereby supported by
experiment.
Probe of Structure 1 Potential Surface. The plots of xenon
movement with respect to pyrazine depicted in Figures 7-9
show that the pyrazine-xenon potential surface is rather
shallow. After determining the apparent global minimum at the
MP2/6-311++G(d,p)/aug-cc-pVTZ-PP level for structure 1 on
the CP-corrected surface, it is straightforward to construct the
potential curve (Figure 7) that describes Eb as a function of
perpendicular distance from xenon to the pyrazine plane. The
two remaining plots in Figures 8 and 9 confine the xenon atom
to a plane parallel to the pyrazine plane at the potential minimum
distance (3.772 Å). Figure 8 shows Eb as a function of xenon
movement in the plane that bisects the pyrazine C-C bond.
Figure 9 shows Eb as a function of xenon movement in the plane
that contains the pyrazine N-N axis. This attractive potential
well extends to about 7 Å in the three explored dimensions.
Figures 7-9 also show our TDDFT/B3LYP/DGDZVP results, in terms of calculated n-π* transition shift relative to
isolated pyrazine, for each structure obtained by variation in
three dimensions. We thereby probed the sensitivity of the shift
to change in location within the potential well. Compression of
the intermolecular distance (Figure 7) from the potential
minimum to the point at which the interaction becomes repulsive
nearly quadruples the magnitude of the red shift. Increase in
the intermolecular distance from the potential minimum at
3.772 Å to 5.0 Å results in a rapid decline in magnitude of the
red shift to near zero. Movement of xenon in the 3.772 Å plane
toward the C-C bond gives a rapid shift to the blue (maximum
about +25 cm-1), which declines symmetrically to zero as the
xenon atom moves beyond the C-C bond. Movement of xenon
in the 3.772 Å plane toward the nitrogen with its in-plane lone
pair gives a rapid shift to the red (maximum about -85 cm-1),
which declines symmetrically to zero as the xenon atom moves
beyond the nitrogen atom. Furthermore, Figures 7-9 reveal that
the shift is essentially zero when xenon is 5 Å (average shift )
-2.6 cm-1) or more from the pyrazine center of mass. This
suggests that the experimental observable is insensitive to xenon
atoms beyond this distance. Our pyrazine primary solvation
sphere therefore has a radius of 5 Å and is centered at the
pyrazine center of mass.
Predictions. The calculated shifts for 1-4 show good linear
correlation (R2 ) 0.984) when plotted as a function of xenon

number (Figure 10). If the fit is forced to include zero, the shift
(∆ν) as a function of xenon number (n) appears additive and is
reasonably represented by ∆ν ) -66.5n cm-1. This estimate
may better “average out” the geometry-specific shifts that are a
consequence of our limited sampling of pyrazine-xenon
structures. Expected shifts are therefore -66.5, -133.0, -199.5,
and -266.0 cm-1 for n ) 1, 2, 3, and 4 xenons. Visually
superposing these calculated shifts for 1-4 on the experimental
shift versus bulk density curves for 293.2 and 333.2 K (Figure
2) and then reading the corresponding bulk densities from the
curves provides our graphical predictions for the bulk densities
at which we expect pyrazine’s nearest neighbors to average 1,
2, 3, and 4 xenons at the two temperatures (Table 3).
Evaluation of Predictions. X-ray scattering techniques would
seem to hold the most promise for measurement of solvent-solute
cluster size in supercritical fluids. Yonker studied the fluid
structure of pure supercritical xenon by nuclear magnetic
resonance (NMR) spectroscopy and small-angle X-ray scattering
(SAXS) and obtained detailed information about correlation
lengths and density fluctuations.52 Nishikawa recently examined
supercritical xenon density fluctuations with a new variablepath-length sample holder for SAXS measurements of samples
with large mass absorption coefficients.53 Formisano studied
two- and three-body long-range forces in xenon by small-angle
neutron scattering (SANS).54 NMR can provide a rough estimate
of reverse micelle diameter on the order of 10 nm in supercritical
xenon.55 Both SANS and SAXS are suitable for the study of
the size and shape of supramolecular structures in supercritical
media with 5-2000 Å resolution. We cannot evaluate our
predictions for pyrazine in xenon with these methods because
the spatial resolution is inadequate.
