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Variable density and temperature studies of fluorine- 19 nuclear magnetic resonance spectra in the
title molecules reveal the effects of intermolecular interactions, quantitatively expressed as a
second virial coefficient of nuclear shielding o,(7") and the effects of rovibrational averaging,
expressed in terms of the temperature dependence of shielding in the molecules in the zero-
pressure limit o,(T"). The quantities are reported as quadratic functions of temperature and
compared with those of other molecules. In the four series of molecules: (a) CH,F, CF,H,, CF;H,
CF,; (b) CFCl,, CF,Cl,, CF,C], CF,; (c) CF,Cl,, CF,HCl, CF,H,; and (d) CFCl,, CFHCI,,
CFH,Cl, CFH;, |do,/dT | has been found to decrease with H substitution and increase with Cl

substitution. Gas-to-liquid shifts are also reported.

INTRODUCTION

The nuclear magnetic shielding of a nucleus in a mole-
culein the dilute gas phase is an average value which is deter-
mined by rovibrational averaging in independent molecules
as well as collisional averaging for pairs of interacting mole-
cules. Provided the density is sufficiently low, binary inter-
actions have dominant effects on shielding, resulting in an
observed nuclear resonance frequency which is linearly re-
lated to density. At higher densities the nonlinear terms in
the virial expansion of the nuclear magnetic shielding can
become important. Thus, the nuclear shielding in the gas
phase o{T,p) is as follows:

oATp) = 0olT) + oy(Tp + o Tho* + - -.

In our previous studies of the '°F nuclear shielding in
the gas phase, we have reported o T) and o( T} functions for
F in CF,, CH,F, CF,;H, and CF,Cl, among others.'* In
this paper we report the density and temperature coeflicients
of the nuclear magnetic shielding in related molecules which
form a series of compounds for which the effects of intermo-
lecular interactions and rovibrational averaging can be com-
pared. In so doing, we hope to have a better understanding of
these effects. We report here the oy(T") and o,{T) for the un-
derlined molecules in the following series:

CH,F, CH,F,, CF,H, and CF,, (a)
CFCl,, CF,Cl,, CF,C}, and CF,, (b)
CF,Cl,, CF,HC], CF,H,, (c)
CFCl,, CFHCI,, CFH,Cl, CFH,. d

Together with our previous results on the other molecules,
we now have complete o T) information for all members of
these four series of fluoromethanes (except for CFH,ClI).
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EXPERIMENT

19 F NMR spectra were taken at 84.7 MHz on a hybrid
spectrometer consisting of a Bruker HFX-90 high resolution
spectrometer and a Bruker B-KR 322 s pulsed spectrometer
with a common 18 in. electromagnet at a nominal field
strength of 21.15 kG and with rf-generating and pulse-gating
frequencies derived from a common clock. With the inclu-
sion of Nicolet 1080 data system, conventional pulsed Four-
ier transform spectra are acquired. Temperature regulation
of the 5 mm sample assembly (sealed gas sample tube togeth-
er with the lock substance toluene-d; in the annular region)
was provided by a Bruker B-ST 100/700 variable tempera-
ture system. This system has been calibrated and is found to
maintain a selected temperature to within + 0.2°,

The sealed gas samples, ~0.2 ml volume, of 3.9 mm
0.d., 2.2 mm i.d., 50 mm borosilicate tubing, are sufficiently
small to minimize temperature gradients across the sample.
Gases were obtained from Matheson and PCR Research
Chemicals. The CD; group of toluene-dg provides the field-
frequency lock. Toluene is an ideal lock substance in that it
has the widest liquid range (178 to 383 K) and the chemical
shift of the CD; signal with temperature is small and has
been previously determined relative to atomic Xe.’

