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We introduce a method that addresses the elusive local density at the solute in the highly compressible regime
of a supercritical fluid. Experimentally, the red shift of the pyrazirerfi electronic transition was measured

at infinite dilution in supercritical ethane as a function of pressure from 0 to about 3000 psia at two temperatures,
one close (35.0C) to the critical temperature and the other remote (3&) Computationally, stationary

points were located on the potential surfaces for pyrazine and one, two, three, and four ethanes at the MP2/
6-311+-+G(d,p) level. The vertical rz* (1Bgy) transition energies were computed for each of these geometries
with a TDDFT/B3LYP/6-31#+G(d,p) method. The combination of experiment and computation allows
prediction of supercritical ethane bulk densities at which the pyrazine primary solvation shell contains an
averageof one, two, three, and four ethane molecules. These density predictions were achieved by graphical
superposition of calculated shifts on the experimental shift versus density curves for 35.0 at@. 5 dticted
densities are 0.0635, 0.0875, and 0.0915 gfor average pyrazine primary solvation shell occupancy by

one, two, and three ethanes at both 35.0 and 36.0Predicted densities are 0.129 and 0.150 g-cfor
occupancy by four ethanes at 35.0 and 5%&0Qrespectively. An alternative approach, designed to “average
out” geometry specific shifts, is based on the relationgkip= —23.91 cm™1, wheren = ethane number.
Graphical treatment gives alternative predicted densities of 0.0490, 0.0844, and 0.120 fprcaverage
pyrazine primary solvation shell occupancy by one, two, and three ethanes at both 35.0 af@d, 5nd
densities of 0.148 and 0.174 g cfrfor occupancy by four ethanes at 35.0 and 5%0 respectively.

Introduction and viscosity. Though useful, these correlations have limited
value because a change in solvent involves far more than a mere
change in bulk solvent properties. A change in solvent neces-
sarily involves a change in the discrete interactions between
solute and solvent molecules. Hence, a solvent change consti-
tutes a change in a multitude of variables, and it is difficult to
extract predictive value from experiments in which many
variables change simultaneously.

We believe that we can circumvent, or at least mitigate, the
multivariable problem by using supercritical fluids @®ls to
probe sobent effectd Typically, a given chemical or physical
Jrocess can be studied in the fluid of interest at constant
temperature slightly above the critical temperatufg) (as a
function of pressure and, therefore, density of the medium.
Operation abov@c precludes the complication of a gal&quid
phase change, and the density of the medium can be varied
continuously from gaslike to liquidlike. Bulk solvent properties
- - . - such as dielectric constant and viscosity vary predictably with
treatment of the primary solvation shell is often essential. . . . . ) .

density, while the types of intermolecular interactions available

Experlmentqlly, the traditional approdtko the study of to solute and solvent remain constant. We can therefore study
solvent effects is to change the solvent and measure the respons

Solvent effectswithout changing the soént

of the system. Consequently, we have an enormous body of . . .

. . o There is, however, a complication that must be resolved if
empirical data that affords the adage “like dissolves like”. This . :

; . Lo we are to make use of this tool. It is now well recognfz&d
ostensibly simple statement has far-reaching implications but - " . o
S o that in a supercritical fluid, the local solvent density in the

falls far short of the quantitative predictive value we seek. The

. . immediate vicinity of a solute deviates from the bulk solvent
traditional approach leads to correlations of observed solute S . . .
- . . . . density in the highly compressible regime where the bulk solvent
behavior with bulk solvent properties such as dielectric constant . L .
property change is greatest. In fact, for the majority of cases in

) I which the attractive interaction potential between solute and
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We understand rather well the forces that connect atoms
within molecules; our ability to compute gas-phase equilibrium
geometries to a high degree of accuracy is evidence of this.
We also understand the forces between molecules. In principle,
therefore, we should have an understanding of solvation and
solvent effects that has predictive value. We do not have this,
at least in a form that is useful to the typical experimentalist.
The problem, of course, is one of number. As noted by Cramer
and Truhlar if we computationally “treat 200 molecules of a
solvent explicitly, this adds 1,800 degrees of freedom for water,
9,000 degrees of freedom for ethyl ether, and 16,200 degree
of freedom forn-octanol.” The well-reasoned response to this
problem is to treat the surrounding solvent as a continuum, and
such models are remarkably successful. Yet too often these
models fail, especially in cases where dispersion forces dominate
the interaction potential between solute and sol¢eskplicit
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solute is greater than the solvent bulk density in the highly [ : : ' ' T

compressible regime. If the solvent number density in the solute I N

primary solvation sphere cannot be approximated by the bulk [ X 323.78
solvent number density, then the local dielectric and viscosity 10 I

are not the same as the bulk values. Unfortunately, the detailed T F ]

physical picture is not well understodc° and the tool therefore
lacks predictive value in the region of greatest interest. So, if
we wish to use supercritical fluids as tools to study solvent
effects (and we do), then the local density physical picture must
be refined. This paper represents our initial attempt to contribute
to a better practical understanding of the clustering phenomenon,
sometimes known as local density augmentation or enhance-
ment, in the highly compressible regime of supercritical fluids.

Experimentally, we measured thed shift of the pyrazine ol
n—as* electronic transition in supercritical ethane as a function I
of pressure from 0 to about 3000 psia at two temperatures, one
close (35.0°C) to Tc and the other remote (55°C) from Tc. wavelength (nm)

Computationally, we located stationary points on the potential Figure 1. Gas-phase (30 mTorr) UV spectrum of the pyrazirerh
surfaces for pyrazine and one, two, three, and four ethanes at g,5sition (6-0 band maximum at 323.78 nm).

modest level of quantum-chemical theory, using the second-

order Mgller-Plesset perturbatiéh (MP2) method and the iy high purity, and it is a low-melting solid with high vapor

