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The temperature and density dependence of the ’F NMR frequency has been measured for CH,F gas.
The NMR chemical shielding for °F nucleus in the isolated CH;F molecule was obtained from 280 to 380
K by extrapolating the frequencies to zero density. This temperature dependence is interpreted in terms of
the thermal average of powers of the normal coordinates. The linear term in this expansion is due to
centrifugal distortion and anharmonic vibration. Using the cubic force constants and other molecular
constants which have been reported for CH,F, an estimate of the dependence of the °F shielding on the

CF bond extension has been obtained.

The chemical shielding of a magnetically active nu-
cleus in a gas phase molecular species is affected by
intermolecular and intramolecular interactions, Ex-
perimentally these effects are measured by finding the
coefficients in the virial expansion

olp, T)=0o(T) + 0y (T) p+ op(T) p2 +- 4+ . 1)

The 03 (7T') function contains the intramolecular effects

characteristic of the isolated molecule, Operationally
it is separated from the intermolecular effects by ex-
trapolation of the NMR frequencies observed for sam-
ples of various densities to zero density.

The temperature dependence of the chemical shield-
ing of a nucleus in an isolated molecule has been inter-
preted in terms of anharmonic vibration and centrifugal
distortion contributions,®? In the simplest case, in
which only bond extensions have a nonzero thermal av-
erage, the chemical shielding function gy(7) may be
written as?;

00(T) = 04 +(80/ 8AY)og (AN T +(0/ 087 2), ((AXDT++ o .
(2)

The anharmonic vibration contribution to {A7)7 depends
on the normal coordinates and cubic force constants of
the molecule.* Only for a few of the simplest polyatomic
systems have the anharmonic contributions to the spec-
trum been determined accurately and calculations of the
potential constants carried out.® The large number of
additional terms which arise in the potential energy when
cubic and quartic constants are taken into account has
made the empirical determination of such constants from
available spectroscopic data a formidable problem. The
relationship between the cubic and quartic potential con-
stants and the experimentally observed quantities (the
anharmonicity constants x;; and the vibration—rotation
interaction constants a,) are well known.® However,
even for very small molecules, the number of parame-
ters to be determined is sometimes greater than the
number of independent experimental quantities available
from the vibrational-rotational spectra of a molecule,
A way in which the number of parameters may be re-
duced is by using closed-form expressions for the po-
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tential and thereby relating the potential constants of
various orders.” The assumption is made that valence
bonds behave like diatomic molecules so that closed -~
form anharmonic potential energy expressions which
have been used for diatomic molecules, such as the
Morse potential, can be transferred to represent the
the anharmonic terms in the polyatomic potential energy
due to the bonding stretching coordinates. Other poten-
tial forms are used for nonbonded interactions and angle
deformations. This method has been used in the deter-
mination of the cubic force constants of CH,, PH;, and
CH,F 510

Since CH;F is one of the very few molecules for which
anharmonic force constants have been reported, it is a
logical choice for the experimental determination of the
6o(T) function. In this paper we report the experimental
results for o,(T) and ¢,(T) of °F in CH,F. We choose to
observe *°F nuclei rather than *H due to the larger tem-
perature shifts of '°F nuclei compared to 'H. On the
basis of our previous results for 'H in HCl and HBr,!!
the temperature dependence of 'H in the limit of zero
density is expected to be too small to be observed above
the errors in the temperature dependence of the refer-
ence substance, We calculated the anharmonic vibra-
tion and centrifugal distortion contributions to the bond
extensions (A7ey)T, (Arcy)T and the angle deformations
(Aagcy)” and (ABgcp.T. Using an equation similar to
Eq. (2), we can compare the experimental ¢,(7T) func-
tion with that calculated from the dynamic quantities
(anT, (aa)” in order to find an estimate of (8og/
BATCF)N'

EXPERIMENTAL RESULTS

The '*F NMR spectra of CH,F gas in samples with
densities up to 42 amagat were observed at 21,1 kG with
a Bruker spectrometer operating in the FT mode. The
2Jar coupling constant was found to be constant within
statistical error, 46.4 Hz, Since temperature and den-
sity dependent information is contained in all four com-
ponents of the quartet, the average value of the coupling
constant was used to bring all four peaks to the center
of the spectrum, In this way each spectrum yields four
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FIG. 1. 0(T) function for '°F in CH,F gas, in Hz/amagat at
84.68 MHz, The bar indicates the estimated error associated
with the magnitude of ¢y at a given temperature.

