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The nuclear shielding for both tH&l and*°F nuclei of CHF and CHE was investigated as a function of
pressure and temperature. The density region investigated extended from low, gaslike conditions to study
pairwise intermolecular interactions to high, liquidlike densities to study multibody effects on nuclear shielding.
The temperature range was from 30 to P& Neat samples of CiF and CHFE, along with CQ mixtures

of these fluorocarbons, were investigatedHyand*°F high-pressure NMR. Molecular dynamics simulations
were undertaken to describe the pair-distribution functions for both the neat samples and mixtures to aid in
the interpretation of théH and*°F nuclear shielding determined from high-pressure NMR. The NMR spectra

of the neat fluoromethanes and their O@ixtures suggest that there are no distinct or specific interactions
between the fluoromethanes and £d that as the temperature increases the multibody effects play less of

a role in nuclear shielding.

Introduction fluorine and CQ that contributed to the molecular relaxation
of this nuclei®

The nuclear shielding dH, 13C, and!®F has been extensively
studied during the past 2 decade& Nuclear shieldingg, of
the'H or *°F nucleus in a molecule can be described by a virial

In the gas-phase study of the intermolecular effects on nuclear
shielding, neat fluoromethanes and £G®olutions of the
fluoromethanes are compared to determine the role of any
specific CQ/F intermolecular interactions and their perturbation . .
on the nuclear shielding for fluorine. It has been hypothesized €XPansion in density as
from the measurement &fi and% chemical shifts ofi-hexane

— 2
and perfluoroa-hexane dissolved in supercritical g@at the o(T,p) = 0o(T) + 04(T) p+ 0x(T) " + ... @)
chemical-shift behavior suggests a specific sohgelvent ) o oo i
interaction between CQand the fluorinated compourdAb whereay is the rovibrational shielding of an isolated molecule

initio calculations by Cece et &lshowed an enhanced interac- @t @ temperaturel, oy is due to pairwise intermolecular
tion of CO, molecules with GFs, in which the positively interactions, and is dye to higher ordermultlbodylntera}ctlons.
charged carbon on the G@nolecule intercalated between the If one neglects the h|gher order terms, then the experimentally
two negatively charged fluorine atoms of safgmolecule. The measured _che_m|cal shift of the nucledscan be related to the
carbon dioxide molecule was slightly tilted to allow one of the nuclear shielding as

oxygen atoms to interact with the positively charged carbon

backbone of the hexafluoroethane. Later comments on these —0(T) = (o(T.p) = 0o(T) = () p @
calculations brought into question the use of a restricted
Hartree-Fock level of calculatiod.Diep et al? revisited the

ab initio calculation of the interaction between £é&hd small
fluorocarbons and hydrocarbons. They reported slightly larger
binding energies for the Cfhydrocarbon complex than for the
COy/perfluorocarbon complex. Spectroscopic investigations of
CO; in ethane and perfluoroethane using infrared spectroscopy
by Yee et aP reported no specific intermolecular interaction
between CQ@ and fluorine over the pressure and temperature
range investigated. The measurement &, H, and 2H

relaxation times of perfluorobenzene, benzene, and perdeute- o .
. . pertiuor . P whereog represents shielding changes resulting from the bulk
riobenzene in carbon dioxide over a wide range of solvent

o ) . : o ? magnetic susceptibility of the solvemty is the contribution to
condiitions failed to identify any specific interaction between shielding from pairwise van der Waals interactions of the solute

* To whom correspondence should be addressed. E-mail: clem.yonker@and solvent molecules, is due to the magnetic anisotropy of
pnl.gov. the solvent molecule, anek is the shielding effects from the

In eq 2, the chemical shift has as its reference the isolated
molecule, and by definition the nuclear shielding and the
chemical shift are of opposite sign when measured with respect
to the same reference.

