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The '°F, 'H, and?H relaxation times of perfluorobenzene, benzene, and perdeuteriobenzene were measured
in carbon dioxide using capillary high-pressure NMR spectroscopy. The pressure range for the measurement
of the °F, 'H, and?H nuclear relaxation times was between 400 and 2300 atm over a temperature range of
298—-423 K. The density regime of the solvent, carbon dioxide, over these conditions was between 0.55 and
1.27 g/cmi. Over this wide range of solvent conditions, the contributions to the molecular relaxation processes
for both 'H and !°F in CO, were determined. These conditions were chosen to address the occurrence of

specific molecular interactions between £&hd fluorine. From the comparison of the relaxation processes
for 1F and'H in CO,, especially at high densities, any interaction between fluorine and carbon dioxide
should be prevalent. No specific interaction between fluorine angdd@Xributing to the molecular relaxation

of these nuclei was noted over the temperature and pressure range investigated in this study.

Introduction

The interaction between fluorine and supercritical Gas

carbons and hydrocarbons. They concluded that Harfreek
calculations, using flexible basis sets, failed to demonstrate
appreciable binding for the geometries studied. Using MPS

been under speculation since the determination of e”hancedmethods (many-body perturbation theory) with flexible basis

solubility of fluorinated compounds in this solvérY.ee, Fulton,

and SmitR studied the intermolecular interactions between
supercritical CQ, ethane, and perfluoroethane by infrared
spectroscopy. They reported no specific intermolecular interac-
tion between C@and fluorine over the range of conditions

investigated. The change in the observed frequency shifts of

the v, bending mode of C@in perfluoroethane and ethane led
to the postulate that CQOs more repulsive to perfluoroethane
than ethane. They concluded that the enhanced solubility of
fluorinated compounds in CQvas due to the highly repulsive
fluorocarbon/fluorocarbon interaction, which favors solute/
solvent interactions over solute/solute interactions. In 1996,
Hartree-Fock calculations were performed by Cece et il.
which a favorable interaction energy of 0-78.80 kcal/mol for
each C@molecule in the first solvent shell was reported. Their
calculations showed a clustering of €@olecules around £,

with the positively charged CQOntercalated between the two
negatively charged fluorine atoms; there was minimal interaction
between C@and the hydrocarbon molecules. These computa-
tions purportedly identified differences between the interaction
of hydrocarbon and fluorocarbon molecules with £@hich
could help explain the solubility differences for these molecular
classes in supercritical GOA comment on these calculations
by Han and Jeorfgorought into question the use of a restricted
Hartree-Fock level of calculation. They demonstrated that with
the use of basis-set superposition error (BSSE) correction in
the calculation there was no binding between the two sets of
molecules. Recently, Diep et akevisited the HartreeFock
calculation of the interaction between g@nd small fluoro-

sets and corrections for BSSE gave binding energies ranging
from —0.79 to —1.17 kcal/mol for the cluster geometries
investigated. They reported slightly larger binding energies for
the CQ/hydrocarbon complex than for the @@erfluorocarbon
complex. This is in direct contrast to the earlier work of Cece
et al® Dardin, DeSimone, and Samul8kivestigated the proton
and fluorine NMR chemical shifts af-hexane and perfluoro-
n-hexane in CQas a function of pressure and temperature. They
studied the nuclear shielding difference between the two
molecules taking into account the change in bulk magnetic
susceptibility of the C@solvent with density. On the basis of
their investigations, they concluded that the excess nuclear
shielding effects determined in th& studies, as compared to
the bulk magnetic susceptibility dominatéd NMR findings,
demonstrated specific intermolecular interactions between CO
and fluorine.