6-311++G(d,pf* medium-sized basis set. We then computed pressure at room temperat#fe Solvent clustering around
the vertical r-* ('By) transition energies for each of these pyrazine ions has been studied in supercritical etR&Rgrazine
geometries with a time-dependent density functi&@DDFT) derivatives are biologically relevaftThe solvent, ethane, is a
method using the hybrid Becke-style 3-parameter density simple organic molecule that yet retains the interest of com-
functional theory (DFT) with the LeeYang—Parr correlation  putational chemists, as evidenced by Goodman’s compelling
functionaf* (B3LYP) and the same medium-sized basis set, assertiod? that the staggered conformational preference is the
which is a method well documented by Weber and Reiffiers  result of hyperconjugative stabilization. Ethane is a simple model
to reliably produce excitation energies for pyrazine that agree for hydrocarbon solvation. The critical parameters are convenient
with experiment. The combination of experiment and computa- (T, = 32.15°C, Pc = 710.5 psia, critical density= 0.207 g
tion allows us to predict supercritical ethane bulk densities at cm~3), and it is also available in high purity. Supercritical ethane
which the pyrazine primary solvation sphere contains an averageis of practical interest in separation technology and as a reaction
of one, two, three, and four ethane molecules. mediums39:40

Toward defining a pyrazineethane potential that will be Central to our system choice was our expectation that
useful for eventual molecular simulation, we further focused dispersion forces dominate the interaction between pyrazine and
computationally on our lowest energy structure for pyrazine and ethane. At this stage in our development of a tool to probe
one ethane. We refined this structure by optimizing in the solvent effects, it is important that we minimize the complexity
presence of the counterpoise correcibs subsequent fre- of an already complex system. We therefore focus our attention
guency calculation yielded the zero-point vibration and thermal on a system in which a single solvation mode predominates,
energy corrections to total energy and allowed identification of one that is adequately modeled only by quantum mechanical
a low-frequency vibrational mode for which pyrazine and ethane methods that involve electron correlation and large basig3ets.
are most strongly coupled. We explored the potential surface Dispersion dominance is not self-evident; TsuZ¥ghowed that
of this refined structure in two dimensions as a function of the orientation dependence of the methabenzene interaction
pyrazine-ethane distance and rotation of ethane with respect is electrostatic, but small (17%) compared to the long-range
to pyrazine. Calculation of the vertical electronic transition dispersion component of the totat{.45 kcal mot*?) calculated
energies at each of the points on these two surfaces gives insighat the coupled cluster singles and doubles with triples correc-
into the sensitivity of the transition energy to movement of tion* (CCSD(T)) limit.
ethane within the shallow potential well. Finally, we calculated ~ We report (1) the experimental UV absorbance behavior of
the single-point energy of the refined structure at the MP2 level the supercritical etharegpyrazine system, (2) the quantum-
of theory with a large basis set (aug-cc-pV@&Znown to be chemically determined structures for pyrazine and one, two,
near the basis set limit for van der Waals clusters of this#pe.  three, and four ethanes, (3) the computedsh transition
We thereby evaluate the approximation inherent in our general energies of these structures, (4) our prediction of the supercritical
use of the truncated 6-3%+HG(d,p) basis set. ethane densities at which the pyrazine primary solvation sphere

We chose our system, pyrazine in ethane, for several reasonscOntains an average of one, two, three, and four ethanes, and
The solute, pyrazine, is a planar, cyclic, six-membered, aromatic (°) & two-dimensional computational probe of the pyrazine
1,4-diazine (see Figure 1) that is well known to the computa- ethane potential surface and the-at transition energy
tional community?® It is a popular molecule used to test a variety sensitivity to ethane movement on this potential surface.
of theoretical models. Its crystal structure is kno#riThe
structural parameters are known also from a combined electron
diffraction, liquid-crystal NMR, and rotational data meth@d. Absorbance measurements were made with a Cary 300 UV
Pyrazine is well studied spectroscopicafly®® The vibrational vis spectrophotometer (grating 3035 mm, 1200 lines/mm),
structure of the n tar* electronic transition remains well  which has a limiting resolution rated to less than 0.2 nm. Routine
resolved even at liquidlike densities, allowing unambiguous data collection with a 0.2 nm slit width and 0.02 nm data
experimental focus on the-@ transition. It is easily obtained intervals focused on the- band of the pyrazine +r*

pyrazine 30 mtorr

absorbance

1 1 1 1 1 ]
280 290 300 310 320 330 340

Experimental Methods
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transition in the region 335322 nm after we determined that steel optical vessel such that the crystal could easily be observed
all other well-resolved vibrational bands within the total through one of the sapphire windows. The closed vessel
transition (335-295 nm) showed the same absorbance maxi- containing the highly volatile pyrazine solid was then evacuated
mum shift with increasing ethane density. The absorbance beyond the point at which any solid could be observed with
maximum for the gas phase-0 band was reproducibly 323.78  the unaided eye (about 3 min). This typically corresponded to
+ 0.02 nm (literaturé-3>value 323.88 nm) at 30 mTorr before  a pressure of about 30 mTorr (27 1078 psia), as measured
the introduction of ethane into the stainless steel pressure vesselby a standard thermocouple vacuum gauge. This initial load
this maximum was not temperature dependent over the rangepressure gives a constant pyrazine concentration of about 1.6
studied. Experiments were conducted at constant temperaturex 1076 M over the course of a single data collection run at
(35.0 or 55.04+ 0.1 °C) as a function of pressure from 0 to constant temperature as a function of incremental addition of
3000.0+ 1.3 psia at pressure intervals as small as 5 psia in the ethane (increasing pressure at constant vessel volume).
highly compressible regime. Each of the two reported data sets

(35 and 55°C) is a composite of several data sets, from which Computational Methods

many points have been omitted to improve presentation clarity
without compromising any indication of scatter in the data.
Ethane densitiest{0.2%) were calculated with an equation of
staté? used for on-line calculation of fluid properties by the