data points instead of one. The resonance frequencies
are found to behave linearly with density at a given tem-
perature in the temperature range covered (280~380 K),
The slopes are plotted in Fig. 1, They are the values
of the ¢y(T) function, When both the temperature depen-
dence of the reference (toluene-d8) and ¢,(T)p are re-
moved from each frequency, the remaining temperature
dependence gives the oy(7) function shown in Fig. 2.
This is the least pronounced temperature dependence
which we have observed for '®F nuclei in an isolated
molecule, a total change of about 15 Hz in 100 deg. The
scatter of the points shown in Fig. 2 reflect all the ran-
dom errors which accompany the measurements; errors
in determining the densities of the samples, the statis-
tical errors in collecting a 5000 Hz spectral range as
2048 discrete points, errors associated with tempera-
ture regulation and long term (several days) instabili-
ties of the spectrometer.

In an unpublished doctoral thesis, R. A. Meinzer re-
ported both the temperature and density dependence of

TABLE 1. The oo(T) and ¢4(T) functions
for the '*F nucleus in CH;F.

T (K) Av (Hz)*P oy (Hz/amagat)®
280 -3.,0+1,9¢ 1.38+0,152¢
290 -1.5 1.36

300 0 1.33

310 1.5 1,30

320 3.0 1.28

330 4.5 1.25

340 6.0 1.23

350 7.4 1.20

360 8.9 1.17

370 10.4 i.15

%0bserved at 84.68 MHz. 0y(T) — 0,(300)
=—Av/(84.68 x10%,

®These data can be represented within
experimental error by the functions

ay(T) —- 04(300) = — 0. 00176(T ~ 300) ppm,

0y(T)=-0.015702+3. 04
X 10"5(T - 300) ppm/amagat.

®Average standard deviation for the tem-
perature range covered.

'F NMR shifts in CH,F gas in the form of an empirical
equation®?;

oT,p)=aT +({B+cT)p+e .

The values of the parameters a, b, ¢, and ¢ were given
as

a=15,31x10" ppm/deg ,
b=43.60 ppmcm?/g ,

=~9,7x102 ppmcm®deg g,
e==221,41 ppm .

By comparing his equation to
olT,p)=og(T) +o (T p+-++

we find that his ¢,(T) is 221,41 —15,31x10"® T ppm and
his 0,(T) is (~0.0662 +1,47x10™* T) ppm/amagat. The
temperature dependence of his ¢, appears to be very
large compared to our (Table I}, The large discrepancy
is not a real one. The value of ¢ is in fact a factor of
about 10 too large because of the incorrect adjustment
of his observed shifts by addition of the temperature
shift of the reference. The correction should have been
of the opposite sign, giving ¢ =1.65x10™ ppm/deg which
is not too different from our 1,76x107 ppm/deg. This
value of g is surprisingly good considering the fact that
only 20% of the measured shift with temperature in
Meinzer’s experiment was due to CH;F itself, the rest
was due to the temperature dependence of his reference
substance, benzotrifluoride.!® His ¢,(T) function gives
a value at 300 K of —0.0221 ppm/amagat (with no error
estimate) whereas oursis ~0,0157+0,0018 ppm/amagat.
His value is outside our estimated experimental errors,

& 300 320 340 360 380K
! h L h I 1

FIG. 2. Observed frequencies minus reference shift minus
oy *p. This should show the temperature dependence of the
19F NMR resonance signal of the isolated CH3F molecule at
84.68 MHz.
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CALCULATION OF (Arcr)

There are six normal modes for CH;F, three are
totally symmetric and three are of E symmetry. In
order to calculate the thermal average of Avep, A7ey,
and Aa (o is the HCH bond angle), we will use the meth-
od of Toyama, Oka, and Morino.* First we will deter-
mine the thermal average of the dimensionless normal
coordinates of CH;F and by the use of appropriate trans-
formations obtain the thermal averages of the desired
internal coordinates. The thermal average of the di-
mensionless normal coordinates have been derived by
Toyama et al. from the solution of the vibration—rota-
tion problem by perturbation theory. The anharmonic
vibration and centrifugal distortion contributions are*;

(q)an=— [3km coth(hcw, /2kT)

8
+ ; ,gs kl ss COth(hcws/ZkT)]/Zw‘ ,
§

i=1,2, 3€A, (3)

ax

kT 1 \V/2 ~ af
drew,; (hcw,) : Z 15" )

-

(q‘i)gntr =

In the above equations, the important molecular con-
stants which are required are the harmonic frequencies
wy and the cubic force constants k;,,. Only the symme-
try coordinates belonging to A; have to be included since
the normal coordinates which are nontotally symmetric
have a zero thermal average and therefore do not con-
tribute to first order. They do have a nonzero second-
order contribution, {¢%7.