NMR relaxation measurements provide information about the
rotational reorientation and spatial reorientation (translational
motion) of molecules in solution. The relaxation rate of pure
perfluorobenzene has been reported as a function of temperature
from 253 K to above the critical temperature of 516.7 Ksahi
and Nakamur@have recently reported the relaxation times and
self-diffusion coefficients for liquid and supercritical benzene
at four densities: 0.101, 0.154, 0.250, and 0.302 §/over a
temperature range of 29%50 K. Kobayashi et &.and
Ludemann et al° have reported the relaxation times and the
self-diffusion coefficients for carbon dioxide as a function of
pressure and temperature (22860K and 16-2000 bar). To
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date, there have been no reported relaxation studies of CO composed of contributions from the various relaxation times
solutions of hydrocarbons and fluorocarbons that could reveal (T;) due to dipole/dipole interactions (DD), spinotation
some important insights into the question of specific FO interactions (SR), quadrupolar interactions (Q), chemical shift
interactions. anisotropy (CSA), and scalar coupling (SC).

In this study, measurement of tig values of perfluoroben-
zene, benzene, and perdeuteriobenzene ind3@ function of R = 1M, = 1T,°° + 115R+ 1m0 + 1m,“%* +
pressure and temperature is investigated to address the role of 1T.5¢ 1)
potential CQ/F intermolecular interactions in solution. The !

perfluorobenzene molecule haa 6-fold symmetry axis for  Thege represent the more common nuclear relaxation processes
in-plane rotation and &, symmetry axis of tumbling about  gncountered in liquids and gases. These magnetic interactions,
the molec_ular plan_e. While it was impossible in this investigation DD, SR, CSA, and SC, and magnetic/electric field interactions
to determine the difference between the two types of molecular gy will contribute to different degrees in the reequilibration of
motion, specific interactions between @Pwould be antici-  he nyclei after excitation by the rf field pulse. The goal of this
pated to impact on the molecular rotational reorientation as investigation was to study the relaxation’8F, IH, and2H on
determined byl; measurements. The pressure range for both 5 siandard carbon backbone (benzene) to determine the effect
the 1F and'H nuclear relaxation rates in solution is between ot hressure and temperature on the different relaxation processes
400 and 2300 atm over a temperature range of-2888 K. and to qualitatively describe any G/B interactions and their
The density range of the solvent, carbon dioxide, over these gttect on molecular relaxation. Any solvent/solute interaction
conditions was between 0.55 and 1.27 gicithese investiga-  ghould be similar between GCand benzene, perdeuterio-
tions should probe any potential Gi© interaction over a wide benzene, or perfluorobenzenexcept for any specific CEZF
range of temperatures, pressures, and density. interactions. It is hypothesized th@if measurements of such
solvent/solute combinations at similar pressures and tempera-
tures could distinguish any potential @O interactions.
Perfluorobenzene, perdeuteriobenzene, and benzene (Aldrich The DD relaxation mechanism is a combination of both
Chemical Co.) were freezgpumped-thawed and loaded into  intramolecular and intermolecular processes. A detailed account
a high-pressure extraction vessel maintained under an inertof the derivation ofT; from the various intermolecular and
atmosphere. The extraction vessel was then attached to a highintramolecular dipole/dipole interactions has been described by
pressure syringe pump and connected to the high-pressure fuseBloembergen, Purcell, and PouktThe intramolecular relax-
silica capillary NMR cell. The capillary was 10@m i.d. by ation process is governed by the angular reorientation of the
360um o.d. The experimental setup and high-pressure pump vector connecting the spitt, nuclei—in this case eithetH or
have been described previoushi2 The whole experimental 19 in benzene or perfluorobenzene. The relaxation rate is
system was evacuated before filling with €The capillary ] 42 s
NMR cell was filled from the extraction vessel containing 1/T,(DD-intra) = (9/10)y AT y_py) 7 2)
perfluorobenzene, perdeuteriobenzene, or benzene in equilibrium ) ] ]
with liquid CO, at room temperature. The mole fraction of the 7 iS the magnetogyric ratio for the proton (5F), i is Planck’s
solute in the C@solution was~0.10 for the three molecules ~ constant overz2, r- is the proton/proton distance in benzene
investigated. The solution in the extraction vessel was then (Or fluorine/fluorine distance in perfluorobenzene), ani$ the
transported into the capillary NMR cell by opening a high- rotational correlation time of_ the moIecuIe_. All the_se m(_)lecules
pressure valve at the end of the capillary. Once the capillary have aCg symmetry axis for |r_1-plane rotational orientation and
was filled from the extraction cell, the extraction cell was & Cz Symmetry axis of tumbling about the molecular plane. It
isolated from the system and the high-pressure pump. A hand-S impossible from this investigation to determlne the dlfference
operated high-pressure syringe pump (HIP, Inc.) was then usedbetween thes_e two types of molecular motion. The intermo-
to adjust the C@solution pressure in the high-pressure capillary 'ecular relaxation process has a complex dependence on angular
NMR cell. A standard inversion recovery pulse sequente+4 posmon.and spatial reorientation. This has.been S|mpl|f|ed by
180°P—7—90°) was used to measure the spiattice relaxation expressing thg dependgnce of the relaxation rate in terms of
times. The 90 pulses were 22.3, 26.5, and 23 for H, 2H, the self-diffusion coefficient()
and 1°F, respectively. Thé; values were determined from a .
nonlinear least-squares fit to the exponential magnetization 1/T,(DD-inter) = (3ﬂ/10)N0yH4h2/aD 3)
recovery. The relative repr ibility of the m rement w. . .
5 8% for heltt, 1. anch“F nucle. Al spectra were acquired . HereNo's the number density (number of moleculesTyand
on a Varian (VXR-300) 300 MHz pulsed NMR spectrometer ais the d_|stance_of closest_approach of the nucle_|. .
with a 7.04 T superconducting magnet. A spectral resolution The spin-rotation rela>§at|on process pgcomes important in
between 2 and 4 Hz was maintained over the pressure andgasesl(l)r supercritical fluids at low densities and high temper-
temperature range studied. Pressure was measured using glures: This relaxation rate is expressed as
calibrated pressure transducer (Precise Sensors, Inc.) with a
precision of£0.7 atm. Temperature was controlled40.1 K
using the air bath controller on the NMR spectrometer.