National Institute of Standards and Technology (NIST) Chem- e o performed with Gaussian®3Electron correlation was

istry WebBook servicé? modeled at the MP2 frozen-core level for ground-state calcula-
Pyrazine ¢99%) was purchased from Aldrich Chemical Co. tijons and at the B3LYP level for excited-state calculations.
and used without further purification, although we did take program package defaults, including criteria for wave function
advantage of the fact that pyrazine readily sublimes at room convergence and locations of stationary points on potential
temperature and atmospheric pressure. That is, we routinely use@urfaces, were used. Standard basis sets, including €341
material that had sublimed to the upper walls of the storage (d), 6-311+G(d,p), and aug-cc-pVQZ, were used without
bottle. Ethane (UHP Grade) was purchased from Matheson Tri- modification. Geometry optimizations for all configurations of
Gas and used without further purification. pyrazine with one, two, three, and four ethanes were performed
The stainless steel pressure vessel was either a two- or fourin the absence of the counterpoise method. For estimation of
windowed (sapphire, ISP Optics) assembly, custom built by Parr the basis set superposition error (BS%E}he counterpoise
Instrument Company. Window seals were flexible graphite. The method was applied to optimized structures. In a single case,
desired amount of ethane was introduced into this optical vesselfinal geometry optimization in the presence of the counterpoise
and the pressure manipulated with a syringe pump (High method was performed for our configuration in which pyrazine
Pressure Equipment Company, 60 émmapacity, rated to 5000  and one ethane are most strongly bound. This resulted in modest
psia) fitted with Teflon packing. Connections were made with refinement of the optimized geometry and a significant increase
stainless steel valves, fittings, and tubing, also obtained from in the binding energy for the cluster, suggesting that incorpora-
High Pressure Equipment Company. Pressure was measuredion of the counterpoise method into geometry optimization
with a digital pressure indicator (Heise, model PM, range 0 to routines may be important for weakly bound clusters of this
5000 psia, with 0.025% full scale accuracy), factory-calibrated type.
with a pressure standard traceable to NIST. The optical vessel
temperature was controlled with an Omega Programmable Results and Discussion
Controller (model CN3004), a thermistor probe (Omega, model
TJ72), and two cartridge heaters (250 W) connected to a variable
transformer. The thermistor probe was inserted into a stainless
steel well in the optical vessel that was close to the fluid region
sampled with incident light. This hardware constitutes a

‘_‘system’_’ that was mounted on a wheeled cart with 2286 as a function of ethane number and orientation with respect to
in. working surface. pyrazine. These two components should allow prediction of the
Because machined stainless steel materials are often conexperimental densities at which pyrazine is associated with an
taminated with maChining O”S, SpeCia' care was taken to average of one, two, three' and four ethanes. The secor‘]dl
rigorously clean all surfaces that contact fluid. All components computational, component also lays the groundwork for the
were rinsed copiously with-hexane (Aldrich>99%) and then  construction of pyrazineethane and etharethané” potentials
washed with a hot Alconox soap solution (10% (w/v) in distilled  to be used for molecular dynamics simulation. Given adequate
water and 0.2um filtered). Finally, all surfaces were rinsed potentials, future simulation studies will afford a means by
copiously with filtered (0.2:m), hot distilled water. After most  \hich we can evaluate the integrity of our density predictions
of the water had been removed, the entire system was placedynd acquire insight into the width of ethane number distribution
under high vacuum for several days and then judged adequateyt a given density.
for our purposes. Residual surface hydration of stainless steel pyrazine in Supercritical Ethane. Current use of the word
surfaces was assumed unlikely to compromise the experi-“sypercritical” implies operation abovg: , irrespective of the
ment; our observed gas phase® band absorbance maxi-  pressure. Operation aboWe avoids the complication of gas
mum for pyrazine agrees well with that observed previo#s¥.  Jiquid phase transitions and allows continuous variation in bulk
The UV spectrum of ethane at high density did not reveal flyid density from gaslike to liquidlike values. Our starting point,
contamination by any UV-absorbing substances in the region therefore, is pyrazine in the absence of ethane. The well-resolved
of interest. spectrum for the gas-phase-n* transition for pyrazine is
Pyrazine was loaded reproducibly by introducing a single shown in Figure 1. The principal features of this spectrum
crystal (ca. 2.0 mg, 2.5 1072 mmol) into the open stainless remain resolved even at the highest ethane density studied (ca.

Preliminary ab initio electronic structure calculations for
pyrazine, ethane, ethane dimer, and pyrazine with one, two, and
three ethanes were performed with Spartatf08ubsequent
calculations on these species and on pyrazine with four ethanes

Our objective is to describe two components of our ongoing
study of pyrazine in ethane. The first component is the
experimental description of how pyrazine absorbs UV light as
a function of ethane density. The second component is the
computational description of how pyrazine absorbs UV light
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Figure 3. Relative area of the pyrazine-r* transition 0-0 band as
a function of ethane bulk density at 350 (open circles). Apparently
linear low-density region (fit, solid line) from 0.00125 to 0.134 gém
(small filled circles). Apparently linear density region (fit, dashed line)

Figure 2. Red shift of the 68-0 band of pyrazine fiz* transition as
a function of pressure from 0 to 3120.5 psia at 3%0Representative
data at O (filled circleSimax = 323.78 nm), 720.3 (open triangl&isax
= 324.66 nm), and 3120.5 psia (open squakgs, = 325.96 nm).

from 0.236 to 0.414 g cn? (small filled triangles).

0.4 g cn3) and shift uniformly to the red with increasing ethane
density. We focused on the-@ band indicated at 323.78 nm.
Figure 2 shows the typical behavior of this band at 3&@&nd
three pressures from 0 to 3120.5 psia. (The behavior at 55.0
°C, not shown, is qualitatively the same.) The 323.78 nm origin
at 0 psia is reproducibly at lower intensity (0.62 absorbance
units in this case) before the introduction of ethane. A small
amount of ethane (ca. 5 psia is sufficient) gives an immediate
increase in the band intensity to 0.76 absorbance units and a
very small shift of 0.02 nm to the red. Intensity increase
continues until about 178 psia, after which the intensity
decreases and the band broadens substantially. The band
intensity reaches a local minimum at about 740 psia and 325
nm, followed by a modest intensity increase with increasing

width 0-0 band (cm™")

400

300

200

100

——y=61.531 +2319.7x R=0.99671
--------- y =402.63 - 4.5293x R=0.075818

pressure to a value that remains approximately constant at the 2
higher pressures. The total red shift is 2.18 rn206.6 cnt?), 0
which corresponds to a decrease in therf transition energy
of 0.59 kcal mot?,

Since our window seals are flexible graphite, it is conceivable Eggtriec})nzl.of \é\/tit‘]j;':]eo“bjrkedgﬁr:i‘s“; 3'*57% t(rggzir:i%?rc?;g tf;sa raesntf;/