The inertial constants af* which appear in the cen-
trifugal distortion contributions have to be determined.
Alternatively, (g)Z,,. may be determined from Eq. (58)
of Toyama et al,*

(Q o =kTLIFIGTUBOX (5)
J
Wy + 3 cos?p 3pcV k¥ +1 sing, cosp,
¢ Ycu
G, = (k% +1) (g +3pc sin®g,)
Ay )
¥cH
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or else, the thermal average of the internal coordinates
can be obtained directly as

R, =ETUTFIGIUBOX . (6)

The matrices in the above equations are the usual ones
involved in a normal coordinate analysis by the Wilson
F and G matrix method,!* U is the transformation ma-
trix which relates the internal coordinates R (which has
elements A7, Aa;, and Ag;) to the symmetry coordi-
nates S:

S=UR . )]

The following set of symmetry coordinates is used
here:

Sy =(ar, +Ary + Ary) N3,

Sy =alAa, +Aa, + Aag) —b(AB, + AB, + AB;)

S;=ar, ,

Swu=(2Ar, = A7, -~ AV)AB

Su=(Ary ~Ar)N2 | (8)
S5, = (280 = Ay ~A0)NE ,

Ssp =(Aay — AG))AN 2,

See =(2088; — A8, - AB)NE

Se = (A8, ~ABINZ

where Ar, = A7(C-H,), Ar,= Ar(C-F), Aq, = Aa(H,-C-H,),

~ and AB; = AB(H,-C~F). a=«/[3(1 +k®)}/2, b=1/[301

+&%)]M%, k=-3sing,cosg,/sina,.

F is the matrix of force constants in terms of the
symmnietry coordinates above, Elements of Fg are given
for CH,;F by Russell, Needham, and Overend.'® The G
matrix for the totally symmetric coordinates is'®:

V3 cosp,
peV 3V kE+18ing,

Yeu

He thp

, (9

where uy =1/mg, with similar definitions for u and Kg. acand B, are the equilibrium values of the HCH and HCF
angles, The B matrix relates the internal coordinates to the Cartesian displacement coordinates

R=Bx .

(10)

x has elements Ax;, Ay;, Az;. The matrix B can be determined by choosing the molecule fixed axes, through the
center of mass of the molecule (We used the same axes as in Fig. 1 of Russell, Needham, and Qverend.'®), find-
ing the unit vectors directed from one atom to another along the bond (Wilson’s vectors e; ,)“ and expressing the in-
ternal coordinates (Ary, Aq;, AB,, etc.) in terms of these unit vectors by the method given in Chap, 4 Wilson,
Decius, and Cross.!* Q is a diagonal matrix with the elements

Qf =1/19 +1/13

1)

from Eq. (62) of Ref, 4. X are the coordinates of the atoms with respect to the chosen molecule -fixed axes. .
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For CH,F, we find the following expression for UBQX for the totally symmetric coordinates

v 3roy sin®g,
V3sing, {7 V3sing
UBQRX,, TT (r” K cosﬁ,) eETd (
0

While this expression was derived for CI;F specifically,
it applies in general to any molecule of the type CX,Y.
Simply replace 7.y by 7cx, 7cr bY 7oy and define 8, as
the XCY bond angle, Thus, the thermal averages of the
internal coordinates are

e . -‘ P~ 1 =]
(A% contr 73 0 0
T
0
(A®centr | pp] O @ F. G5 (UBOX),, ,
(8B fate 0 -5 0
L(A70F>§.nu- L 0 0 1
_ ~ (13)

where F;‘l and G;‘l are the inverse of the ¥ and G ma-
trices for the A; symmetry coordinates,

The anharmonic contributions to the thermal average
of the internal coordinates are calculated as follows:
3

(Br)an= %f§1 Lu{adan » (14)

where L,; =(k/4n*cw,)'/? L,;, in which L, are the ele-
ments of the eigenvectors in Wilson’s method of normal

TABLE II, Molecular constants for CH;F.