Experimental Section

UT(SR)= CI)kTR 21(2c” + ¢ A1y (4)

where | is the moment of inertia for the moleculd, is
Boltzmann'’s constant] is temperatureg are the spir-rotation
coupling constants, ang is the angular momentum correlation
Spin—lattice relaxation of a molecule is governed by its time for the molecule. The spitrotation relaxation rate is
interactions with the surrounding solvent bath through complex greater fol%F as compared t#H, because the moment of inertia
processes, some of which are composed of internal reorientationand the coupling constants are larger for perfluorobenzdne.
spatial translation, and changes in angular momentum. Theshould be noted that; and . have opposite dependence on
spin—lattice relaxation rateRia) can be described as being temperature; as temperature increasefecreases, whereas,

Results and Discussion
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increases. The density dependence is also opposite, at high

density/low temperatures; is long, andr; is short, while for

high temperatures/low density; is short andr; long. In fact,

for liquids 73 < 7, such that spirrotation does not play a role

in relaxation. These quite different correlation times reflect the

difference in molecular motions and dynamics of solution.
The quadrupolar relaxation mechanism is the dominant

process for nuclei with spins of> 1/, such as deuterium (here

| is the spin quantum number). Quadrupolar relaxation efficiency

is determined by the magnitude of the nuclear quadrupole and

the electric field gradient at the nucleus. This interaction is
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modulated by molecular rotation in a similar manner as for
dipole/dipole relaxation. The quadrupolar relaxation rate is

25 25

UT,(Q) = (37710)(A + 3/(1%(21 — 1)L+ n3)’r, (5)