) . S (small filled circles). Apparently linear medium-density region (fit,

density. However, control experiments reveal that this is not gashed line) from 0.207 to 0.328 ci(small filled triangles).
the case. We suggest that the observed intensity increase
corresponds to an effect of ethane on the pyrazirern a distribution of electronic energy gaps and an ensemble-
transition oscillator strength, and Figure 3 depicts the change averaged spectrum that is inhomogeneously broad€rteiden
in relative 0-0 band area with density. Meyers and Bifge the fact that we will eventually compare the observed widths
derived a simple expression to account for their experimental to the distribution of environments we obtain in future simulation
observations with pyrazine in a series of hydrocarbon solvents experiments, we report the change in the width of theD0
that requires knowledge of the solvent refractive index and transition with density at 35.6C in Figure 4.
a geometric factor that depends on the shape of the solute and Both Figures 3 and 4 show strikingly linear behavior for the
the orientation of its transition moment. Even with a simple changes in 60 band area and width with increasing density in
cylinder model in which the transition moment is perpen- the low-density regime. Although the initial low-density points
dicular to the cylinder axis, they achieved good agreement for the two low-density linear regions differ slightly, they both
with the experimentally observed increase in oscillator strength terminate at an ethane bulk density of 0.134 g&nThese
with increasing solvent refractive index. We do not apply observations suggest that the change in the local density about
this expression to this system, but are currently exploring pyrazine in the low-density regime is rather well-behaved. The
this as a means by which to predict the local refractive index plateau region in Figure 4 for the change in width with density
at the solute in the low-density regime of a supercritical is deceptively linear to the eye. In fact, the low correlation
fluid. coefficient R = 0.076) may indicate that the system is

Figure 2 also reveals a dramatic increase in the width of the oscillating with significant amplitude about some local density
0—0 transition with increasing density. The nontrivial explana- number.
tion for this effect usually involves the supposition that different  The translation of the raw data to—0 band shift in
local chromophore environments in the condensed phase givewavenumbers with respect to pressure at both 35.0 and 55.0

0.4

02 03
density (g cm'3)
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Figure 7. Structuresla and1b for pyrazine and one ethane. Blue is
nitrogen; gray is carbon; and white is hydrogen. Three perspectives
-50 . are shown: the left structure has the pyrazine plane and ¥ akis
perpendicular to the page; the middle structure has the pyrazine plane
— S perpendicular to the page and the-N axis coplanar with the page;
'E L % and right structure has the pyrazine plane coplanar with the page.
L -100 b A > .
£ I ° 5-?._ regime. The region between approximately 0.05 and 0.20¢ cm
w I LIPSSo is of greatest interest to us at present. One interpretation is that
150 L L i this is the region in which the primary solvation sphere of
I Ce) pyrazine fills stepwise, and the short-range interaction between
pyrazine and closely associated ethanes exerts most of the effect
200 |- ] on the experimentally observable electronic transition energy.
SIS T S S S W R Pyrazine and Ethane Computational Approach.We make
0 0.1 02 W2 04 the simplifying assumption that pyrazine’s primary solvation
density (g cm ) sphere fills stepwise with one, two, three, and four ethanes in
Figure 6. Red shift of the 6-0 band maximum of the pyrazine-m* the low density region. We computationally determined repre-

transition as a function of ethane bulk density from 0 to 3120.5 psia at Sentative structures for pyrazine and one, two, three, and four

35.0 (filled circles) and 55.0 (open circles with center df) The ethanes (Figures—710 and Table 1). We then calculated the

dashed line (linear fit shown) is given by apparently linear points at n—z+ transition energies for each of these structures and

low (0-0.06 g cm?) and high (0.34-0.42 g cm?) densities for both  jetermined their shifts with respect to the calculateetzh

data sets. o . . . "
transition for isolated pyrazine. Graphical superposition of the

°C is shown in Figure 5. As anticipatédhe majority of the calculated shifts on the plot of our experimentally observed shift

shift at the temperature closer (330) to Tc takes place over ~ With respect to ethane density afforded our prediction of the
a much narrower pressure range than at the temperature mor&thane densities at which pyrazine’s solvation sphere is domi-
remote (55.0°C). Figure 6 shows the shift with respect to nhated by ethane number densities of one, two, three, and four
calculated ethane bulk density at both temperatures. The dashedFigure 11, Table 2).

line, defined by the apparently linear regions at low and high  We relied on simple logic to probe the configuration space
densities, may be thought to represent the expected behaviolin order to determine our two representative structures for
of the system if the local ethane density at pyrazine were equal pyrazine and one ethanggandl1b, Figure 7). We constructed

to the bulk ethane density. The curvatures away from linearity many initial geometries for ethane with respect to pyrazine and
illustrate a well-documentéd aspect of operation close iz then optimized these geometries at the MP2/643&(d,p) level.

in a supercritical fluid. Namely, the local solvent density in the Monomer geometries within the supramolecular calculations
immediate vicinity of the solute deviates from the bulk solvent were not held fixed, but were allowed to relax. These initial
density in the highly compressible regime. The smaller deviation geometries included several in which the-C ethane bond was
from linearity at the higher temperature reflects decreased coplanar with the pyrazine atomic plane and close to or remote
importance of the relatively small potential difference between from nitrogen with its in-plane lone pair of electrons. Initial
the pyrazine-ethane and ethare&thane systems. Effectively, geometries for ethane above the pyrazine plane included those
the small potential difference between the two systems is in which the C-C ethane bond was parallel or perpendicular
swamped by the higher kinetic energies at the higher temper-to the pyrazine plane, and also close to or remote from nitrogen.
ature. One would expect the shift to linearize at sufficiently We also probed relatively large and small initial pyrazine
high temperature; we did not explore the higher temperature ethane distance geometries. We eventually obtained 12 inter-
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Figure 9. Structure3 for pyrazine and three ethanes. Blue is nitrogen;
gray is carbon; and white is hydrogen. Three perspectives are shown:
the top structure has the pyrazine plane and thélNixis perpendicular

to the page; the middle structure has the pyrazine plane perpendicular
to the page and the NN axis coplanar with the page; and the bottom
structure has the pyrazine plane coplanar with the page.