V3rgy cosis,

8
E~’—*—+K2cos[3,) [ ]
2

(12)

coordinate analysis, which have been calculated for -
CH,F by Russell, Needham, and Overend.'® The (g,)%,
are calculated by Eq. (3), using the harmonic frequen-
cies and cubic force constants from LaBoda and Over-
end.'® The relative signs of the L,; for a given normal
coordinate ¢; are determined in the normal coordinate
analysis., However, the absolute signs depend only on
the choice of phase of g. The normal coordinate force
constant k... depend on the phase of g, if s enters with
an odd power, i.e,, the sign of 2,,,. depends on the
phase of ¢,, but not on the phase of g,. The signs of
LaBoda and Overend’s force constants are based on the
phases of the normal coordinates being defined such

that the positive phase of ¢, corresponds to the extension
of the CH bonds, the positive phase of ¢, to the opening
of the HCH angle and the positive phase of g; to compres-
sion of the CF bond. The signs of L,; given in Table VII
of Russell, Needham, and Overend have to be reversed
in order to be consistent with the k;,, of LaBoda and
Overend., A summary of the constants used in this pa-
per are given in Table II. The results are shown in
Figs. 3 and 4 and Table III, We note that the centrifugal
distortion contribution has a much smaller magnitude

s 1 2 3 4 5 6 Ref.
“wg, cm™  3045.7 1495.5 1076.7 3164.8  1514.4  1207.4 10
Eigq, cm™ - 175.70 116,98 21,36 - 552,05 89.30 140.19 10
Bass -29,96 2,49 2.64 —6.56 79.00 26,08 10
Ries 19.68 2.64 63.58 13.36 -6.78 =-0.38 10
Lit%(amu) 1.008333 0.017930  —0,0166302 0 0 0 15
Log ~0,122329 1.387491  —0.151458% 0 0 0 15
Ly, —0,052948 0.081728  —0.355588% 0 0 0 15
Fy 5.354 mdyn/A (F3=Fy3=0) 15
Fy 0.739 mdyn A/rad? 15
Fy3 — 0,644 mdyn/rad 15
Fgs 5,803 mdyn/A 15
I 3.309 amu A? b
I 19.79488 amu A2 b
r&) 1.095 A 16
r& 1.386 & 16
Q, 110°20" 16
B, 108°36’ 16

aThese signs are opposite to those given in Ref. 15 for reasons discussed in the text,
b}, A. Andersen, B. Bak, and S. Brodersen, J. Chem. Phya. 24, 989 (1956).
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FIG. 3. Thermal average of the CH and CF bond extensions.

: 19F chemical shielding in CH,F
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than the anharmonic vibration contribution to {(Argy)”
and (Arcp)?. There is very little curvature in the ther-
mal averages of the internal coordinates. They are lin-
ear within the errors of the molecular constants for
CH,F. It should also be noted that 75% and 97% of the
change with temperature of (arcp” and (Arqy) ", re-
spectively, are due to the centrifugal distortion contri-
bution,

CALCULATION OF THE THERMAL AVERAGE OF
CHEMICAL SHIELDING

The chemical shielding or any other electronic prop-

erty of a molecule can be expressed as a Taylor series
in the nuclear coordinates®

@ =0, +2; (80/ 89 )aq (01"

+ 5 1 (Fo/oa 09 (0107 + - (15)

Because of molecular symmetry, (Ar)T =(ar,)T =(ary)T.
Expressed in the internal coordinates, the leading terms
in {0)7 for the CH,F molecule are as follows;

<U>T SOl <ATI>T {(3231)n ¥ (822)“ * <8Aa:3)m} * <ArCF> ' (8::;!1’)"1

oo {(528), (o), (oo

If (0)T is to be determined for either of the nuclei which
are located at the three-fold axis of the CH;F molecule
(*°C or '°F), then the following relationship holds:

(80/847)0q =(80/8A7,)0q = (80/ 8473)yq .

Similar relations hold for the derivatives with respect
to Aoy and AB;. The quadratic terms in the above equa-
tion will not be considered here, We have shown that

in the diatomic molecule case the quadratic terms con-
tribute negligibly to the temperature dependence of
{an)T though there is a significant contribution to the
magnitude of (A¥)T at a given temperature.?