20 20

whereys is the measure of asymmetry of the quadrupolar nuclei
and y is the nuclear quadrupole coupling constant (which is

the product of the electric field gradient and the nuclear

quadrupole moment). To determine the quadrupole coupling
constant, the free-rotor correlation time was calculated from gas
kinetic theory and inserted into eq 5 fay
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Figure 1. Plot of the relaxation timeT() in seconds for benzene in
where I is the perpendicular component of the moment of CO: versus CQdensity at the temperatures of (A) 303 K, (B) 323 K,
inertia for the GDs molecule!r The quadrupole coupling (C) 343 K, and (D) 363 K. The symbol size represents the error for
. . . . the data.
constant estimated using the free-rotor correlation time, re-
gressed from the experimental data at 423 K, assumirg 1,
was 202 kHz. Green and Powles reported a value of 172 kHz
and Ripmeester et &t.reported a value of 184 3 kHz. Our
value is reasonable when compared to these reported values
Using the standard expression for CSA, the chemical shift
anisotropy for crystalline g is Ac = 155 ppm and a rotational
correlation time of~1.0 ps, the relaxation rate was determined
to be ~0.000 15 s!, which can be ignoret? The other
relaxation process, SC, was assumed to play a negligible role
in molecular relaxation for the CGsolution.

The experimental relaxation times for benzene and perfluo-
robenzene in C&® as a function of density at the various
temperatures investigated, are shown in Figurest.1The
density of the solution was assumed equal to the @énsity
for a specific temperature and pressure and was interpolated
from reported value¥ In Figures 1 and 2, the relaxation time
for benzene in C@®from 303 to 423 K and~380 to ~2200
atm are plotted against G@ensity. The general trends in the
plot of T; for benzene in C@are that at high densities the
relaxation times converge for the different temperatures, and
overall there is a small temperature effect at constant density
(prevalent in the mid-density region) for the reporfad/alues.

In Figures 3 and 4, the relaxation time for perfluorobenzene in
CO;, is plotted against COdensity over a similar range of
tg(r)nzp;rr:tgiﬁiIZ?da?rﬁiZiurdeén?ilieeg(teégS\/;?L:epsez:fcl)un?/reorgin;ﬁge Iq:igure 2. Plot of the_ relaxation timeTy) in seconds for benzene in

’ CO; versus CQdensity at the temperatures of (E) 383 K, (F) 403 K,
there appears to be a small temperature dependence at constaghd (G) 423 K. The symbol size represents the error for the data.
density in the low-density region.

There have been relaxation time measurements reported inthe liquid phase in the two-phase region in Figure 5. At low
the literature for pure liquid perfluorobenzene and pure liquid temperatures thd; values appear to converge for the two
benzene at different temperatures, and also at different densitiesnolecules. The variation at higher temperatures is due to the
for benzen€:® These studies investigated tfig value for the difference in the relaxation mechanism for the two molecules.
liquid phase of the molecule in the vapor/liquid equilibrium For benzene, the relaxation mechanism is dominated by DD
region as a function of temperature below the critical temper- relaxation at higher temperature, while for perfluorobenzene,
ature. Asahi and Nakamuraeport T, values for supercritical ~ the relaxation mechanism is dominated by SR relaxation over
benzene at low densities. The values for pure perfluoroben-  this temperature range. As was mentioned aboy@ndz; have
zene and benzene as a function of temperature are shown foopposite dependence on temperature: as temperature increases,
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Figure 3. Plot of the relaxation timeT) in seconds for perfluoro-

benzene in C@versus CQdensity at the temperatures of (A) 297 K,

(B) 318 K, (C) 338 K, and (D) 358 K. The symbol size represents the
error for the data.
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Figure 4. Plot of the relaxation timeTg) in seconds for perfluoroben-
zene in CQversus CQdensity at the temperatures of: (E) 378 K, (F)
398 K, and (G) 423 K. The symbol size represents the error for the
data.
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Figure 6. Plot of the relaxation timeT) in seconds for benzene in
CO; (303 K (O) and 423 K @)), perfluorobenzene in C297 K Q)
and 423 K ®)), and perdeuteriobenzene in €303 K (2) and 423
K (a)) versus CQ density.