The '°F nuclear resonance frequencies of four to eight
samples (densities 1-40 amagat) of each gas were obtained
from 380 K down to temperatures somewhat below the onset
of liquefaction, and only the frequencies of the all-gas sam-
ples were used for the determination of o,. The resonance
frequencies corresponding to data points below the conden-
sation temperatures for each sample were plotted together
and found to be coincident with the vapor curve obtained in
the separate gas-to-liquid shift determination on a single
sample. In the latter experiment, the sample was positioned
in the receiver coil so as to observe both vapor and liquid in
the same spectrum. In such an arrangement spinning side-
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FIG. 1. The densitites of the gas samples are chosen to be sufficiently low so
that at a given temperature the nuclear magnetic shielding is linearly depen-
dent on density, shown typically by '°F in CF,HCL. The slopes of these lines
give the value of o, at that temperature.

bands for the liquid complicate the spectrum. However, by
varying the spinning rate, the liquid (and vapor) resonance
frequencies could be determined without ambiguity. The lig-
uid signal was observed through lower temperatures, and the
equilibrium vapor signal through higher temperatures be-
yond the range in which both signals appear in the spectra.
The temperature for onset of liquefaction for each sample
was found to be consistent with the known equilibrium va-
por density curves of the title molecules.®®

RESULTS
Effects of intermolecular interactions

The effects of intermolecular interactions on nuclear
magnetic shielding are contained in the density dependent
part of the nuclear resonance frequencies. In this work, we
have studied these effects in two ways. First, we have mea-
sured the resonance frequencies in the dilute gas phase in
samples of various known densities. The densities are chosen
to be low enough so that only binary interactions contribute
to the shielding, giving a linear plot of resonance frequencies
vs densities at a given temperature. From these, we found
})’u_g(av/ dp)r- Second, we have measured the shielding differ-

ence between the neat liquid and the vapor in equilibrium
with it. In taking the difference at any given temperature, the
rovibrational averaging effects subtract out, provided that
the molecule undergoes the same rovibrational averaging in
the liquid phase as in the dilute gas phase, leaving only the
density dependent effects from binary and higher order in-
teractions. The advantage of the second type of measure-
ment is that one obtains frequency differences due to density
differences which are an order of magnitude larger than in
the all-gas-phase systems. The extent to which these data
(which include the effect of many-body interactions) can be
compared to data in the binary-interactions regime remains
to be seen.

Both the 0, = Lﬁg(&a/&p)r and the (0y;q — Ovap ) (T),

which we have measured for the '°F nuclei in the title mole-
cules, include uninteresting contributions due to bulk sus-
ceptibility. That part of the nuclear shielding experienced by
a nucleus in a molecule in a gas or liquid in a cylindrical
sample tube with the axis of the cylinder perpendicular to the

TABLE 1. The observed second virial coefficient of '°F nuclear magnetic shielding in various gases, ,(T) and (o, — 0, ) for interaction between like pairs of

molecules, in ppb/amagat.

Molecule T(K) 0(T) x (10~ %cm®/mol) oy, {0y —0y,)at 300K
CF,C1, 330-380 — (21.71 4 1.69) + 6.69 X 10~3(T-300) —52.2F —4.88 —16.8

CFCl, 350-380 —(21.26 + 1.74} —58.67° —5.48 — 15.8 (at 350)
CF,HCl 300-380 —({17.16 + 0.89) —38.6 —361 136

CFHCIl, 350-380 —(25.17 £ 1.35) —48.8f —456 —21.6

CF,H, 300-380 —{ 7.06 + 1.06) —24.5" —-229 —48

CFH, 280-380 —(15.70 + 1.8) + 2.62 X 10~ *(T-300)® —21.1¢ —197 —-137

CF;H 240-380 —( 9.40 4 0.67) + 4.00X 10~ ¥ T-300)° —28.3° —2.64 — 6.8

CF, 270-410 —(11.55 £ 0.31f 3100 —290 —8.65

CF,Cl 220-380 —(19.93 + 1.8) 4 3.65 X 10~ %(T-300) —45.3f —423 —15.70

*Reference 2. This is a corrected value.
® Reference 4.
°Reference 1.