Ideally, it would be best to optimize geometries with the large
aug-cc-pVQZ basis set to ensure adequate capture of the
dispersion component of the pyrazinethane interaction, but
this is prohibitively expensive when carried to systems as large
as pyrazine with four ethanes. Furthermore, 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 netdesuizuki
recently estimated the CCSD(T) interaction energy for naph-
thalene dimers at the basis set limit with a technique that
included MP2 correlation near saturation and a CCSD(T)
correction term determined with a medium-sized basi§%#at.
similar estimation method may eventually be necessary for our
system when we construct potentials appropriate for molecular
dynamics simulation. We judge that high-level ab initio
computations involving CCSD(T) methods are not necessary
for the present purposes. We need reasonable structures for the
series pyrazine and one, two, three, and four ethanes at
reasonable computational cost. Final optimization with the

nitrogen; gray is carbon; and white is hydrogen. Three perspectives 6-311++G(d,p) basis set, with its diffuse functions on heavy

are shown: the left structure has the pyrazine plane and tH¢ &kis

atoms and hydrogen, satisfies this need.

perpendicular to the page; the middle structure has the pyrazine plane  Structuresla and 1b were used to construct four initial

perpendicular to the page and the-N axis coplanar with the page;
and the right structure has the pyrazine plane coplanar with the page

structures for geometry optimization of selected pyrazine and

‘two-ethane configurations. Geometry optimization at the MP2/

6-311+G(d,p) level was followed by further optimization with

mediate structures that we further optimized with the larger the |arger 6-31%+G(d,p) basis set to afford structurda—d
6-311++G(d,p) basis set. All converged to eithga or 1b.

We did not find a local minimum corresponding to a structure andib. Structure2b is the only one of these four in which the

in which the ethane €C axis is perpendicular to the pyrazine
plane. Nor did we find a local minimum in which an ethane

(Figure 8). We did not exhaust all possible combination$af

two ethanes are on the same side of the pyrazine plane.
The single pyrazine and three-ethane structBrd-igure 9)

hydrogen is closely associated with a nitrogen lone pair in what is a composite oa and2b. Likewise, the single pyrazine and
could be regarded as a weak hydrogen bonding interaction. Wefour-ethane structure4( Figure 10) is derived fron3. These

do not claim to have found the global minimum, but we are structures were also optimized in a stepwise fashion at the MP2
confident that we have found two representative local minima. level with the smaller and then the larger basis sets. Given the
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4 2 4 and obtained the results also tabulated in Table 1. The average
o 3 J calculated shifts forl and 2 are —34.9 and—50.6 cnt?,

j - respectively. The single value f8r(—52.6 cnt?) is nearly the

same as the average yrwhereas the single value fé(—83.9

PR - T ) cm~1) represents a substantial relative shift.

These calculated values are not far removed from experi-
b |G o mental values obtained by Bernst&imn his supersonic mo-
J s—j‘JJJJ lecular jet study of van der Waals clusters of pyrazine with one,
two, and three ethanes. He reported three broad features of
““ 49 approximately equal intensity for the pyrazine and one ethane
Fale" T 2" | o cluster with red shifts of-41.1, —=52.5, and—56.3 cn!
49 (average,—50.0 cntl). The pyrazine and two ethane cluster
showed two intense features-%7.6 and—65.0 cnt?) and a
- 6.48 keal -39 much weaker feature at41.8 cnt! (average of the two intense
features,—61.3 cntl). The pyrazine and three-ethane cluster
‘:‘_J ¥ 2 showed several features ranging frerd0.8 to —72.7 cnr?,
r{, Y but an intense feature at65.5 cnt! clearly dominated the
4 o 3 spectrum. Our small change in calculated shift 20and 3 is
& thereby substantiated by experiment.

“-J‘ .$ 2 Our average calculated shifts and Bernstein’s average ex-
JAd perimental shifts are shown in Table 2 for comparison. Given
D90 the close agreement in magnitude and trend, our graphical

i o density predictions depicted in Figure 11 and given numerically
3 in Table 2 are reasonable. We arrived at these density predictions
by visually superposing our average calculated shiftslfed

Figure 10. Structured for pyrazine and four ethanes. Blue is nitrogen; on tfle experimental S.hlft Versus denSIty curves _f_or 35.0 and
gray is carbon; and white is hydrogen. Three perspectives are shown:29-0°C and then reading the corresponding densities. Because
the top structure has the pyrazine plane and thélNis perpendicular ~ these two curves coincide below a shift of abetd5 cnt?,

to the page; the middle structure has the pyrazine plane perpendicularour predicted densities for structurés-3 are equal. At the

to the page and theAN axis coplanar with the page; and the bottom  —83.9 cnv? shift predicted for4, we are able to predict two
structure has the pyrazine plane coplanar with the page. different densities for the two different curves.