benzene and perfluorobenzene. Spiotation relaxation does
indeed become important for benzene near its critical temper-
ature’

It is interesting to note the absolute difference inThealues
reported in Figure 5 and those shown in Figuregt1For the
CO;, solvent system, th&; values for both gHs and GFs are
lower than the pure liquids; this is particularly true for benzene.
The decrease iff; could be due to the solvation interaction
between C@and the two solute molecules. Both €énd the
two solute molecules have appreciable electric quadrupole
momentst” which could contribute to a C&benzene or C&
perfluorobenzene solution interaction and a faster relaxation
time. A more valid comparison between Figure 5 and Figures
1—4 would be under constant density conditions, but the two-
phase liquid experiments do not lend themselves to such an
analysis.

Figure 6 is a plot of the relaxation time for benzene,
perfluorobenzene, and perdeuteriobenzene at the temperature
extremes {303 and 423 K) as a function of G@ensity. This
plot clarifies the behavior seen in Figures4. One can see
that at high density th&@; values for both gHs and GFs are

depends on angular position. Also one has to consider the largerthe same within experimental error. Thg value for GDs is

moment of inertia and the greater spimtation coupling

much smaller than for the other two molecules due to the

constants for the perfluorobenzene molecule (see eq 4) asquadrupole relaxation process. At constant,Giensity for

compared to benzene. Therefore, spiotation relaxation is

benzene there is a large temperature effect when compared to

dominant for perfluorobenzene at higher temperatures, while C¢Dg or CsFs. The Ty evidence implies that there is a general

at low temperatures dipole/dipole relaxation is dominant for both

interaction for both benzene and perfluorobenzene with, CO
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but there is no suggestion of a specific £Binteraction that chosen experimental conditions, looking at egs 2, 3, and 7a at
perturbs molecular relaxation on the time scale of these constant density as temperature increag®&sncreases, and
experiments. One would anticipate that a specificEO  viscosity decreases. Therefore, at constant density as temperature
interaction would be predominant at high £€@ensities as the  increases, T1(DD-inter) would increase and the rotational
packing density increases and the intermolecular distancecorrelation coefficient would decrease slightly such th@bD-
decreases. But, at the densities investigated bgfth &d GHe intra) would increase. At constant temperature, as density
have the same relaxation time in €O increasesNp increasesP decreases, and viscosity increases,
For dipole/dipole relaxation at high densities the increased and therefore,T1(DD-inter) decreases andi(DD-intra) de-
viscosity would contribute to an increase in the rotational creases. At high densities for all temperatures of benzene in
correlation timeg, and a decrease in the diffusion coefficient; CO, investigated, the relaxation time appears to be dominated

both of these factors would contribute to a decreasg(bD). by T,(DD-inter) as the diffusion coefficient becomes smaller
This can be seen from the Debye equation, which relates themuch more rapidly in the highly compressed solvent than
viscosity to the rotational correlation time increases, bul;(DD-intra) appears dominant for all tempera-
tures at lower densities. Similar behavior is seen for perfluoro-
1, = 4ra’nl(KT) (7a) benzene in C@at low temperatures. At high temperatures, the

spin—rotation relaxation process becomes dominant at low
and the StokesEinstein equation (using a slip assumption equal densities and1(SR) decreases. At high density for all temper-

to 4) which relates viscosity to the diffusion coefficient atures investigated, perfluorobenzene’s relaxation time appears
to be dominated by (DD-inter) as the diffusion coefficient
D = kT/(4man) (7b) becomes smaller much more rapidly in the highly compressed
solvent tharr increases, but for the higher temperatuig&SR)
wherea is the molecular radius angthe viscosity? It is difficult appears to dominant at low densities.