¢ Calculated from Pascal constants, in good agreement with — 20.8 X 10~ cm?/mol calculated with Haberditzl’s method by Beran and Kevan (Ref. 13).

L. Petrakis and H. J. Bernstein, J. Chem. Phys. 37, 2731 (1962).

fExperimental values: G. Foex, Tables de Constantes et Donnees Numerique I Constantes Selectionees Diamagnetisme et Paramagnetisme (Masson et Cie,
pe

Paris, 1957).
8C. J. Jameson and A. K. Jameson, J. Chem. Phys. (to be published).

b Calculated from Pascal constants, in good agreement with — 24.8 X 10~ cm?/mol calculated with Haberditzl's method by Beran and Kevan (Ref. 13).
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FIG. 2. The resonance frequencies of both the liquid phase and the vapor in
equilibrium with it can be measured from the same spectrum. A typical
result is shown here for CF,HCI. The functional forms of liquid and vapor
curves such as these are given in Table II.

magnetic field is given by 2y /3) p, where y is the molecular
magnetic susceptibility.

The typical all-gas data from which we obtain o, are
shown in Fig. 1. The resonance frequencies vs density plots
are linear and their slopes give a measure of o,. The molecu-
lar magnetic susceptibilities for these molecules have been
used to obtain the bulk susceptibility contribution to o,, and
by difference, the pair-interaction contribution to o,, i.e.,
(01—, ). These are compared with values for related mole-
cules in Table I. The measured value of o, was nearly con-
stant over the entire temperature range for several gases.A
definite temperature dependence was observed for o, only in
CF,Cl,, |o,| decreases with increasing temperature. This is
the usually observed trend for all other *F nuclei for which
o, (T') has been measured.®

The simultaneous observation of the '°F resonance in
the liquid and the vapor in equilibrium with it results in
curves such as those shown in Fig. 2 for CF,HCI. For all the
systems studied here, the resonance frequency of a nucleus in
the liquid phase has basically the same behavior with tem-
perature: It is characterized by negative first and second de-
rivatives of frequency with temperature. The resonance fre-
quency decreases with increasing temperature due primarily
to the decrease in density upon expansion of the liquid. This
is consistent with the decrease of the resonance frequency
with decreasing sample density observed in the all-gas sam-
ples (as in Fig. 1). On the other hand, the equilibrium vapor
curves are characterized by positive first and second deriva-
tives of frequency with temperature. The resonance frequen-
cy increases with increasing temperature, primarily due to
the increase in vapor density with the exponential increase in

TABLE I Temperature dependence of **F nuclear resonance in the liquid phase and in the vapor in equilibrium with it. The experimental data can be adequately described by the following functions valid only in the

To)? (Hz); (Orig — Ovar)(T) =0+ (T — To) + (T — To)? (ppm). The gas-to-

= vy10{To) + @ T — To) + ax{T — To) (Hz); vwar(T) = vyap(To) + by(T — To) + by{T —

liquid shifts due to bulk susceptibilities are shown in the same functional form,

temperature ranges indicated: vy ;o(T)
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for the same range of temperatures.

vl vyap(TE (Ori0 — OvarNT) Bulk susc. contrib (ppm")
3, 10°a, T(K) b, 10%, T(K) co 10%, 10%, dy 107, 104,

T(K)

T, (K)

Molecule

+0.29

+ 043

— 1.146
—1.207
— 1.064
— 1.345

+ 0.84
—1.023

+2.62

—5.154
— 5.994
—4.140

—5.972
—-3.172

277-327
310-370

+ 1.311 +4.78

270-330

—233
—1.43
—34
— 131
—2.67

—0.904
—0.350
—0.940
—0.307
—0.758

236-327

300
340
300
300

280

CFE,Cl,
CECl,

+0.08

+0.29

+ 0.51

+ 191

+292

+1.27

+ 1119
+ 0.848
+ 0.480

311-380
237-335

258-370

+0.16

+0.48

+ 1.24

+2.43

237-321

+7.10

207-321

CF,HCI
CFH(l,
CF,H,

+ 0.08

+0.27

+0.15

+1.36

280-345

280-380

227-342

220-300

+0.13

+ 0.40

+ 1.08

+1.53

230-300

+4.30

232-300

*These have not been corrected for the slight temperature dependence of the lock substance, toluene-dy, which is known (Ref. 5).