high computational cost for the three- and four-ethane cases, Alternatively, the pattern of average coordination number may
we chose to focus on only a single representative for each ofbe more uniform than indicated by the above predictions. In
these two cases. Counterpoise corrections for4 were contrast to the binding energies, the calculated shifts show only
computed for the fully optimized structures. a mo_derate linear correlatioR (= 0.838) when plott_ed as a
Table 1 also gives our results for isolated pyrazine and ethane,function of ethane number (not shown). Even so, this relation-
for which the equilibrium geometries were calculated by the Ship may be used to construct an expression for the shiff (
same method. Calculated pyrazine bond lengths were 1.342952s a function of ethane numben)( which is reasonably
1.39443, and 1.08786 A for-N, C—C, and G-H, respectively. ~ represented by = —23.01 cm™. This estimate may better
Those for ethane were 1.52908 and 1.09359 A feraCand “average out” the geometry specific shifts that are a necessary
C—H, respectively. Pyrazine and ethane bond lengths within consequence of our limited sampling of pyrazirthane
the supramolecular structurds-4 changed by no more than  Structures. A graphical treatment the same as that described
about 0.005 A We report the b|nd|ng energies for structures above giVes alternative predicted densities of 00490, 00844,
1—4, obtained by subtracting the energies of the isolated speciesand 0.120 g cm? for average pyrazine primary solvation shell
from the total energies of the structurks4. A plot of ethane ~ ©ccupancy by one, two, and three ethanes at both 35.0 and 55.0
number as a function of binding energy (not shown) gives °C, and densities of 0.148 and 0.174 g énfor occupancy by
extremely good linear correlatioR(= 0.9996). In fact, the  four ethanes at 35.0 and 53°Q, respectively.
binding energy Ep) as a function of ethane numben) (is Refinement of Pyrazine and One-Ethane StructureSince
reasonably represented by the expresskys= —1.5& kcal BSSE is a large component of the calculated binding energies
mol~1. The ethane dimer (two ethane) entry agrees well with for 1—4, we tested the importance of incorporating the
published! results and is tabulated here as a point of reference counterpoise method into the geometry optimization scheme
for comparison. rather than merely calculating the BSSE for geometry optimized
Calculation of n—a* Transition. Weber and Reimef3 structures. Accordingly, we selected the structure in which
evaluated 22 ab initio and density functional schemes for pyrazine and one ethane are most strongly bourd,and
calculating the vertical excitation energies for eight singlet optimized this structure in the presence of the counterpoise
excited states of pyrazine with the cc-pVDZ basis set. Of these, method. The result was structute (not shown), which is a
the TDDFT/B3LYP method was among the most reliable; it visually indistinguishable modification of the orientation of
gave an r-at* transition energy of 3.99 eV. Using this method ethane with respect to pyrazine, but corresponds to a significant
with the 6-31H1-+G(d,p) basis set gave 3.9464 eV for isolated change (11%) in the binding energy fron1.48 to—1.65 kcal
pyrazine. These values represent average absorption frequenciesol™! for 1b and 1c, respectively. A TDDFT/B3LYP/6-
and may be compared to the 3.97 eV experimental Vlue, 3114-+G(d,p) calculation forlc gave the same value for the
which is the sum of the-00 transition energy (3.83 eV, 323.82 n—x* transition energy obtained for structulea (3.9431 eV,
nm) and the estimated reorganization energy (0.14%We 314.44 nm) with a shift of-27.3 cnt®. These results suggest
applied this method to the pyrazine and ethane structiirds that it may be necessary to perform geometry optimizations in
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TABLE 1: Calculated Ground State MP2/6-311++G(d,p) Energies and Excited State TDDFT/B3LYP/6-31++G(d,p) Singlet
n—axa* Transition Energies for Pyrazine and One, Two, Three, and Four Ethanes

system Eclectronic(@U) Ecorrected@u) Ecounterpoisdkcal) Ebinding (kcal) n—asa* (eV) n—s* (nm) calcd shift (cm?)
pyrazine —263.6308820 3.9464 314.17 0
one ethane —79.5716712
two ethanes  —159.1452831 —159.1443838 + 0.56 —0.65
la —343.2075516  —343.2047708 +1.74 -1.39 3.9431 314.44 —27.3
1b —343.2079637 —343.2049077 +1.92 —1.48 3.9411 314.59 —42.5
2a —422.7851534  —422.7791990 +3.74 -3.12 3.9389 314.77 —60.7
2b —422.7848694 —422.7791997 + 3.56 —3.12 3.9419 314.53 —36.4
2c —422.7848424  —422.7790330 + 3.64 -3.02 3.9403 314.66 —49.6
2d —422.7843217 —422.7790769 +3.29 —3.04 3.9395 314.72 —55.6
3 —502.3622435 —502.3535328 +5.47 —-4.79 3.9398 314.69 —52.6
4 —581.9393952 —581.9278913 +7.22 —6.48 3.9361 315.00 —83.9
TABLE 2: Predicted Supercritical Ethane Bulk Densities w9
for Pyrazine Solvation Shell Average Occupancy by One, d &~ @8
Two, Three, and Four Ethanes ;
: . 9
calcd n—x* exptl n—x* predicted @ d’
ethane no.  shift (cn?) shiftt (cm™?) density (g cm®) :
1 —34.9 —50.0 0.0635 ‘\a
2 —50.6 —61.3 0.0875 19
3 —52.6 —65.5 0.0915
4 -83.9 0.129 (35.6C) 05 - 772
0.150 (55.0°C) ,
aReference 35. sl e
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ﬂ 04 Figure 12. Energy and calculated-wz* shift of 1c as a function of
by I L L ! L L L pyrazine-ethane distance. The distance coordinate i6 a line
0 0.04 0.08 0.12 0.16 perpendicular to the pyrazine plane and defined by C4 of pyrazine and

H10 of ethane. Open circles indicate the energy as a function of
intermolecular distance. Filled circles indicate the shift in calculated
Figure 11. Ethane bulk density predictions for the average of one, n—x* transition relative to isolated pyrazine as a function of intermo-
two, three, and four ethanes in the pyrazine primary solvation sphere. |ecular distance.
Predictions (open squares,= ethane number) superposed on low-
density plot expansion of the red shift of the-® band maximum of be near the basis set limit for van der Waals clusters of this
the pyrazine rr* transition as a function of ethane bulk density (see  type?28.29 The BSSE corrected binding energy at this basis set
<I):igure 4) at 35.0 (filled circles) and 55.0 (open circles with center dot) size is—2.42 kcal mot?, for which the counterpoise correction
c. decreases to 0.31 kcal mél Since the MP2 method probably
the presence of counterpoise for van der Waals clusters of thisoverestimates the binding energy for a dispersion dominated
type if high accuracy is required. The effects of BSSE on system of this type, it is likely that we have bracketed 1loe
geometry optimization are well-studied in hydrogen-bonded binding energy £1.65 to—2.42 kcal mot?).
system$3 and also studied in systems in which dispersion plays  Probe of Structure 1c Potential Surface One might expect
a large role# the pyrazine-ethane potential surface to be rather flat. We
Frequency calculations at the MP2/6-31tG(d,p) level for probed this surface by choosing a convenient coordinate within
refined structurelc and isolated pyrazine and ethane afforded refined structuréd.c and calculating the energy of the system as
vibrational zero-point energies (ZPE) of 95.63, 47.78, and 47.53 a function of pyrazineethane distance (Figure 12, see also
kcal mol1, respectively. The change in ZPE on formation of Supporting Information, Table 1S) and rotation of ethane with
1c(AZPE) is therefore 0.31 kcal mdl. This gives an estimated  respect to pyrazine at the bottom of thepotential well (Figure
AH° of formation for 1c of —1.34 kcal mot™. The frequency 13, see also Supporting Information, Table 2S). The convenient
calculation forlcalso allowed identification of a low-frequency  coordinate is a line defined by C4 of pyrazine and H10 of ethane
vibrational mode (62.72 cm) that corresponds to a pyrazine (arbitrary labels assigned by Gaussian03 input files). The line
ethane intermolecular stretching vibration. We also calculated defined by these two atomsl & 3.54624 A) is very nearly
the single-point energy of the refined structdieat the MP2 perpendicular (9& 1°) to the pyrazine plane. Variation in €4
level of theory with a large basis set (aug-cc-pVQZ) known to H10 distance from about t9 A with all other parameters