to determine which of the dipole/dipole relaxation mechanisms  In summary, at low temperatures for both benzene and
(intermolecular or intramolecular) is dominant at high densities perfluorobenzene, the spitattice relaxation mechanism appears
from an inspection of eqs 7a and 7b. This will be addressed in dominated by dipole/dipole interactions. Perfluorobenzene has
the next section. a larger moment of inertia and larger spimtation coupling

The different relaxation mechanisms can be calculated basedconstants than benzene which become important at low densities/
on egs 2-4 using the rotational correlation time, diffusion high temperatures where the spirtation relaxation mecha-
coefficients, angular momentum correlation time, moments of nism dominates. One might anticipate that based solely on a
inertia, and spirrotation coupling constants for the molecules. free-rotor argument (see eq 6) at constant dernEifpD-intra)
From the experimental relaxation timé&g(Q)) for CsDg in CO, for benzene should be larger than perfluorobenzene due to its
over a similar pressure and temperature range as investigatedmaller moment of inertia. In a comparable manner at constant
for benzene and perfluorobenzene, one can calculate thedensity, Ti(DD-inter) for benzene should be larger than per-
rotational correlation time for these conditions using eq 5. Since fluorobenzene due to benzene’s larger diffusion coefficient under
the quadrupole relaxation process is dependent on the rotationakimilar experimental conditions, while for most of the experi-
correlation time (angular position), this is the same parameter mental data, th&; value for benzene is larger than thegvalue
as inTy (DD-intra). ThereforeTy(DD-intra) can be calculated  for perfluorobenzene at constant density (see Figure 4). This is
from eq 2 for both GHs and GFs over the pressure and not the case at the lower temperature/high density, where the
temperature range investigated using the determjnedue of T, values for the two compounds in G@re similar.
202 kHz. The self-diffusion coefficients for both G@nd If the relaxation mechanism is a thermally activated process
benzene have been determined over a narrow range of pressurghan the activation energy can be expressed as
and temperatur&:1° These values can serve as a guide in the

calculation ofT1(DD-inter) from eq 3, as the benzene molecule T, =T, exp(—E/RT) 9)
should diffuse faster than its self-diffusion coefficient, but slower
than the self-diffusion coefficient of CQOn solution. The spir where E, is the activation energy an@ is the gas constant.

rotation contribution was calculated using the following rela- Plotting InT; against reciprocal temperature as in Figure 7, one
tionship between the angular momentum correlation time, can determine the activation energy from the slope. The values

and the rotational correlation timeg"° for benzene in C@at ~1100 atm and~2100 atm are 0.90 and
0.89 kcal/mol, respectively. The activation energy determined
7.7, = 1/(6KT) (8) for pure liquid benzene in the two-phase region was 2.48 kcal/

mol.2 The activation energy for & was not determined due

This relationship is valid only at liquid densities and was to its nonlinear behavior with temperature, except for the few
assumed valid for the densities studied in this investigation. As values at low temperatures. The effect of the spitation
shown in Figure 6, the spifrotation relaxation mechanism relaxation mechanism of, can be seen in Figure 7. At1100
appears only in g for the experimental conditions investi- atm, theT; values for GFs are collinear with benzene at low
gated. The rotational correlation time, for CsDg was used in temperatures/high density. As temperature increases and density
eq 8 to determiner; for CgFs. Therefore, the spinrotation decreases the spimotation mechanism dominates the relaxation
relaxation time could be calculated using eq 4, from the angular process and decreasés as compared to benzene. The same
momentum correlation time, the moment of inetfi@nd the behavior is seen at2100 atm, except the collinear region for
estimated spirrotation coupling constants based on benZene. CgFs extends to high temperatures. This is due to the higher
The influence of the individual relaxation processes to the initial density at this pressure, where the spiatation relaxation
overall relaxation mechanism can be calculated and comparedmechanism becomes dominant at densitiesl.1 g/cn?. This
with the experimental values. is similar to theT; data shown for the pure compounds in Figure

If one compares the two dominant relaxation processes for 5, where at low temperatures/high densities of the liquid in the
benzene in Cg@ Ty(DD-inter) and Ty(DD-intra), under the two-phase region th&; values become comparablé.
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versus temperature in GOncluded for comparison is Iii; for pure
liquid benzene®) in the two-phase region over a similar temperature
range?