for CF,HC, CFHCl,, CF,Cl,, CFCl,, Ref. 7 for CFHCl,, CFCL,, and Ref. 8 for

® Calculated by (27/3)y | pLiq — Pvap {T) using y values given in Table 1, liquid and vapor densities from Landolt-Bornstein (Ref. 6)

CFH,.
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FIG. 3. The measured gas-to-liquid shifts (o1L1g — Ovap) (T) shown above
are represented as quadratic functions of temperature in Table II. They are
partly (~ 20%) due to the bulk susceptibility difference, also given in Table
II. The gas-to-liquid shift goes to zero at the critical temperature, indicated
in the figure for CF,H, (351 K), CF,HCI (369 K), and CF,Cl, (385 K).
CFHCl, and CFCl, have much higher critical temperatures: 451.5 and 471
K, respectively. All critical data are from the references cited in Table II.

vapor pressure as the temperature increases. Again, this is
consistent with Fig. 1. These experimental curves can be de-
scribed by quadratic functions of temperature, as in Table II.

In addition to the effects of the variation in density,
both liquid and vapor curves contain the intrinsic change of
the resonance frequency and rovibrational averaging for the
isolated molecule, which subtracts out when the shielding
difference is taken. The gas-to-liquid shift is conveniently
expressed as the shielding difference (011 — ovapr (7).
These are plotted in Fig. 3 and described by quadratic func-
tions of temperature in Table II. Each of the (0, — Ovap)
curves shown in Fig. 3 should approach zero at the critical
temperature. We can see that this is consistent with the
curves for CF,H,, CF,HCl, and CF,Cl,, for which
(Orig — 9vap) (T ) could easily go to zeroat 351, 369, and 385
K, respectively.®*® CFHCI, and CFCl, have much higher
critical temperatures, 451.5 and 471 K, respect;ively.6 Their
curves are not inconsistent with the gas-to-liquid shift be-
coming zero at these temperatures. The shielding differences
(0rL1o — Ovap) (T) are primarily (~80%) due to intermole-
cular interactions. The uninteresting part ( ~20%) due to the
bulk susceptibility contribution to the gas-to-liquid shift is
calculated from the liquid and vapor densities as 27y /
3)(prio — pvar) (T'), where the molecular magnetic suscep-
tibility y is assumed to be temperature independent. It
should be noted that this bulk susceptibility contribution to
the shift (given in Table II) is valid only for the sample geom-
etry used here, in which the cylindrical sample has its axis
perpendicular to the magnetic field. In NMR spectrometers
with superconducting magnets, the cylindrical samples will
have a bulk susceptibility contribution to the gas-to-liquid
shift which is a factor [ — 2) times the values shown in Table
IL
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FIG. 4. The resonance frequencies of each sample corrected for intermole-
cular effects (0,0 is subtracted out) and for the slight temperature depen-
dence of the lock substance, toluene-dj, represent the resonance frequency,
vo{T) of the isolated molecule. The above results are represented by the func-
tions [04(T') — 0,(300)] which are given in Table I. Dashed lines trace the
functional form for related molecules, which have been previously reported
for CF, (Ref. 1) and for CF,H and CF,Cl (Ref. 3). For CFH,, Ref. 2, this
;élould be [0o{T) — 04(300)}cpn, = — 1.515(7-300) ppb for 7 = 280-380