X-ray absorption fine-structure (XAFS) spectroscopy is a
technique for investigating the local structure around a specific
atom.56 Hayakawa used Br K-edge XAFS spectroscopy to focus
on the Br-Xe interaction for 1-bromonapthalene in xenon.57
Detailed X-ray absorption near-edge structure (XANES) analyses suggested that six xenons lie within 4.85 Å of the bromine
nucleus under their conditions; they did not examine the
locations of xenon atoms with respect to the anthracene portion
of the molecule. As the absorption coefficient for this process
is directly proportional to the product of sample density and
atomic number to the fourth power, detection of low atomic
number atoms such as C and N of pyrazine in xenon at high
dilution may not be straightforward.
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Figure 15. Probability distribution of xenon at pyrazine for simulated TC + 3.4 K and xenon bulk density 0.50 g cm-3. Three projections of x, y,
and z axes with respect to pyrazine center of mass at the origin. Xenon probability density layers of 1 Å thickness, centered at 7.5, 6.5, 5.5, 4.5,
3.5, 2.5, 1.5, and 0.5 Å. Each layer is 25 Å square. Red is the highest xenon probability density. Top: x-projection. Middle: y-projection. Bottom:
z-projection.

At present, the best way to evaluate our predictions is with
classical molecular dynamics simulation.58,59 We first verified
the suitability of the Lennard-Jones potential for the united atom
pyrazine-xenon interaction with a simulated annealing experiment from 300 to 1 K for pyrazine and one xenon. The resultant
global minimum at about 1 K for our system is nearly identical
to our quantum chemically obtained structure 1, in which the
xenon atom is poised above the pyrazine plane with C2V
symmetry. The distance between the xenon nucleus and the
pyrazine plane is 3.98 Å in the molecular dynamics system,
which compares well with our quantum chemically determined
“working” structure for 1, in which this distance is 3.772 Å
and the symmetry is the same. As the Lennard-Jones result is
within about 5% of the quantum chemical, and our simulated
TC is within about 1% of the experimental value, we are
confident that our molecular dynamics simulation of a single
pyrazine in a cubic box with 1000 xenons is a reasonable
approximation of reality.

We therefore used molecular dynamics to simulate the
pyrazine local environment at the two experimental temperatures, TC + 3.4 K and TC + 43.4 K. Representatively, Figure
11 shows the radial distribution functions for pyrazine-xenon
and xenon-xenon at TC + 3.4 K and 1.86 g cm-3 with the first
maxima at r ) 0.499 and 0.434 nm, respectively. These r values
are essentially invariant with temperature and bulk density.
Quantum chemical calculation suggests that our experimental
observable (UV absorbance) is unaffected by xenon atoms
beyond 5 Å from the pyrazine center of mass (see Figures 7-9).
We therefore determined the average number of xenons within
this 5 Å primary solvation sphere for 38 simulated bulk densities
at TC + 3.4 K and 21 simulated bulk densities at TC + 43.4 K.
These average xenon numbers with respect to density (red) are
plotted on the same graphs as the experimental shifts with
respect to density (open circles) for TC + 3.4 K and TC + 43.4
K in Figures 12 and 13, respectively. These curves are nearly
superimposable at both temperatures; there is a strong correlation
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between simulated local number density and experimental shift
as a function of bulk density. Plotted also on both graphs are
the quantum chemical predictions (black squares) from Table
3 for the bulk densities at which the pyrazine primary solvation
sphere is occupied by an average of n ) 1, 2, 3, and 4 xenons.
These quantum chemical predictions agree with the local xenon
number densities extracted from our molecular dynamics
simulations. The average xenon number within 5.0 Å of the
pyrazine center of mass at the predicted densities is 1.3, 2.1,
3.0, and 4.0 at both simulation temperatures. Experiment,
quantum chemical prediction, and molecular dynamics evaluation are internally consistent.