Conclusions

The measurement of thig values for benzene, perfluoroben-

zene, and perdeuteriobenzene under similar experimental condi

tions of temperature and pressure in £olutions has been
used to gain insight into the molecular level interaction o,CO
with these compounds. Of particular interest was the determi-
nation if any specific molecular interactions between &0
could be identified from the study of the solution dynamics of
these solute molecules in G@sing high-pressure NMR. It was

hypothesized that at high pressure/high density the specific

interaction postulated to occur betweenG@d fluorine should

be more prevalent and this interaction could alter the relaxation

Yonker

for this series of solute molecules as the molecular reorientation
correlation time in eq 5 is the same as the molecular reorientation
correlation time in eq 2. For benzene the dipole/dipole intramo-
lecular relaxation time calculated from eq 2, which is a function
of the time dependence of the angle coordinates of the vector
connecting the spitf, nuclei on the same molecule, is dominant
throughout most of the density range. At higher densities for
benzene, the dipole/dipole intermolecular relaxation mechanism
(relaxation time calculated from eq 4), in which the vector
connecting the two spif/, nuclei on different molecules in
solution is time dependent, begins to play a more dominant role
in molecular relaxation as the diffusion coefficient changes. This
is similar to theT; results reported for methanol as a function
of pressure and temperatufe-or GsFs the relaxation mecha-
nisms are similar at low temperatures as compared to benzene.
At high temperatures, the spimotation relaxation mechanism
(relaxation time calculated from eq 5), which is caused when
the molecule rotates as the rotation of charge creates a magnetic
field at a point within the molecule, effects nuclear relaxation.
This relaxation process is dependent on the change in the angular
velocity of the molecule, which can be related to the number
of molecular collisions a molecule undergoes. At high temper-
ature/low density spinrotation becomes a major factor in

molecular relaxation as reported for benzene near its critical
temperaturé® and methanol! The difference between thHE
value for benzene and the marked decreasg for 1F at 423

K with decreasing density is due to spirotation relaxation.
19F is affected to a much greater degree thdrsince GFs has

a larger moment of inertia than benzehgd/Ic 1, = 5.6) and

the spinr-rotation coupling constants are larger ¥ than'H

and appear squared in eq 4.

In Figure 7, the Arrhenius plot off; for the thermally

rate/process of perfluorobenzene in solution as compared toactivated relaxation process at two pressures shows the nonlinear

benzene.

It is interesting to note the relative lack of a density
dependence on the relaxation time fgFgas shown in Figures
3 and 4. At density values 0.8 g/cn® the relaxation times were

behavior of GFs as a function of temperature. This is a result
of the dual relaxation mechanism prominent fof§; where

not only intramolecular dipole/dipole interactions play a role
but spin-rotation interactions become significant at high

very similar for the different temperatures investigated. Benzene t€mperatures and low density. There appears to be a specific
had a greater variation with temperature and density. Comparingdens'ty value (or narrow density range) over which the transition

Figures 15, one can see that G@Qas a large effect on the
value of benzene in solution. The relative decreas@&;ifor
benzene in C@as compared to pure liquid benzene in the two-

from dipole/dipole relaxation to spifrotation relaxation occurs.
This density value for both pressures shown in Figure~¢lisL
g/cm®. One would anticipate that the change in relaxation

phase region is quite dramatic. There is a similar decrease inmeéchanism would be most prevalent for solutions at lower

the Ty value of GFs in CO,, but it is not as large as that seen
for benzene. Th&; values for the solutes in G@pproach those

of the pure liquids in the two-phase region at low temperatures.
The decrease i, between the C&CgHg solution and pure
liquid benzene (two-phase region) is most likely due to
quadrupole/quadrupole interactions between the @Glecule
and the benzene molecule in solution. All three of these
molecules (CQ CgHs, and GFg) have electric quadrupole
moments” and quadrupole/quadrupole interactions should be
prevalent in solution. It appears that the solvation interactions
between benzene and ¢@re effective at reestablishing the
Boltzmann equilibria of the nuclei after excitation in the fluid
phase, which leads to the net reductionTintimes.

