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The mean bond displacements in the series of molecules CHF, CH,F,,
CHF; have been calculated using the available harmonic force fields aug-
mented by cubic terms in the stretching and non-bonded interactions, ignor-
ing cubic terms in the bond angle deformation. With these dynamic factors
we interpret the previously reported temperature dependence of °F shield-
ing in the zero-pressure limit as well as the *C- and H-induced '°F isotope
shi{ts in these molecules. We obtain values for the shielding derivatives
(06"/d Arcp), = —338, —725, and —1274 for CH3F, CH,F,, and CHF,
respectively. These shielding derivatives are shown to correlate linearly with
n in CH F,..,, and with the shielding tensor components parallel to the CF
bond and perpendicular to the CF bond in the FCF plane. Together with the
halomethanes CF,X, CF,Cl,, and CFCl;, they show a non-linear correla-
tion with the absolute shielding and a nearly linear one with 'J(CF). From
the D-induced '°F isotope shift in CHF; we obtain an estimate (dc¢”/
0 Argy). = —84 ppmA~!. We also estimate (807/0 Arep), > —1520 and
— 1400 ppm A1 CHFCI, and CHF,CI respectively. The errors associated
with the empirical values of shielding derivatives are discussed.

1. InrrRODUCTION

Of the fluorocarbons, the molecular systems which are amenable to ab initio
calculations of molecular electronic properties are the CH3F, CH,F,, and CHF,
molecules. These molecules are interesting from the point of view of electrical
properties as the electric dipole moment changes significantly along the series.
The analysis of integrated infrared intensities in terms of atomic polar tensors
(gradients of the molecular dipole moment vector) and effective atomic charges
(one third the trace of the squares of the polar tensor components) in these
molecules have been supported by ab initio calculations [1-3]. The analogous
magnetic properties such as the temperature dependence of the rovibrationally-
averaged shielding, the absolute shielding at the equilibrium structure, the deriv-
atives of the nuclear shielding with respect to bond extension, the individual
shielding tensor components, the spin-spin coupling constants YJ(CF) and
2J(HF), and the '°F chemical shifts upon *C- or D- substitution, are likewise of
interest. There are as yet no ab initio calculations of the shielding surface of !°F
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or any of the other magnetic properties of these molecules, although there are ab
initio calculations of LJ(CF) and 2J(HF) at the equilibrium configuration in CH,F
[4, 5]. In this paper, we interpret the temperature dependent N.M.R. chemical
shifts at the 1solated molecule limit and the related isotope effects on shielding in
terms of the rovibrationally-averaged bond displacements. From this, an empiri-
cal estimate of (0o7/8 Arcy), can be obtained for each of these molecules. We
relate these derivatives to the '°F nuclear shielding tensor components and the
coupling constants *J(CF) and 2J(HF), and include comparisons with other halo-
methanes [6] for a more general correlation.

The observed isotropic nuclear shielding in the zero-pressure hmit is a
thermal average shielding. Employing the Born—Oppenheimer separation and
assuming small nuclear displacements during vibration, one can write the R
thermal average nuclear shielding as follows:

oo(T) = 0, + (00/0 Arce) {Areed™ + ... . (1)

There are terms in the derivative with respect to bond angle deformation,
(06/d An),, and in second derivatives (8%a/0 Ar?),, etc. However, for the nearly
tetrahedral molecules which we are considering here the terms in the bond angle
deformation can be neglected [6, 7]. For '°F shielding in CH,F,_, the small
deviations from equilibrium bond angles are even less important than in the
halomethanes such as CF,X or CF,Cl,_, since there are no Cl, Br, or I atomic
orbitals which tend to be brought closer or further away by angle deformations
around the C atom. Further, we neglect the terms in the second derivatives. For
diatomic molecules Ditchfield has calculated many higher order derivatives and
shown that the temperature dependence of g,(7T) based on all these derivatives
and that calculated only with the first derivative are indistinguishable within the
experimental errors normally associated with such measurements [8]. Therefore,
we limit our interpretation only to the one term shown in equation (1). Thus, it is
possible to extract from an experimentally determined [o4(T) — 0¢(300 K)] the
quantity (/0 Av),, provided one can evaluate the thermal mean bond displace-
ments {Arcp>T. It is also possible to interpret the small isotope effects on '*F
shielding by calculating differences in the mean bond displacements in "*CH,F
and '2CH,F, and in '*CH,F and '2CD,F, for example. ‘