The higher order terms in eq 1 can be ignored at low
densities® The pairwise shielding effectsy;, can then be
expanded into its constituent contributions as

0,=0gt+ 0oy + 0,+ 0g=0g + 0y 3)
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local electric fields generated near the nucleus of interest by
the neighboring solvent molecules. With the exclusion of the
og term, the other contributions can be grouped into a single
term, o110, @and these two terms represent the pairwise contribu-
tions to the nuclear shielding. Under the assumption dhgt

is pairwise additive, the local shielding for a nucleus on molecule
i can be written as

Na

o oc(i) = 0 air(Th T') (4)
Pa01 ]Z p j

whereN, is the total number of molecules of type Ay is the
corresponding number density, is a generalized coordinate
describing the location and orientation of moleculandopair
describes the shielding interaction between a pair of molecules.
If eq 4 is averaged over all configurations of the solvent, it
becomes

i Tj

010di) = [ Opail Ty ) G(x (5)

whereG(z;, 7j) is the pair-distribution function describing the
relative probabilities of finding two molecules at locations
andr;. For low values of density, this equation can be simplified
further to

) dt;

Upair(ri- Tj)) d

KT (©)

Op1l) = fapair(fia Tj) ex;{—
whereUpq; is the pair interaction energy. Unfortunately, from
either eq 5 or 6 it can be seen that it is impossible to deconvolute
information about the local interactions from a single measure-
ment of the shielding, especially if the details of the pair-
shielding function,opai, are unknowr:® However, it can be
seen that a dependency of the local shieldiog., on
thermodynamic conditions can only enter in through the pair-
distribution functionG(z;, 7j), because the pair-shielding function
is independent of temperature. Thus, large chang€Xin ;)
should lead to large changes in the shielding, and this can
provide a point of contact between shielding measurements
obtained by NMR and pair-distribution functions obtained from
molecular dynamics simulations. Equations 5 and 6 are only
applicable for neat solutions. For a mixture, they need to be
modified as

j

ix /- Pa
ioci) = mfaﬁgr(fia 7)) Gaa(7i, 7)) drj +

B
O

ﬁf (7, 7)) Gag(mi, ) drj (7)
where the subscripts and superscripts refer to AA and AB pairs.
Under the assumption that}. is the experimental shielding

of a fluorine atom measured in a fluoromethanef@@xture

and oo is the experimental shielding measured for the same
fluorine atom in a neat fluoromethane solution, the shielding
due to the interaction between the fluorine atom and the CO
molecules in the mixturesy,,, is

neat

mi.
w _ 91loc ~ XFM91loc

Olloc =

®)

Xco,

whereyem andyco, are the mole fractions of the fluoromethane
and CQ, respectively. Thusgy,, can be thought of as the
shielding that would occur at infinite dilution in a mixture. The
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use of eq 8 is appropriate in the low-density regime, where eq
6 applies and the7lo. anda}a values are relatively insensitive
to variations in the density.

The reason for the greatly enhanced solubility of perfluori-
nated compounds in Gs compared to that in hydrocarbons
remains undeterminéd.For this reason, the NMR chemical
shifts of fluoromethane and trifluoromethane as neat solutions
and dissolved in C@were explored in detaitH and*°F nuclear
shielding at low pressures over a wide range of temperatures
should be sensitive to pairwise interactions between the solvent
molecule and the fluoromethane. As previously mentioned, the
extraction ofopa from experimental shielding data is a difficult
task. This is unfortunate, because an experimentally measured
opair Would play an important role in identifying specific pairwise
interactions between G@nd fluorine in solution from relatively
simple NMR experiments. As stated earlier, changes in the
pairwise distribution function should lead to changes in shield-
ing, which can be correlated with measurements obtained by
NMR. Therefore, molecular dynamics calculations will be used
to probe the local environment around selected nuclei in solution
using potentials based on ab initio calculations of the intermo-
lecular potential-energy surfaces developed for the fluorometh-
ane serie’$ and a model for C@available in the literaturé?-21
Simulations of both the neat GHand CHFE liquids as well as
solutions with CQ will be performed to obtain the pair-
distribution functions between different atomic sites on the
molecules. The results of these simulations will be directly
compared with the experimental shielding measurements to
obtain a more fundamental molecular-level insight into interac-
tions in solution and in particular the extent of any specific
interaction between fluorine and carbon dioxide.