Even if only the linear terms in the Taylor series are
included, there will still be four parameters to be deter-
mined. Since (Aa)T and (AB)T are opposite in sign and
changing with temperature in opposite directions, as a
first approximation we could assume that these terms
largely cancel out each other. (In a tetrahedral mole-
cule like CH, they do exactly cancel out, there is no lin-
ear term in the angle.) There will then be two param-
eters left to be determined: (8oy/8A7cy)sq 2nd (805/
8A%cr)eq. Since both the observed o,(T) and the (A7)
functions are linear, only one adjustable parameter can
be obtained by comparison of the calculated (o) Wwith
the experimental ¢4(7') in Fig. 2. It is reasonable to
assume that the term in Ar.y is small compared to that
in Arcy. The change in Aryp with temperature is four

(16)

o 3 30
aABl)oq ¥ (BABZ)OQ ¥ (BAB:!)N } e

times as large as the change in Argy. Moreover, 8op/
8 Arcr is expected to be larger than 8op/8Arcy, since the
latter expresses the change in the environment of a °F

[ 1.5x10°3 1073x0.9-
ANGSTROM

1.4 -1.0-

1.3 414

1.2 .24
<rag3

L1 1.3

1.0 -1.4

L0.9 1.5+
200 240 280 320 360 400K

FIG. 4. Thermal average of »Aa and 7AB, where ¢ is the
HCH angle and # the HCF angle.
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TABLE Ifl, Thermal average of Arcy, Arer, vAQ, and rAf
in CHSE’ calculated according to Eqs. (13) and (14), in units
of 10° A,

T (K) 200 240 280 320 360 400
T
A7 oty 0.201 0.241  0.281  0.322  0.362  0.402
anh 5.446 5.447  5.447  5.449 5,450  5.453
tot 5.647 5.688  5.729  5.770  5.812  5.855
T
Q7R contr  0.612 0.734  0.857 0,979  1.101  1.224
anh 5.065 5.078  5.104  5.149 5,213  5.297
tot 5.677 5.812  5.961  6.128  6.314  6.520
GAa)T
centr 0.571 0.685 0,799  0.913 1,027  1.142
anh 0.298 0.300 0,304  0.312  0.322  0.335
tot 0.869 0.985 1,103 1,225  1.349 1,477
A T
¢ag centr -~0,590 -0.708 -0.826 -0,94¢ 1,062 -1.180
anh ~0,308 —0.310 —0,315 -0.322 -0.333 —0,347
tot ~0.698  ~1.018 -1,141 —1,286 —1.395 —1.527

nucleus due to the extension of a remote bond. Thus,

if we can neglect the Avcy term in comparison to the
Avop term, we can get an estimate for (8o5/8A7 ), i
CH,F. The value obtained is ~420 ppm/A. This is sur-
prisingly small, only about a third of the analogous val-
ue in CF,.> The (80y/8A7y) is smaller for CH;F than for
CF,. This may be due to the higher ionic character of
the C~F bond in CHyF than in CF,. As the ionic char-
acter of a C-F bond is increased, oy approaches the
value for F~ ion and would be less dependent on bond dis-
tance. (We wish to thank a referee for bringing this
point to our attention,)

We have found that the estimate for (8og/8A7p )y in
CH,F is largely dependent on the temperature depen-~
dence of (Arcp)7. While the magnitude of (A7qp)T is
largely due to the anharmonic vibration contribution (as
seen in Table II), most of the temperature dependence
is due to centrifugal distortion, For the 200 deg change
in temperature the change in (A7qT is 6.1191x10™* A
‘due toanharmonic vibrationand 2.3146x10™* A due to an-
harmonic vibration. The 25% due to anharmonic vibra-
tion comes largely from the (qg)" term which in turn
derives most of its temperature dependence from the
terms in %g,,. The centrifugal distortion contribution
depends on molecular quantities that are fairly ac-
curately known, On the other hand, since there is some
degree of uncertainty in the determination of kg, the
anharmonic contribution is probably not very accurate.

C. J. Jameson and A. K. Jameson:
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This uncertainty will be reflected in the estimated val-
ue of (803 /9A%cr)eq. Moreover, there is not enough in-
formation about the chemical shielding function to allow
an educated guess about the relative signs and magni-
tudes of 803/ 8A%cy)sq and (805/8A7¢5)sq. A nonnegligi-
ble contribution from the {Av.,)” term will cause some
error in our estimate of (80y/8A%¢ g )eq-
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