2. CALCULATION OF THERMAL MEAN BOND DISPLACEMENTS

The general valence harmonic force fields (GVFF) of CH,F, CH,F,, and
CHF, are available. For CH;F the experimental GVFF of Duncan et al. [9] was
improved by Blom and Miiller [10] using a recent value of the centrifugal distor-
tion constant Dy and 7, geometry to fix F,; the new value of the latter thus
comes into agreement with the ab initio value, resolving a discrepancy which had
previously been noted between the sign of all ab initio values of Fy, and the
empirical value. This also brings all interaction force constants in CH;3F into the
same signs as the comparable ones in CH;Cl. For CH,F, the values of FFy,, F\;,
and F,, which are still indeterminable from experiment were constrained by
Blom and Miiller to the ab fnitio values [10]. For CHF;, the GVFF of Kirk and
Wilt [11] is still the best available. Recent measurements of some anharmonicity
constants by IR double resonance experiments [12] yield values which are very
close to the values estimated by Kirk and Wilt from their force field. For com-
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parison with our previous results for the halomethanes CF;X, (X =F, Cl Br, ),
CF,Cl;, and CFCl, [6], we determined sets of Urey-Bradley force constants
which are consistent with the GVFF for CH,F and CHF;, and for CH,F,
linearly interpolated between the values for CH;F and CHF;. Trends in these
values are consistent with those found by Shimanouchi and Suzuki [13] for
CH,Cl,_,and CH,Br,_,.

The usual approximate anharmonic potential terms are added to the harmonic
potential function. We use Bartell’s anharmonic approximation for stretching and
non-bonded interactions {14], ignoring cubic terms in the bending altogether.

4
Vinh = ‘%Z - a; K{(Ar))® + “:lz‘z Z (1/(’Qij)Fi3j(AQu)3 (2)
=1 i
where g; is the Morse parameter for each bond, determined from the exponential
functions given by Herschbach and Laurie [15], K, is the quadratic stretch force
constant, ¢;; is the non-bonded distance and F}} is the cubic force constant appro-
priate to non-bonded interactions. F,aj are obtained as follows:

F? = q[0°V(g)/0g°] (3a)
V(g) = A exp (—Bg) — Cq~% for H-F and H-H interactions (35)
V() = 4e[(go/q)*? ~ (g0/q)®] for F-F interactions. (3¢)

The parameters 4, B, and C are given by Boyd and Kesner [16], ¢ and ¢, by
Kestin et al. [17]. We use the same form for F-F interactions as for F~X inter.
actions for direct comparison with our halomethane results and because this
Lennard-Jones form has been found to reproduce fairly well the quadratic UB
constants for interhalogen non-bonded interactions. For H-other atom inter-
actions the exp/-6 form has been found to work best [18].

We can compare the cubic force constant for CF stretch (£333) obtained from
the above approximation with the ab initio value calculated for CH,F by Kondo
et al. [19]. With our anharmonic terms we get

Fi33 = 3[~aKcry + (1/ger)(spu) Fie ], : (4)

where the symbols have their standard definitions [18]. This yields Fiyp =
—28-45 mdyn A%, Kondo e al. recommend ‘normalizing ’ their ab initio cubic
symmetry force constants for CH,F by using the experimental values of the
harmonic force constants as follows:

Fijk = (Fijk)ih X {(FH Fijkk)expt/(Fii Fijkk)lh}llz (5)

in order to correct for the poor diagonal force constants (these are always over-
estimated by ab initio methods). With this, their ‘normalized’ Fyy,5 for CH,F is
—3221 mdyn A%, Thus, we find that Bartell’s anharmonic terms give ~90 per
cent of the theoretical anharmonic value for the CF stretching. It is not known
exactly how much of an over-estimate the theoretical value is. It is well known
that ab initio methods give much better agreement with off-diagonal force con-
stants whereas they always give too large diagonal force constants. For CH,F,,
we can make a similar comparison, Here an empirical value for the cubic CF
stretching force constant has been derived from experimental vibration—rotation
constants: —37'5 mdyn:sfz, the only one determined significantly by a least
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squares analysis. In CH,F, our approximation for the cubic constants for the CF
stretching is

Fyy3 = ~3aKcp + (I/QFF)($1~'F)3F%F + (2/QFH)(SFH)3FEHM (6)

which gives a value equal to —31-3 mdyn}o&"z, about 85 per cent of the experi-
mental estimate.