Experimental Section

High-Pressure NMR. Fluoromethane (99%) and trifluoro-
methane (98 %) were obtained from Fluorochem and were used
without further purification. CQ (SFC grade, Scott Specialty
Gases) mixtures with these gases were made and stored in a
high-pressure, low-volume vessel. The experimental high-
pressure setup and pump have been described previgidsly.
Because of sensitivity issues at the low-pressure range inves-
tigated,~100-800 psi, a large inner diameter capillary (324
um id. x 435um o.d.) was used as the NMR cell in these
measurements. The experimental system was evacuated before
filling the capillary with the solution to be investigated. For
the neat solutions of fluoromethane and trifluoromethane, the
capillary NMR cell was filled directly from a syringe pump
(Isco model 260D), whereas the @Golutions of these
molecules were loaded from the high-pressure, low-volume
autoclave at room temperature. At constant temperature, the
system pressure was adjusted by starting at the highest pressure
investigated, usually-800 psi, and then releasing pressure to a
lower value. Therefore, the current experiments were run at
constant temperature and constant mole fraction while the
density was changed, as compared to the earlier effotfsn
which the density was held constant while the temperature was
varied. Densities for the neat fluoromethanes and theip CO
solutions were calculated using the modified Beneelebb—

Rubin equation of state from the National Institute of Standards
and Technology (NIST) Standard Reference Databagé D3

mole fraction of the fluoromethanes in the €6€blution was
between~0.15 and 0.25 for the two molecules investigated.
All spectra were acquired on a Varian (VXR-300) 300 MHz
pulsed NMR spectrometer with a 7.04 T superconducting
magnet. The pressure was measured using a Heise gauge with
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TABLE 1: Coefficients Used To Calculate the Pairwise TABLE 3: Experimental H ¢ and ogﬁ)ag (ppm cm? mol—2)
Additive Potentials Needed in the Molecular Dynamics Values for Neat CHsF and CHF; as a Function of
Simulations Temperature
A2 By ° temp (C + neat 4 g o g
atom  ((kcalmolf2A)  ((kcalmolf®A)  g(lel) P (©) nzo - CHO;'“ toe = 7
3
Cer, 3.367 3.590 0.651 30.0 50.6£2.6  —24.047.2  —159+35
Ferr, 2.640 2.237 —0.233 60.0 53.0+ 0.6  —21.6+38
Hewr; 1712 0.000 0.048 90.0 56.60.6  —18.0+3.8
Corir 3.285 2.760 0.339 120.0 62.3:0.6  —12.3+3.9
Fenr 2.482 2.610 —0.330 150.0 60911  —13.7+509
Hergr 1.857 1.492 —0.003 N
Cco, 2.464 2.181 0.596 HCHR
Oco, 2.912 2.813 —0.298 30.0 107.6- 1.2 —-5.1+3.3 —24.3+2.1
60.0 106.6+ 2.3 —6.1+4.9
TABLE 2: Conditions for the Molecular Dynamics 90.0 106.2£ 0.8 —6.5+2.8
Simulations 120.0 108.6+ 1.0 —-4.1+3.0
150.0 105.4+ 1.2 —7.3+3.3
system New2 Nco,” Nsteps
aThe o} values displayed in Table 3 are calculated using the
8ﬂz:zlcoz 1%) 75 288 888 molar bulk 0r1c1agnetic susceptibility reported by Smith and Ra¥/foes
CHE 100 200 000 ease of comparisonm, for CHzF is —17.8+ 0.8 ppm cm mol~?, and
CHR/CO, 15 85 1000 000 ym for CHF; is —26.9 ppm cri molL. ® Experimental value reported

by Smith and Raynes at ZC.°
aNgyv is the number of fluoromethane molecules used in the

simulation.” Neo, is the number of C@ molecules used in the ot e plot of the chemical shift versus density for the specific

simulation. L - - .