Effects of rovibrational averaging

That the plots in Fig. 1 are linear indicates that when
0,(T’) pis subtracted from the observed frequencies, the data
points from all samples at the same temperature should be-
come coincident. After the resonance frequencies measured
as a function of temperature for each sample are corrected
for intermolecular effects in this way, the resulting frequen-
cies of the samples drop to a common curve, the resonance
frequencies characteristic of the independent molecule v(T').
This is a zero pressure or an “isolated molecule” limit in the
sense that sufficient collisions occur to aliow the molecule to
average the nuclear shielding o over the molecular rotational
and vibrational states but not enough to cause an intermole-
cular chemical shift. These zero-pressure-limit curves are
shown in Fig. 4. The vapor resonance frequencies from the
gas-to-liquid shift experiment and the vapor data for the var-

J. Chem. Phys., Vol. 81, No. 1, 1 July 1984
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ious gas samples after onset of liquefaction also contain the
same o,{T) information as the all-gas data. When
0,(T) pvap(T) correction is made on each vapor resonance
frequency, the v,(T') frequencies so obtained coincide with
those obtained from the all-gas samples. Thus, Fig. 4 in-
cludes these vapor points as well. From these v,(T") curves,
the functions [o,(T') — 0,{300)] have been obtained, and are
given in Table III.

For some molecules, [o,(T") — g,(300)] is fitted to a qua-
dratic function of temperature, since some curvature was
apparent in the range of temperatures studied. For others the
precision of the data and range of temperatures studied war-
rant only a linear fit. In all cases the polynomial functions are
valid only in the limited range of temperature indicated in
Table III. These curves have the usual behavior with tem-
perature: in the isolated molecule the resonance frequency
increases (the nuclear shielding decreases) with increasing
temperature, do,/dT is negative. This is typical of all the
systems studied so far, except for °N and *'P in NH, and
PH,, respectively.’

In Fig. 4, the curves previously reported for related

molecules have been drawn as dashed lines so that the com-
parisons can be made visually for the four series of flucro-
methanes which we consider here. The values of (do,/
dT )y _ 300 for the °F in the series CFH,, CF,H,, CF,H, CF,
are — 1.515,> —2.76, — 5.60,* — 5.01' ppb deg ", respec-
tively. For the series CFCl,, CF,Cl,, CF,C], CF,, these val-
ues are — 12.0, —9.36, — 6.78,* — 5.01' ppbdeg™". For
the third series CF,Cl,, CF,HCI, CF,H,, these values are
—9.36, — 4.86, — 2.76. For the last series CFCl,, CFHCI,,
CFH,Cl, CFH, they are — 12.0, — 6.22, (not measured),
— 1.515% ppb deg~". For all four series of fluoromethanes
we note a decrease of |do,/dT | with substitution and an in-
crease of |do,/dT | with Cl substitution.

The coupling constants observed, 2/ (HF) in CF,HCl
and in CFHCI, agree with literature values.'® They are 50.5
Hz for CH,F,, 63.7 Hz for CF,HC], and 54. Hz for CFHCI,.
Any variation of % (HF) with temperature or density was
within our experimental errors, and no attempt was made to
determine the coupling constant to better than 0.3 Hz.

DISCUSSION AND CONCLUSIONS

The effects on nuclear shielding due to binary intermo-
lecular interactions (o, — 0,,), which we report here for the
series of fluoromethanes, cover a fourfold range: — 4.8 to

— 21.6 ppb/amagat. The combination of binary and many-

TABLEIIL Temperature dependence of the '°F nuclear magnetic shielding
in the zero-pressure limit.

Molecule 7(K) [oo{T} — 04(300})(ppb)
CF,Cl, 265-380 — 9.06(7-300)

CFCl, 310-380 — 11.65(7-300)

CF,HCl 255-380 — 4.86(7-300) — 1.19 X 10™%(T-300)*
CFHCl, 280-380 — 5.92(7-300)