3. ResuLTs

3.1. Temperature dependence of *°F nuclear shielding

We calculated the mean bond displacements in the same way as for the halo-
methanes [6] using Bartell’s method [14]. There are two coupled equations to
solve in (Argp) and (Argy) in terms of the mean square amplitude matrix ele-
ments. As usual we include all terms in the mean square amplitudes and evaluate
their thermal average values using

CO?S = (Bf8ncw;) coth (hew 2k T). (7)

The centrifugal stretching is calculated in the usual way [20]. The results are
shown in table 1. The mean CF bond displacements at 300 K, 6076 x 1073 to
6-722 x 1072 A are comparable to the ones obtained in the halomethanes, 5-7-
64 x 1073 A. The mean C-H bond displacements at 300 K, 2:2-3 X 10”2 A are
comparable to the ones obtained for CH,, 2-21 x 1072A by Bartell [14] and
ourselves [7], 2:14 X 10 2 A. This supports our previous assessment that the
mean bond displacement varies only slightly for a given type of bond (e.g. C-F)
in different molecules. In table 1 we also give the temperature dependence of the
mean bond displacements. Ay = ((Ar)*°% — (ArY*P%) is 7:5-9:0 x 10™*A for the
CF bonds in CH,F, CH,F,, and CHF;, whereas for the halomethanes they are
7.8-8:4 % 10" % A. The fraction of the temperature dependence which is due to
rotation is 65, 49 and 31 per cent for the CF bond; 71, 26 and 10 per cent for the
CH bond in CH,F, CH,F,, and CHF; respectively. There is less error associ-
ated with the neglect of the vibrational contributions involving the higher deriv-
atives (such as (8%6¢/8 A¥*){Ar*), etc.) in the interpretation of the experimental
temperature dependence of the I9F resonance frequency when the term involving
the first derivative has a significant rotational contribution. We see that this
condition is satisfied for the fluoromethanes. The isotope effect on the mean bond
displacement is also comparable to the halomethanes. Here we find the difference
between the CF mean bond displacements in 1*CH,F,_, and "*CH,F, , is 82—
9-3 x 1073, the '*CF bond being somewhat shorter. In the halomethanes, these
are 7-0-10-0 x 105 A. The rotational contribution to the *C-isotope effect on
the CF bond is not significant (less than 10 per cent for all these fluoromethanes).
The differences between the CH and CD mean bond displacements in CH3F,
CH,F,, and CHF,, 5460 x 10™*A, are comparable to §-5 x 1073 A in CH,
[7].