o ) nuclei in the molecule of interest as shown in ef Erom this
a precision ott5 psi. The temperature was controllec£0.1 slope, upon correction for the bulk molar magnetic susceptibility
K, using the air bath controller on the NMR spectrometer. of the solvent, one can obtain... In a superconducting magnet,

Molecular Dynamics Simulations.The molecular dynamics . js —4/37y,.. whereyn, is the bulk molar magnetic susceptibil-
simulations were based on pairwise additive potentials of the ity: therefore,o1oc = 01 — (—¥x1ym). Raynes et al:1° have

form

made compilations ofH offa and doy/dT, the variation with

A, B 0,0 temperature of the intercept of the plot of the chemical shift
o) =7~ 5+ bl —re) +— () versus density, for various neat hydrocarbon molecules, whereas
Ti i I Jameson et @16 have reportedF ofra and do¢/dT values

wherer; is the distance between atonandj, A; andB; are for numerous neat fluorocarbon molecules. Tables 3 and 4 list
! neat

coefficients associated with the particular atom pajrandby; oi(slope) andbyyg; values determined in this study for botH

are constants chosen so that the interaction energy and the forc@nd**F nuclear shielding of CkF and CHF as a function of

due to the first two terms vanishes at the cutoff distange ~ temperature. The wide literature range reported for affg

andq are the partial charges associated with each of the atomicvalues is due to experimental error and the variance reported

sites. Beyond the cutoff distance, only the Coulomb term for ym values used in the calculation og. In Table 3, the'H

contributes to the interaction. Each distinct atoimthe system o7, value of —24.0 7.2 ppm cm mol~* for CHsF at 30°C

is assigned a set of parametégs Bj, andq. The coefficients compares well with the literature values for gHwhich range

A;j and B can then be obtained from the mixing ruldg = from —15.9 to—27 ppm cnd mol~1,° whereas the value of5.1

(AiAj)Y2 and B = (B;iBj)*2 Atoms on the same molecule do =+ 3.3 ppm crd mol~! determined foH o} of CHF; at 30

not interact with each other. The parameters for the fluo- °Cis higher than the literature values, which range fro#.3

romethane molecules were developed from ab initio calculations to —35.4 ppm crd mol~1.° This discrepancy could be due to

of the intermolecular potential-energy surfaces of the fluo- the way in which Smith and Raynes calculated the density for

romethane dimer$ and the parameters for G@ere taken from CHFs3, which was based on an ideal gas assumption. At room

the literaturet®=2! These are summarized in Table 1. temperature, where the earlier reported experimental measure-
All simulations consisted of a total of 100 molecules. The ments were made, this is very close to the critical temperature

simulations of CHF and CQ contained 25 molecules of GH for CHF; of 26.1°C. Because Smith and Raynes did not report

and 75 molecules of CQwhereas the simulations of ChIF  their pressure range, it could be that an ideal gas assumption

and CQ contained 15 molecules of CHE&nd 85 molecules of ~ was not valid, and thus their density values are in error for £HF

CO,. The equations of motion were integrated using a three- which contributes to the difference in the values reported in

point gear predictéf with a time step of 2.5 fs, and a variant  Table 3 for the'H o} of CHFs. In Table 4, thé%F o} value

of the SHAKE algorithm® was used to maintain the internal  for CHF; of —150.1 ppm crfy mol~ compares well with the

geometry of the molecules. The long-range Coulomb interactionsijiterature valué whereas thé%F o) value for CHF appears

were handled using the Ewald summation technique, and thejower than the literature value of307.1 ppm cri mol!