The effect of density is shown in Figure 6, where at high
densities/low temperatures the relaxation times for bajRs C
and GHe are similar. The relaxation time forgDg is shorter
than for the other two solute molecules due to quadrupolar
relaxation, which is the interaction between the nuclear quad-
rupole moment and the fluctuating electric field gradient at the
nucleus. Using €Dg allows one to separate the intermolecular
from the intramolecular dipole/dipole relaxation contributions

pressures where temperature can change density over a wider
range. This is the case forl100 atm where the deviation from
the CQ/benzene data is readily apparent at lower temperatures
than that seen at2100 atm. In both pressure cases, benzene
demonstrates linear behavior in the Arrhenius plot, which
confirms that a single relaxation mechanism is in operation for
this solution. Since at low temperature for both pressures the
T, values for the two different solutions merge, one could
extrapolate that the same relaxation mechanism is prevalent for
both molecules under these experimental conditions. The
activation energy for molecular relaxation in the £lé&nzene
solution is much smaller than that determined for pure benzene.
The activation energy for benzene (solid) is 4.1 kcal/Malhile
that determined for liquid benzene (two-phase region) over a
temperature range of 363123 K was 2.5 kcal/mdi,and the
activation energy for the Cfbenzene solution is 0.90 kcal/
mol, which represents a low barrier to rotation of benzene in
CO..

As apparent in these measurements of the relaxation times
for CgFs and GHe in CO, over similar pressures and temper-
atures, there is no experimental manifestation of a specific
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intermolecular interaction between ¢@nd fluorine. These (3) Cece, A.; Jureller, S. H.; Kerscher, J. L.; Moschner, KJ.FRhys.
interactions, if prevalent, would be expected to be seen in a Chem 1996 100, 7435.

change in relaxation rate or mechanism at high densities where (g) gizn’ \;KJO ﬂg;’]‘ngbﬂJ'omgncge”;'.ABgeii ;gﬁ 5;°j;h .
the intermolecular distance between the,@alecule and the Che(m). Amgé 1’62 2231 N o BLETYS
fluorine group would be the smallest and their potential specific () pardin, A.; DeSimone, J. M.; Samulski, E. J. Phys. Chem. B
interaction the greatest. It appears at these high densities,1998 102 1775.

solution viscosity dominates the relaxation process and the  (7) Green, D. K.; Powles, J. Groc. Phys. Socl965 85, 87.
relaxation time for boti9F and!H are the same. Thus, this 31(8) Asahi, N.; Nakamura, YBer. Bunsen-Ges. Phys. Chet97 101,
experimental effort supports the calculations of Diep étaaid ) . . :

the experimental efforts of Yee et&Overall, this effort helps — 5pp5) C o0 F 2603 J A Kobayashi, R Chem. Phys1992 97,
confirm the lack of a specific Cfluorine interaction for sub- (10) Gross, T.; Buchhauser, J.*demann, H.-DJ. Chem. Phys1998
and supercritical C@solutions, it still remains to be determined 109, 4518.

what is the mechanism of enhanced solubility of fluorinated  (11) Bai, S.; Yonker, C. RJ. Phys. Chem. A998 102, 8641.

compounds in C@ (12) Yonker, C. R.; Wallen, S. L.; Palmer, B. J.; Garrett, BJCPhys.
Chem. A1997, 101, 9564.
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