With these dynamic factors we are able to interpret the previously reported
temperature dependence of 19F shielding in the zero-pressure limit in CH,F,
CH,F, [21] and CHF, [22] as well as the *C-induced and 2H-induced '°F
chemical shifts in these molecules. Using equation (1), by least squares fitting to
the observed '°F resonance frequencies over the following range of temperatures:
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280-380 K (CH,F), 230-380 K (CH,F,), and 240-380 K (CHIF;), we obtain
empirical values for the derivatives (d0/0 Arcg), = —338, 725, and
~1274 ppm A~ for CH,F, CH,F,, and CHF;. In the calculation of the mean
bond displacement {(Arcpy and {Argy) for these molecules and in fitting to the
experimental temperature dependence of the 19F npuclear resonance frequencies,
we have neglected the mean bond angle deformations although we have included
all mean square amplitudes involving bond angles. This neglect is not expected to
be important in the determination of (60% /8 Arcr), from the fitting of (Arep)” to
the experimental oo(7T). The significant rotational contribution {which is linear in
T) to (86518 Arcp) [<ArcedT — {Arcpy??® ] makes this term dominant in the tem-
perature dependence of shielding. Thus, we feel confident that we are obtaining
good estimates of (Jo/d Arcg),. These also yield estimates of the rovibrational
corrections to the shielding at 300 K, [¢(300 K) — ¢,] >~ —2'1, —4-8, —8:3 ppm.
These are only part of the vibrational corrections because second derivatives of
the shielding have not been included here. Nevertheless, it is worthwhile to note
the magnitudes of errors incurred when comparing theoretical values of °F
chemical shifts between molecules (obtained by taking differences of shielding at
equilibrium configurations of the molecules) with the experimental chemical
shifts (which are differences of g, (300 K)), even when extrapolation to the zero-
pressure limit has eliminated solvent effects. For the halomethanes these vibra-
tional corrections are —6-8 ppm (CF,) to —15:4 ppm (CFCl;) [6]. When only
CF bonds are being compared, e.g. CH,F with CFCl,, this error is of the order
of 13 ppm or less. On the other hand, when comparing F, with CH,F this error
is about 40 ppm [23]. Thus, it is important to know the rovibrational corrections
necessary to convert the observed o (300 K) to ¢,. Differences in g4 (300 K) can
be obtained to good precision if the experiments are carried out properly [24, 25].
Due to the uncertainties in the [04(300 K) — o,] calculated here, the derived o,
values are necessarily less precise than one would like. Nevertheless, it is more
correct to compare theoretical values with differences in the (less precise)
derived g, .

3.2. Isotope shifts
With these derivatives, we have also calculated the 13C.induced one-bond '°F
isotope shifts and the 2H-induced 2-bond '°F isotope shifts using equations (8)
and (9)

TAVR312C) = (807110 Arce M (Ariacr,) — {Ariacr, 2], (8)
ZAMF(Z“H) = (aﬂFl/a A”CFl)e[<A?’CF1>CH"r‘4_,, - <ArCl?1>CDHn_;F4M,,]
+ (8678 Arcy) [{Arcy) — {Arep)]. (9)

The results are shown in table 2 in comparison with experiment. Using equation
(9) and the experimental value of 2A’*F(¥'H) = —0-78 ppm in the CDF3-CHF;
system, we calculate (d¢/8 Arey), = —84 ppm A1 The two contributions in (9)
are —0-27 and —0-51 ppm respectively, if we assume that only these two contri-
butions are important.

For the isotope shift the discrepancies between experiment and calculation
come from two sources: The terms in the second derivatives which are not
important to the temperature dependent chemical shifts can be important to the
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‘Table 2, Comparison of N.M.R. observables for CH,F,_, molecules.

CH,F CH,F, CHF,

(80/d Ar),/ppm A1 —338 —725 —1274
[06(300 K) — o,}/ppm —2-1 —4-8 —83
Fo/ppm 471 (a) 339-1 (4) 2744 (a)
7./ppm 473 349 283
'APF(12C)obs/ppm —0-074( —0-072 () —0-112(—0-115 (e} —0-127(—=0126 (<))
iAmF(”“zC)calc/ppm —0-031 0062 — 0104
JCF)/Hz 161(158 (c)) 235(235 (e 275274 (c))
O/ Ppm 426( | C-I) {(d) o 225(1)(e) 201(in-plane FCF) (f)
G/ PPM 493( 1) 388(g) 277(.L)
0. /pPpm 493(.1) 398 (h) 344( C~F)

AV E H)obs/ppm — 078 ppm (¥
2JHF)/Hz(¢) 46-36 50-22 79-72

(a} [25]; () [24]; (¢) [26]; (d) [29]; (¢) Perpendicular to the molecular plane [30]; (fy[28];
(£) In the molecular plane bisecting the FCF angle; (k) In the molecular plane perpendicular to
the C=Cbond; () [32].

isotope shift. These terms (F%¢7/0 Ardg)e - [ AT 1)) — {Arisep, )], are
expected to have the same sign as the term which is included in equation (8). We
base this on the evidence from diatomic molecules for which Ditchfield has calcu-
lated many higher order derivatives. He finds that the first and second derivatives
are both negative [8]. Since the dynamic factors [(Ariace)?)  ((Ar;;3,,)?)] are
negative, then there is reason to believe that the (8%0/0 Ardg) term should make a
contribution of the same sign as the first term. Neglect of this term would lead to
underestimation of the magnitude of the isotope shift. The other terms which we
have not included are the isotope effects on the other bonds which are transmitted
to the '°F nucleus via a secondary derivative of the nuclear shielding,

2, (86"/0 Arcp) [{Ariacpy — {Brisce)]

[#F1

+ 3 (8078 Argy ) [{Arien,> — (Ariacy D).