temperature was maintained using velocity scaling. The simula- reported by Jameson et’&l2” Earlier work by Meinzer reports
tions were run for different lengths of time depending on the g 19 52t \51ye for CHF of —451.2 ppm cri mol~1.28 Our

system; all simulations were run for long enough periods that 19 Onealt":lcalue for CHF of —518.0 ppm crimol~L compares

repeatable pair-distribution functions could be obtained. A ¢, Loc

i . . o . . : rably with this value.
complete list of simulation conditions is provided in Table 2. Figure 1 shows a typical plot of the experimeritichemical

shift in CHsF versus density at constant temperature for the five

temperatures investigated. By convention, nuclear shielding
High-Pressure NMR. The shielding termg;, due to pairwise increases as the chemical shift decreases; thereforé-the

interactions can be determined experimentally from the slope values reported in Table 3 are positive. Smith and Raynes have

Results and Discussion
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TABLE 4: Experimental 1 ¢; and o} (ppm cm? mol~?) A
Values for Neat CHsF and CHF3 as a Function of
Temperature g 814
temp €C) oto o+ o2 o+ oP S e
1F CHeF & ’BM////
300  —4296+83  —5180+7.3  —307.1+40 S s o -
60.0 —380.7£11.9  —469.1+10.2 —_ e
90.0 —326.5£1.6  —414.9+7.0 8
120.0 —312.8+ 1.7 —401.2+ 7.2 g
150.0 —299.0+ 1.2 —387.4£ 6.9 2z
9 CHE, O 822 e °®
30.0 —31.6+1.5 —150.1+ 5.6 —152.4+ 15 ¢
60.0 —21.1£05 —139.6+ 3.3 '82*1]000 o Thlo
90.0 —19.0+1.0 —137.5+ 4.4 ’ ’ 3 ’
120.0 -18.1+2.2 —136.6+ 6.7 Molar Density (mol/cm’)

aThe o) values displayed in Table 4 are calculated using the bulk Figure 2. Plots of**F chemical shift (ppm) versus molar density (mol/

molar magnetic susceptibility reported by Jameson &t fal: ease of cnr) for CHR; at temperatures of 3@®), 60 ©), 90 @), and 120°C
comparisonym for CHzF is —21.1 ppm crd mol™%, andym for CHFR; @.
is —28.3 ppm crd mol~. ® Experimental value reported by Jameson

o 15 . .
etal. at 27°C. conducted, where constant density data was collected (varying

temperature) and then converted through least-squares analysis
into constant temperature as a function of density.
The intramolecular effect offF nuclear shielding in CkF
and CHFE; can be determined from the rovibrational change in
the molecule as a function of temperature extrapolated to zero
density. They intercept of a plot of chemical shift versus density
representsy, the contribution to shielding from the rovibrational
state of an isolated molecule at that specific temperature.
Jameson et al. have reportaey/oT values for both ChF and
CHFs, which are—1.515x 103 and—4.75 x 1073 ppm K1,
respectively:315The doo/dT values determined from the current
experimental effort for CgF and CHE are —3.22 + 0.13 x
56 : , , : 103 and —5.55 4 0.18 x 1073 ppm K1, respectively. The
0000 o0 000 e 0003 shielding of the!%F nuclei changes within the molecule at higher
Molar Density (mol/cm”) temperatures because of the increase of the averageb®nd
Figure 1. Plots of'H chemical shift (opm) versus molar density (mol ~ |€ngth as the molecule populates higher energy rovibrational
cmd) for CHsF at temperatures of 3@§, 60 ©), 90 @), 120 (), and states. As anticipated, tleo/0T values determined for the GO
150°C (a). mixtures were the same as those for the neat solvents.
The main contributions to the pairwise intermolecular interac-
reported a trend of increasiAl o1 with increasing temperature  tions for nuclear shieldingyre, of both CHF and CHFE; are
for CHsF° Becausgm is independent of temperature, the change oy and oe. Because both molecules have large dipole mo-
in nuclear shielding for CkF with increasing temperature  ments?° the electric field produced at tH&F nucleus from the
reflects a decrease in the pairwise intermolecular interactions, nearby solvent molecules is most likely the dominant contribu-
which results in an increase in the electron density about thetion to shielding,oe. These pairwise interactions should be
'H nuclei, thus producing an increase in shielding. Pairwise sensitive to any specific interactions between the fluorine
intermolecular interactions for botfH- and °F-containing nucleus and the perturbing solvent molecule. Furthermore, the
molecules have been shown to be deshielding in nature. Forinvestigation of the binary solutions, GIGHsF and CQ/CHFs,
CHFs, H 01 shows a negligible temperature dependence, could prove important in determining the role of a potential
because the slope is dominated day COy,/F effect that could alter the nuclear shielding of the fluorine
Figure 2 is a plot of thé®F chemical shift versus molar  nucleus. Table 5 lists the experimentdF o, o andof,
density for CHR. The 'F chemical shift increases with  values for CQ/CHsF and CQICHF; at the temperatures
increasing density, which is reflective of a decrease in the inyestigated o), should reflect any interaction between the
nuclear shielding of the fluorine nucleus as has been reporteds|yorine atom and the COmolecules in the mixture at infinite
by Jameson et &f.1° for other fluorinated compounds. Once  gjlution. For both mixtures, there are only minor differences
again, by convention, nuclear shielding increases as the Chem'cabetweenogﬁfg and o=, which is consistent with Cand the