density (g cm'a)
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HI10 axis (Figure 13) is bimodal; the magnitude of the red shift
3;5‘ approximately doubles at the two dihedral angles in which the
C7—H10 bond of ethane eclipses an-I8 bond (dihedral 9
BT and a C-C bond (dihedral 1248 of pyrazine. The ra* shift
Q‘- even moves slightly to the blue-(3.2 cnT?), but not at dihedral
c4 .\ angles for which a hydrogen of ethane is in close proximity to
N the region occupied by a nitrogen lone pair. Rather, this blue-
EE shift region corresponds to rotamers that have the smallest
overlap between ethane and the pyrazirsystem and in which
S0 the ethane is most remote from nitrogen atoms. At this early
_@ stage in our exploration of the pyrazinethane potential
B 0 ’G). __@' i surface, we can conclude that the structure has access to many
- N ) O ground-state geometries whoseat shifts range from about
" 5N | —67.7 to+13.2 cnTl. We predict a population maximum at a
shift of —27.3 cnt?, the 1c potential minimum. Given the
experimentally observed-0 band broadening with increasing
ethane density (see Figures 2 and 4), this is not surprising.
7 , Structure4 for pyrazine and four ethanes (see Figure 10)
'. CD @ reveals that perhaps there is adequate room for two additional
r g ) ethanes in the pyrazine primary solvation sphere where their
g ) ,' @ 4 interactions with the pyrazine system could induce continued
o Y & shift to the red. Beyond six ethanes, it would seem that additions
to the primary solvation sphere would not have much of an
effect on the r-z* transition. Indeed, an ethane bulk density
of about 0.2 g cm?® (at 35.0°C) is qualitatively the point at
dihedral angle (degrees) which the rate of change in shift with respect to density seems
Figure 13. Energy and calculated-n* shift of 1c as a function of 0 diminish markedly (see Figure 6). We suggest that continued
full 360° rotation about the CZH10—C4—N1 dihedral angle. Open  red shift in the higher density regime from 0.3 to 0.4 g énis
circles indicate energy as a function of rotation of ethane with respect not the result of a long-range continuum effect. Rather, it may
to fixed pyrazine at the bottom of tHe potential well. Filled circles be the result of constrictida of the primary solvation sphere,
indicate shift in calgulatedﬁn* transition relative to isolated pyrazine  \yhich is a consequence of populating the secondary, tertiary,
as a function of this rotation. and higher solvation shells. The red shift is very sensitive to
compression of the pyrazireethane intermolecular distance;
a mere 0.5 A compression doubles the magnitude.

e
g
-
:
(,wo) wys

E (keal mol™)

-180 -120 60 0 60 120 180

held constant gave calculated binding energies (MP2/6-313-
(d,p), counterpoise corrected) that show behavior consistent with
a typical intermolecular potential (Figure 12). This attractive
potential well extends nearly 6 A. We defined a dihedral angle
(45.23) for rotation of ethane with respect to pyrazine that  We predict supercritical ethane bulk densities at which the
includes the intermolecular line €410 and incorporates C7  pyrazine primary solvation sphere is populated by an average

Conclusion

of ethane and N1 of pyrazine (Figure 13). A full 36®@tation of one, two, three, and four ethanes using a combined
about this C#H10—-C4—N1 dihedral angle with all other  experimental and quantum chemical approach. Low-temperature
parameters held constant gave binding energies (MP2/6-8GE supersonic expansion détdor pyrazine-ethane clusters lend

(d,p), counterpoise corrected) that reveal the shallowness of thecredence to our predictions. We further suggest that the
1c potential well. All geometries achieved by rotation about continued r-z* shift to the red at higher density is the result
the C4-H10 axis are attractive. About two-thirds of this of primary solvation sphere compression, and not the result of
rotational surface is very flat, and the binding energy varies a long-range continuum effect. Simulations based on accurate
between—0.85 and—1.06 kcal mot™. The remaining one-third  potentials for pyrazineethane and etharethane interactions
of this rotational surface includes the potential minimum for will allow confirmation or rejection of our bulk density
1c and is approximately symmetrical with respect to this predictions. If confirmed, simulations will also afford informa-

minimum. Rotation from a dihedral of about’ Go 125 tion on the width of these average number density predictions.
corresponds to structures in which the ethane is poised above This combined experimental and quantum chemical approach
the pyrazine plane for maximal interaction with thesystem.  to characterize the elusive local density in the highly compress-
Figures 12 and 13 also depict our TDDFT/B3LYP/6- ible region of supercritical fluids may prove general. If so, it
311++G(d,p) results, in terms of calculated-n* transition can be applied to test systems that might include unimolecular
shift relative to isolated pyrazine, for each of the structures photochemical reactions. Eventually, we may apply this ap-
obtained by variation in C4H10 distance and CYH10—C4— proach to more challenging bimolecular reactions that require

N1 dihedral angle. We thereby probed the sensitivity of the shift higher reactant concentrations, for which the phase behavior
to change in intermolecular distance and rotation withinlthe = can no longer be approximated as that of the pure fluid. The
potential well. Compression of the intermolecular distance ultimate goal is to understand solute behavior in supercritical
(Figure 12) from the potential minimum to the point at which fluids well enough that they may be used as tools to probe
the interaction becomes repulsive results in a near doubling of solvent effects.

the magnitude of the red shift. Increase in the intermolecular

distance from the potential minimum at about 3.5 At0 9.0 A Acknowledgment. We are grateful to Professors R.
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MP2/6-311+G(d,p) energies and excited-state TDDFT/B3LYP/
6-311++G(d,p) singlet r-z* transition energies for structure
1cas a function of pyrazineethane distance; calculated ground-
state MP2/6-311++G(d,p) energies and excited-state TDDFT/
B3LYP/6-311-+G(d,p) singlet r-* transition energies for
structurelcas a function of 360rotation of ethane with respect
to pyrazine. This material is available free of charge via the
Internet at http://pubs.acs.org.

References and Notes

(1) Cramer, C. J.; Truhlar, D. GChem. Re. 1999 99, 2161-2200.