CF,H, 230-380 — 2.89(T-300}-1.69 X 10~ %(T-300)

body collision effects, measured in the form of gas-to-liquid
shifts, (071q — Ovap) can be converted to the same dimen-
sions as g, by dividing by {priq — pvap). When corrected
for the bulk susceptibility contribution, the values of
(@Lio — ovar) (T)/(pLig — pvar) at 300 K are surprisingly
similar to those of (o, — oy, ) obtained from the dilute gas
phase. These values are — 16.8 and — 17.4 for CF,Cl,,
— 15.8 and —21.5 for CFCl; (at 350 K), — 13.6 and
— 10.2 for CF,HCl, — 21.6 and — 15.7 for CFHCI,, and
— 4.8and — 5.0 ppb/amagat for CF,H, for (o, — o,,) and
(OL1q — Ovar)/(pLI0 —Pvar), Tespectively. The pairs of
values agree within experimental error in cases of CF,Cl,
and CF,H,, and the other pairs are reasonably close. The
differences between these pairs of values are due to many-
body effects, and appear to be small compared to the magni-
tude of the two-body effect (0, — 0y, ). Furthermore, the
many-body effects appear to be opposite in sign to the two-
body effects in most cases. This finding is consistent with the
observation in xenon gas that at low densities, the '*° Xe
resonance frequency increases linearly with density but
tends to increase less at higher densities,!' that is, in xenon
gas, the sum of the o,(T }o* + - - - terms are opposite in sign
to o,(T) p. We may consider (01.1q ~ Ovar)/(PLiQ — Pvar)
as an “effective o, for the liquid phase. If this quantity were
independent of temperature, the (071, — gyap) (T) curves
would be the density difference curves (ppiq — pyvap)(T)
scaled by a constant factor.

We postpone detailed consideration of the {o; — o)
values reported here in terms of the theory of intermolecular
effects on nuclear shielding, such as the theory of Raynes,
Buckingham, and Bernstein;'2 however, we can examine the
contributing factors briefly. Raynes,Buckingham, and Bern-
stein (RBB) considered the following contributions to o,:

0, =0 + 01 + 01 + 014

We have already taken into account the uninteresting bulk
susceptibility term o,,. The van der Waals term ¢,,, in-
cludes effects of both repulsion and dispersion, although
only the dispersion effects have been modeled as
01 = —B<R 7®>Ta,L/(I, + I,),in which B is a proper-
ty of the nucleus in question, a, is the electric dipole polariz-
ability of the collision partner, I, and I, are the ionization
energies of the molecule and its collision partner. o, is the
electrical contribution to the intermolecular effects on nu-
clear shielding, such as the effects of electric dipole-dipole,
dipole-induced dipole, dipole—quadrupole, etc. interactions.
0, is the contribution to nuclear shielding due to the mag-
netic anisotropy of the collision partner. It is interesting to
note that the magnitudes of (0,-0,, ) are larger for molecules
with larger electric dipole polarizabilities.
(o, —a,)= — 15.8 to — 21.6 ppb/amagat for those with
polarizabilities'* 45.8 to 82.8 X 1072 cm® (CFCl,, CF,Cl,,
CF.Cl, CF,HCl, CFHCL); (o0, —0,,)= — 4.8 to — 8.65
ppb/amagat for those with polarizabilities 26.5 to 27.3 < 10
cm’ (CF,H,, CF;H, CF,). This correlation is to be expected
from the van der Waals term in the RBB model. The excep-
tion is CFH, which has a larger (0, — o,,) than expected
with a Jower polarizability (26.0 X 10~ ° cm®). However, this
molecule also has a fairly large molecular electric dipole mo-
ment. Thus electric dipole—dipole contributions to o, may

J. Chem. Phys., Vol. 81, No. 1, 1 July 1984
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be important in addition to the van der Waals terms o, to
account for the (o, — 0, ) value of — 13.7 ppb/amagat.
The effects of rovibrational averaging on nuclear mag-
netic shielding or any other molecular electronic property
can be interpreted in terms of the change in the property with
molecular configuration. An expansion of ¢ in terms of nu-
clear displacements from the equilibrium positions can be
expressed in powers of the normal coordinates g;:

ol(T)=o0. + Z{aalé‘q,-kqi >T 4.