shift decreases; thrig;:'fore, tH& owvalues reported in Table 4 foromethanes having comparable shielding. The similarity in
are negative. They,; values listed in Table 4 become more the shielding suggests that there are no distinct interactions

positive with increasing temperature in a manner similar to that petween the fluoromethanes and £O

reported for théH ojp values, which is indicative of pairwise These experimental studies were in the single-phase region
intermolecular interactions being less important at high tem- for the different solutions, as is evident by the lack of a liquid-
peratures. The' s value for CHR; at 30°C is comparable to  phase NMR spectrum in the capillary c&\hereas the higher
the value reported by Jameson et al. af@7%215In contrast to order multibody effects could only be investigated by going to
this, theo’r value for CHF at 30°C is more negative than  higher pressures (densities). Figure 3 shows a plot ofthe
that reported by Jameson et al. atZ71®> The reason for this chemical shift normalized by the zero-density intercept as a

discrepancy could lie in the way the earlier experiments were function of density for CHE(in this case an increase én— g

7.0

6.8 4

Chemical Shift (ppm)
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=273

TABLE 5: Experimental F g3, ofi, and 5, (opm cm3
mol~1) Values for CO,/CH3F and CO,/CHF3 as a Function
of Temperature = 2
temp (C) oo o+ g2 O £ O° S s |
19F CO,/CHsF E |
30.0 —442.9+ 1.9 —530.3+ 11.9 —534.4 %
60.0 —381.3+ 3.7 —468.7+ 5.9 —468.6 R —
90.0 —-330.6£1.7  —418.0+5.4 -419.0 8
120.0 —305.6+ 2.5 —393.0+£ 5.6 —390.3 g Ll
150.0 —278.4+5.0 —365.8+ 7.0 —358.6 ,g
19 COJ/CHF, © ]
30.0 —-387+11  —133.7+6.9 -130.8
888 :ggii é% :1%22; ;g :iggg .28%.000 o.(;os o.(;]o 0.1;15 0.620 0.025
120.0 -27.940.8  —1229+7.1 -120.5 Molar Density (mol/cm’)

mix

2 0150c IS determined from &, value of the mixture based on the
mole fraction of the two componentso?,,. is determined from eq 8.

Figure 4. Plot of the'®F chemical shift versus molar density for the
CHsF molecule at temperatures of 3®@)(and 150°C (O). The dashed
line is the linear regression of all of the high-density chemical-shift
data for the temperatures investigated.