(2) Mennucci, B.J. Am. Chem. So@002 124, 1506-1515.

(3) Reichardt, CSobents and Selent Effects in Organic Chemistry
3rd ed.; Wiley-VCH: Wenheim, Germany, 2003.

(4) Hrnjez, B. J.; Mehta, A. J.; Fox, M. A.; Johnston, K. R.Am.
Chem. Soc1989 111, 2662-2666.

(5) Tucker, S. CChem. Re. 1999 99, 391-418.

(6) Kajimoto, O.Chem. Re. 1999 99, 355-389.

(7) Zhou, S.J. Phys. Chem. B005 109, 7522-7528.

(8) Lalanne, P.; Tassaing, Y.; Danten, F.; Cansell, S. C.; Tucker, S.
C

C.; Besnard, MJ. Phys. Chem. 2004 108 2617-2624.
(9) Jitariu, L. C.; Masters, A. J.; Hillier, I. HJ. Chem. Phys2004

121, 7795-7802.

(10) saito, K.; Kajiya, D.; Nishikawa, KI. Am. Chem. So2004 126,
422—-423.

(11) Kometani, N.; Takemiya, K.; Yonezawa, Y.; Amita, F.; Kajimoto,
O. Chem. Phys. Let2004 85—89.

(12) Song, W.; Maroncelli, MChem. Phys. LetR003 378 410-419.

(13) Yamaguchi, T.; Kimura, Y.; Nakahara, Nl. Phys. Chem. B002
106, 9126-9134.

(14) Patel, N.; Biswas, R.; Maroncelli, M. Phys. Chem. B002 106,
7096-7114.

(15) Parsons, D. F.; Boone, B. |.; Jessop, P. G.; Tucker, $.&lpercrit.
Fluids 2002 24, 173-181.

(16) Lewis, J. E.; Biswas, R.; Robinson, A. G.; Maroncelli, MPhys.
Chem. B2001, 3306-3318.

(17) Maddox, M. W.; Goodyear, G.; Tucker, S. €.Phys. Chem. B
200Q 104, 6248-6257.

(18) Nishikawa, K.; Morita, TChem. Phys. LetR00Q 316, 238—242.

(19) Song, W.; Biswas, R.; Maroncelli, M. Phys. Chem. 2000 104,
6924-6939.

(20) Tucker, S. C.; Maddox, M. W.. Phys. Chem. B998 102, 2437
2453.

(21) Mgller, C.; Plesset, M. 2hys. Re 1934 46, 618-622.

(22) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P.
J. Comput. Cheml983 4, 294-301.

(23) Bauernschmitt, R.; Ahlrichs, Rhem. Phys. Letl996 256, 454—
464.

(24) Becke, A. D.J. Chem. Physl993 98, 5648-5652.

(25) Weber, P.; Reimers, J. R. Phys. Chem. A999 103 9821-
9829.

(26) Boys, S. F.; Bernardi, AViol. Phys.197Q 553-561.

J. Phys. Chem. A, Vol. 109, No. 45, 20080231

(27) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.10.Chem. Phys.
1992 96, 6796-6806.

(28) Dunning, T. H., JrJ. Phys. Chem. R200Q 104, 9062-9080.

(29) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe,X.
Am. Chem. So00Q 122, 3746-3753.

(30) Wheatly, P. JActa Crystallogr.1957 10, 182—-187.

(31) Cradock, S.; Liescheski, P. B.; Rankin, D. W. H.; Robertson, H.
E.J. Am. Chem. S0d.988 110, 2758-2763.

(32) Baba, H.; Goodman, L.; Valenti, P. . Am. Chem. Sod.966
88, 5410-5415.

(33) Bolovinos, A.; Tsekeris, P.; Philis, J. P.; Pantos, E.; Andritsopoulos,
G. J. Mol. Spectrosc1984 103 240-256.

(34) Innes, K. K.; Ross, I. G.; Moomaw, W. B. Mol. Spectroscl988
132 492-544.

(35) Wanna, J.; Bernstein, E. B. Chem. Phys1986 84, 927-935.

(36) Holroyd, R. A.; Nishikawa, M.; Itoh, KJ. Phys. Chem. BR00Q
104, 11585-11590.

(37) Lindstrom, L.; Rowe, C.; Guilford, TProc. R. Soc. London B001,
268 159-162.

(38) Pophristic, V.; Goodman, INature2001, 411, 565-568.

(39) Jayachandran, J. P.; Wheeler, C.; Eason, B. C.; Liotta, C. L.; Eckert,
C. A. J. Supercrit. Fluids2002 27, 179-186.

(40) Jessop, P. G.; Brown, R. A.; Yamakawa, M.; Xiao, J.; Ikariya, T.;
Kitamura, M.; Tucker, S. C.; Noyori, R. Supercrit. Fluid2002 24, 161—
172.

(41) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
1987, 87, 5968-5975.

(42) Friend, D. G.; Ingram, H.; Ely, J. B. Phys. Chem. Ref. Dai®91,

20, 275-347.

(43) See: http://webbook.nist.gov/chemistry/.

(44) Spartan04or Macintosh and Windows; Wavefunction, Inc.: Irvine,
A

(45) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian0O3Revision C.02; Gaussian, Inc.: Wallingford CT, 2004.

(46) Ransil, B. JJ. Chem. Physl1961, 34, 2109-2118.

(47) Rowley, R. L.; Yang, Y.; Pakkanen, T. A. Chem. Phys2001,

114, 6058-6067.

(48) Myers, A. B.; Birge, R. RJ. Chem. Phys198Q 73, 5314-5321.

(49) Myers, A. B.Annu. Re. Phys. Chem1998 49, 267—295.

(50) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M. Chem. Phys.

. 2004 120, 647—-659.

(51) Tsuzuki, S.; Uchimaru, M.; Mikami, M.; Tanabe, &.Phys. Chem.
A 1998 102 2091-2094.

(52) Manjari, S. R.; Kim, H. JJ. Chem. Phys2005 123 in press.

(53) Simon, S.; Bertran, J.; Sodupe, W.Phys. Chem. 2001, 105
4359-4364.

(54) Tarakeshwar, P.; Kim, K. S.; Kraka, E.; CremerJDChem. Phys.
2001, 115 6018-6029.