These neglected terms are expected to be the same sign as and much smaller than
the term in (8). Therefore, it is not surprising that we have underestimated the
isotope shifts,

The comparison of calculated with experimental isotopic shifts in these mole-
cules and the halomethanes are summarized in figure 1. We see that there is a
systematic trend that when one or two heavier nuclei like C! are attached to the
carbon, the calculated isotope shifts are in good agreement with experiment
whereas hydrogens lead to underestimation (as expected).

The higher the percentage of rotational contribution to Ar, the more accurate
the empirical (30/0 Ar), that is obtained from fitting aolT) — 0,(300) data since
the term linearly dependent on temperature [20],

(00/0 Ar)o{<Aryio — KArdR°} = (00/d Ar)(AryIR°((T — 300)/300)

dominates the observed 0(7T) — 64(300). For CH,F this is very good, 65 per cent
of Ay(rcp) is due to rotation. For the others the percentages are 49 per cent for
CIF,H,, 31 per cent for CF3H, 22 per cent.for CF,, 18 per cent for CF,(Cl, 145
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Figure 1. Comparison of calculated and observed one-bond '*C-induced YR isotope
shifts in the luoromethanes.

per cent for CF,Cl,, 10 per cent for CFCl;, 16 per cent for CF;3Br, and 15 per
cent for CF,I. We note that the situation is less favourable for the CCLF, .,
series.

Including the quadratic terms in equation (1)

ao(T) = ao(300) = (da/0 A J{ADT — {Ary???}
+ 3(0%0/0 Ar?) JLANPT — (&)%),

where (AT = (AL, + (AL and {(Ar)*>T = {(Ar)*>]y. In polyatomic mole-
cules there are of course many more quadratic terms than this. For the purpose of
estimating the discrepancies between experimental and calculated isotope shifts in
figure 1 let us consider only the term in {Ar?). Furthermore, let us use the
diatomic molecule approximation for the relationship between (Ar) and (A

[14]
(Aryly = (3/2)al(Ar)*)T.
Then,
6o(T) — 60(300) = {(96/0 Ar), + (1/3a)(1 — f)(@%a/8 Ar) J{<AT — (Ary**?),

where fr is that fraction of the total temperature dependence {{Ar>T — (Ary?00}
which is due to rotation. Thus the empirical derivative (06/0 A7), oy, Obtained
from fitting oo(T) — 04(300) will be

00/ AF)q. e = 1(00/3 AP), + (1/3a)(L — f)(@%0/0 Ar?).},
which is in the range
[(30/8 Ar),| < [(80/d Ar)y empt < [(B0/0 Ar), + (1/3a)0%0/0 Ar?),].

Since a is typically around 2-0A "1, and the second derivative is of the same order
of magnitude as the first derivative [8], then the neglected terms are about a
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factor {1 — f,]/6 smaller than (3g/3 Ar),. When the rotational contribution to Ag
is sizeable (i.e. f; 2 0-3) then (d0/8 A7), emp should be very close to (86/8 Ar), .
For much smaller rotational contributions, the magnitude of the empirical first
derivative is overestimated.