2.0

* which supports a similar conclusion by Jameson and Janiéson.
o5~ CHF, —= " g® The other temperatures behaved in a similar manner, with the
L) difference between the two extrapolations decreasing as a
o function of temperature, as shown in Figure 4 for the 160
. data. The experimental chemical shift demonstrates that as the
10 - - temperature increases the multibody effects play less of a role
4 in nuclear shielding, as readily demonstrated by the°*Th@ata.

(o The behavior of thé®F shielding of the CkF molecule as a
03 1 4 function of density and temperature is dependent on the change

Chemical Shift (§ — c,) (ppm)

0.0

0.00

T
0.01

0.02

in energy (temperature) and packing effects (density). In the
gaslike region at constant density (0.6D004 mol cnd),
increasing temperature increases the average kinetic energy and

free rotational motion of the molecule. This manifests itself
through sequential changes in the chemical shift with temper-
ature, which is not seen at the higher densities. At high density
(>0.01 mol cnd), the packing fraction increases and the solution
structure becomes that of the liquid structure.

Molecular Dynamics Simulations. Molecular dynamics
simulations were used to determine the pair-distribution func-
is indicative of an increase in nuclear shielding). The solid line tions between different atomic sites on the fluoromethanes for
in Figure 3 represents the contribution from the bulk molar both the neat and the G@luoromethane solutions. The pair-
magnetic susceptibility to the overall change iid nuclear distribution functions are of interest both as local probes of the
shielding. The bulk contribution makes=a90% contribution environment around a given atom because of the solvent and
to the nuclear shielding over the density range studied. because the pair-distribution functid@®(r;) is related to the

Of interest is the deviation from the bulk molar magnetic potential of mean forcew;(r;j), via the expression
susceptibility for théH chemical shifts of CHEat high density
shown in Figure 3; this could be a manifestation of multibody G;i(rj) = exp[=w;(r;)/kgT]
interactions under these conditions. However, because of the
dominance of the bulk molar magnetic susceptibility on the The potential of mean force can be loosely thought of as the
measured chemical shift, it is difficult to assess the role of effective potential between two siteandj when the effects of
multibody interactions. To investigate this trend furth¥f thermal motion and the surrounding solvent have been accounted
chemical shifts were measured for gfHto higher densities  for. Equation 10 suggests that significant changes in the pair-
using a 18Qum i.d. capillary NMR cell. Figure 4 plots th€F distribution function can be interpreted as changes in the
chemical shifts for ChF at the two temperatures of 30 and effective interaction between different atomic sites. Interestingly,
150°C. At high densities¥0.01 mol cnd), all of the chemical- the pair distributions between different sites on the fluo-
shift data at the various temperatures were linear-regressed andomethane molecules show almost no change on going from
extrapolated back to zero density. The dashed line in Figure 4the neat to the C@fluoromethane solution. This is true for both
is the linear least-squares fit for all of the high-density data (only CHzF and CHE and also appears to be true at different
the 30 and 150C data points are shown for clarity). If one temperatures. A comparison of the-C, F—F, and H-F pair-
focuses on the chemical shifts for 3G in Figure 4, thereisa  distribution functions between different atomic sites onzEH
large difference between the two extrapolations, the first for both neat CHF and the C@QCHsF mixture at 30°C is shown
extrapolation being from low to high density and the second in parts A and B of Figure 5, respectively. Although the pair-
extrapolation from high to low density. The difference is distribution functions for the mixture are a little noisier because
physically meaningful at high densities and represents the effectof poorer statistics, the results are otherwise comparable. Similar
of multibody interactions on thé® chemical shift. These results were obtained for CHRand for both systems at 150
multibody interactions at high density are shielding in nature, °C. Returning to eq 5, this suggests that the pair-distribution

Molar Density (mol/cm3)

Figure 3. Plot of *H chemical shift (ppm) normalized by the zero-
density interceptd — oo) for CHF; as a function of molar density at
temperatures of 308), 60 ©), 90 @), 120 @), and 150°C (a). The
solid line is the contribution from the bulk molar magnetic susceptibility
for CHFs.