Our interest in studying solvent effects in supercritical fluids
as a function of local number density and structure dictates that
it is not enough that the aVerage experimental, predicted, and
simulated local number densities agree. The width of the average
number density distribution is also important. If the distribution
is narrow, the value of the technique for studying solvent effects
is enhanced. Figure 14 addresses this issue. Plotted for both
simulated temperatures is the percent distribution at each
predicted density for 0-11 xenons. At each predicted density
for n ) 1, 2, 3, and 4 local xenons, the value for n ( 1 ranges
from about 85 to 71% of the total number distribution. Future
use of this methodology for characterizing the local solute
environment will show whether or not this distribution is narrow
enough to be generally useful when studying the details of a
solvent effect on a physical or chemical process.
Figure 15, derived from our molecular dynamics data,
presents a qualitative, concise, color-coded way to visualize the
most probable regions of space occupied by xenon with respect
to pyrazine, illustrated in this case for the simulated bulk density
(0.50 g cm-3, TC + 3.4 K) at which an average of one xenon
is predicted to reside in the pyrazine primary solvation sphere.
The axes origin is the pyrazine center of mass. Three sets of
eight projections (x-axis onto the yz-plane, y-axis onto the xzplane, and z-axis onto the xy-plane) of xenon probability are
shown. Each projection is a 25 Å square slice of 1 Å thickness
centered at 7.5 through 0.5 Å distance from the origin. The color
black is the region of zero probability; the probability increases
in the order of the colors of the visible spectrum: violet, blue,
green, yellow, orange, and red. Each of the three projections
shows the development of xenon order at 7.5 Å from the
pyrazine center of mass. The quantum chemical exploration of
the pyrazine-xenon potential surface (Figures 7-9) indicates
that this is the distance at which pyrazine and xenon are
beginning to feel mutual attraction. All three projections support
quantum chemical structure 1 as the global minimum and also
verify that the potential minimum region is fairly shallow at
about 4.5 Å above the pyrazine plane. The red region of the
4.5 Å slice in the z-projection spans about 2 Å, and the yellow
region spans about 4.5 Å. The 3.5 Å slice in the z-projection
shows two regions (yellow) of modestly high probability not
revealed by our quantum chemical probe of the surface. The
centers of these two yellow regions are separated by about 6
Å, which corresponds approximately to the N-N internuclear
distance (2.83 Å) plus 2 times the nitrogen van der Waals radius
(2 × 1.55 Å). The nitrogen lone pairs are likely to play a role
in the dispersion interaction with xenon.
Conclusion
We predict supercritical xenon bulk densities at which the
pyrazine primary solvation sphere is populated by an average
of 1, 2, 3, and 4 xenons using a combined experimental and
quantum chemical approach. Low-temperature supersonic ex-
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pansion data for the pyrazine-xenon cluster (n ) 1) supports
our quantum chemical predictions for shift as a function of
cluster size.16 Molecular dynamics simulations confirm our bulk
density predictions. Simulations also afford information on the
width of these average number density predictions.
The agreement between the structures for pyrazine with one
xenon (1, Figure 3) obtained from quantum chemical geometry
optimization and a molecular dynamics simulated annealing
experiment might suggest that expensive quantum chemical
geometry optimization is not essential. However, optimization
of 1 and the subsequent computational probe of the potential
surface (Figures 7-9) gave the essential pyrazine primary
solvation sphere cutoff value (5.0 Å radius) most appropriate
for modeling the experimental n-π* electronic transition. It is
likely that future work will involve similar optimization and
potential surface probes, especially when we experimentally and
theoretically examine the more complicated solvent molecules
such as carbon dioxide and trifluoromethane. We do not yet
know whether or not it will be generally necessary to include
the counterpoise method in the optimization routine.
This combined experimental, quantum chemical, and molecular dynamics approach to characterize the local solvent number
density and probable structure at a solute in supercritical fluids
may prove general. If so, it can be applied to test systems that
might include unimolecular photochemical reactions. Detailed
knowledge of the local environment may allow us to predict
the fate of an excited-state species or perhaps the probability
of its formation. Such predictions based on our combined
approach will be a more stringent test of its usefulness. The
ultimate goal is to use supercritical fluids as tools to understand
solvent effects; the present work is the foundation for that goal.
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