The observed change in o, is then attributed to sums over
terms with an electronic structural factor (do/dg;),, and a
dynamic average of a coordinate {g;}”. The relationship
between normal vibrational coordinates ¢; and bond exten-
sions 4rcg, or angle deformation dagcx (derived from a
normal coordinate analysis for the molecules) also allows us
to write o0yT) in terms of products (3o /
d4rce){Arcg )T + -+ The temperature dependence of
04T) is contained in the thermal averages (4rcr)7,
{drce)7T, {(dagcx)?)T, etc., with the intensity factors
such as (do/Aa g ). , which give the change in nuclear shield-
ing arising from the change in electronic distribution upon
bond displacement. We have already shown that the anhar-
monic contributions to {(Ar) T are largely responsible for the
(do,/dT) observed in diatomic molecules.'* Furthermore,
Ditchfield has confirmed this with his calculations on select-
ed diatomic molecules. '®* For molecules such as the methane
derivatives studied here, the contributions by bond angle de-
formations such as the term (30/94a), (Aagpcx )T are prob-
ably not as important as the contributions by CF bond exten-
sions: (Jog/dArce). (Arce)”. The near tetrahedral
equilibrium geometry implies that the effect of angle defor-
mations will largely cancel each other, so that their contribu-
tion to the thermal average 0,(T) — o, will be small com-
pared to the contribution of (4rcg )" terms.

Our results show a decrease of do,/d T with H substitu-
tion and an increase with Cl substitution for all four series of
fluoromethanes. The nature of the dynamic (anharmonic)
averaging varies a great deal from series to series as the rela-
tive masses of substituents and molecular symmetries
change. That the trends in do,/d T upon H or Cl substitution
are consistent in all four series, notwithstanding differences
in molecular symmetry, must mean that the influence of Cl
(or H) substitution on (do* /dAr.r) magnitudes is more im-
portant than the effect on the dynamic average of (4rcg ) T,
This implies a systematic effect of such substitution on (do™ /
{Arcg)).. It is therefore of interest to calculate, even se-
miempirically, the °F nuclear shielding in a few molecules
of these series, to see if this is indeed the case. The systematic
trends in doo/dT with H or Cl substitution do not rule out
additional systematic effects of mass changes on the vibra-
tional averaging. To estimate these dynamic effects, it would
be helpful to be able to compare even the root mean square
vibrational amplitudes {(47cg)?)'/? obtained from electron

diffraction data on these molecules. Unfortunately there are
only isolated data of this nature (for CF,, CF,Cl, CF,H, of
these series of molecules) which have been compiled. '

In summary, we have reported the effects of intermole-
cular interaction of F nuclear shielding as measured in the
dilute gas phase in the form of the second virial coefficient of
nuclear shielding o,, as well as the gas-to-liquid shift. Our
results are consistent with known information about these
systems (vapor densities, critical data, molecular data such
as polarizabilities), with known intermolecular effects on nu-
clear shielding in other F systems, as well as with such effects
previously observed in other nuclei. Furthermore, the re-
sults are qualitatively consistent with existing (RRB) theory
of these effects. More detailed calculations will be necessary
in order to interpret (o, — 0, } quantitatively.

We have also reported the temperature dependence of
rovibrationally averaged '°F nuclear shielding in the isolated
molecules CF,H,, CF,HC], CFHCIl,, CF,Cl,, and CFCl,.
By comparing related molecules in four series of fluorometh-
anes, we note systematic effects of H and CI substitution on
the temperature coefficient of nuclear shielding. The latter is
dependent on two factors: the electronic factor (3o /ddrc)
and the dynamic factor, the thermal average of (4rcg ). We
believe that H and Cl substitution systematically affects
(doF /dArce) via the usual shielding dependence on elec-
tronic structure of a molecule. We suggest that theoretical
calculation of o for F nuclei in a series of these fluorometh-
anes is in order, as is a calculation of the dynamic average
{4rcg ) from the intramolecular force fields of these mole-
cules.
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