(10)
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5

Pair Distribution Function

Pair Distribution Function

Radial Distance (A)

Figure 5. Pair-distribution functions for (A) neat GH and (B) CHF/
CQO, at 30°C. The C-C, F—F, F—H, F—C, and F-O pair-distributions
functions are shown.

functions are relatively insensitive to changes in composition

and density, and therefore the system is represented by eq 6 in

the low-density regime. Experimentally, this implies thai.
for the system at a given temperature and composition is
relatively insensitive to density (no higher order density terms;
see eq 1). This is supported by the linear behavior of the
experimental chemical shifts with density as seen in Figures 1
and 2.

However, the simulations show that temperature has a very
large effect on the pair distributions for the gfHsystems and
a much smaller, but still noticeable, effect on the Gldfstem.
They also show that the fluid around the atoms ingEi$ much
more highly structured than that around GHFhe C-C, F—F,
and H-F pair-distribution functions for neat GH at 150°C
are shown in Figure 6. These can be compared to the
corresponding pair-distribution functions at 3D in Figure 5A.
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Pair Distribution Function

Radial Distance (A)

Figure 6. Pair-distribution function of CkF at 150°C. The C-C,
F—F, and FH pair-distribution functions are shown.
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Figure 7. Pair-distribution function of neat CHFat (A) 30 and (B)

Note that all peaks have dropped considerably in magnitude at150°c. The G-C, F—F, and F-H pair-distribution functions are shown.

150°C. The pair-distribution functions between the fluorine and
the carbon and oxygen atoms on £@—F and F-0O) in the
CGO,/CH3F mixture also show substantial structure af@Qsee
Figure 5B), which largely disappears at 150 (not shown).
The corresponding pair-distribution functions for neat GldE

30 and 150°C are shown in parts A and B of Figure 7,
respectively. Except for the -©@C pair-distribution function,
these pair-distribution functions show little structure. There is

significantly more structure around the @M molecule in
solution than the CHfFmolecule, and this structure is rapidly
destroyed as the temperature is raised. This suggests that the
chemical shifts in the CHF systems should vary significantly
beyond what can be directly accounted for by differences in
the bulk molar magnetic susceptibility of the system because
of changes in composition and density as shown in Figure 4.

a slight drop in the functions at short distances as the temperature Through a comparison of Figures 5A and 7A, it can be seen

is increased but nothing comparable to that seen fosFCHhe
C—F and F-O pair-distribution functions for the GZCHR;
mixture exhibit similar behavior. There is little structure in the
pair-distribution functions for C&@CHF; at 30 °C, and this

that the fluoromethanes do not appear to be strongly hydrogen-
bonding liquids. The HF pair-distribution functions for both
systems are relatively weakly structured, although theFCH
system is more structured than that of GHFhe peak at 2.7 A

decreases slightly as the temperature is raised. Overall, there isn the H—F pair-distribution function for CkF is probably due
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to hydrogen bonding between the H and F atoms, and the weakfunctions for CHE showed only minor changes with temper-
secondary peak at 4.0 A is probably a weak correlation betweenature, which is consistent with the temperature behavior for both
the non-hydrogen-bonding hydrogens on the donor moleculethe experimental chemical shift andfa for this molecule.
and the fluorine atom on the acceptor molecule. There is no The simulations do not support any strong interaction between
structure for short distances in the—f pair distribution of atom pairs, either in the neat solvent or in the mixtures. Overall,
CHF;, suggesting a complete absence of hydrogen bonding inthis effort helps confirm the lack of specific Gfuorine inter-

this system. The fact that both systems appear to be weakactions in solution. It remains to be determined what the mech-
hydrogen bonders indicates that the dominant interactions mayanism of enhanced solubility of fluorinated compounds in,CO
be mostly steric in nature. This is also suggested by the factis.

that the pair-distribution functions between fluorine and the

carbon and oxygen on GGn the CHF/CO, mixture are very Acknowledgment. Work at the Pacific Northwest National
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