In accounting for the '*C-induced '°F isotope shift using only (da/¢ Ar), A,
we should expect to get values that are too small, since (3%g/d A (< Aryepd
— {Ariscr>} terms have not been included. When we use the empirical derivative
from the temperature dependent shielding to calculate the isotope shift, then we
underestimate the magnitude of the isotope shift by an amount

(Fr = fis)(1/3a)(0%6/0 Ar®){ (A 1ign — (ArDneayhs

where fig, is that fraction of {(A7)y, — {A7neavy; Which is due to rotation. In
diatomic molecules f, is identically zero, and in polyatomic molecules it is typi-
cally less than 0-01. The different magnitudes of fr lead to the systematic devi-
ations observed in figure 1. For the CH,F, _, series the discrepancies between the
calculated and experimental isotope shifts correlate with Jr values 0:31 to 0-65.
On the other hand, in the CF,..,Cl, series, in which f, ranges from 0-10 to 018,
the agreement between calculated and experimental isotope shifts is within the

experimental errors,

4. Discussion

The shielding derivatives which we obtained here serve as electronic indices of
the CF bond. Therefore, we expect to find that this magnetic property is related
to other magnetic properties. In figure 2 we correlate the empirical values of the
shielding derivatives for CH,F, CH,F,, and CHF, with the absolute shielding
for these molecules and compare with the halomethanes. It is encouraging that
the CH,¥, _, molecules fit in with the rest of the halomethanes in a smooth trend
covering a range of 196471 ppm in the absolute '°F shielding, and —350 to
—2400 ppm A~ in the shielding derivative. CH;F is at one extreme of 1°F
shielding in CF bonds whereas CFCl, is at the other end. As discussed above, the
empirical derivatives for CH,F, _, are probably fairly good whereas those for the
CCLF,_, are overestimated. Thus; the correlation plot in figure 2 may be too
steep for the less shielded fluorines. In figure 3 we plot these derivatives with the
corresponding 'J(CF) which spans a range of —160 to —345 Hz [26], and find
that CH,F,_, fits into the trend observed in the halomethanes. This correlation
allows us to estimate from J(CF) alone the derivatives (00/0 Arcp), for CHFCI,
and CF,HCl. We have observed the one-bond CF coupling constants and 3C-
induced '°F isotope shifts in these molecules. From 1J(CF) = 294 Hz [27] and
284 Hz (this work), respectively, we read from figure 3 the estimates of the
derivatives (0o"/0Arcy), = ~ 1520 and ~ 1400 ppm A ! respectively for CHFC(I,
and CHF,Cl With these derivatives and typical values of [{Aryep)
— (Arisce] = 9 x 1073 A we calculate the 3C-induced one-bond isotope shifts
using equation (8) as —0:137 and —0-126 ppm, to be compared with the experi-
mental values of ~0:156 ppm [27] and 0143 ppm (this work) respectively for
CHFCl, and CHF,Cl.

In figure 4 we find that the CH,F, _, derivatives give a linear plot with 7. It is
encouraging that this behaviour is similar to that found in CCLF,_,[6].
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Figure 2. Correlation of the '°F nuclear shielding derivatives (this work and [6]) with the
19§ absolute shielding {24, 25] in the methanes.

Finally, we correlate the derivatives with the components of the shielding
tensor [28-30] in figure 5. For CH,F, the shielding tensor in the principal axis
system has been rotated into the axis system of the halomethanes using the known
molecular geometries. We find that the component of shielding parallel to the CI
bond correlates with the shielding derivatives for CH,F,_, as well as CF3X,
although the two sets fall on different straight lines. The shielding tensor perpen-
dicular to the CF bond in the FCF plane also correlates with the derivatives in
CH,F,_,. On the other hand, the shielding tensor component perpendicular to
the CFX plane correlates with the derivatives in CF;X. That CF;X and
CH,F,_, derivatives correlate to different components of shielding can be traced
to the lone pair orbitals on X which do not exist in H atom. These orbitals
contribute to paramagnetic shielding in CF;X and such a contribution varies with
X in a systematic way for the component parallel to the CF bond and for the
component perpendicular to the CFX plane. This is also the reason why the
correlations to the component parallel to the CF bond do not have the same slope
in the two sets of molecules, the contributions to the paramagnetic term are
different. While the slopes of all these linear relations are different, they all have
the same sign, giving rise to the smooth curve which is shown in figure 2 for the
correlation with the isotropic average absolute shielding. It is worthwhile noting
the order of CF, and CF,H in straight lines relating the derivatives and the
components of the '°F shielding tensor. In both linear relationships CF, and
CF,H fall in reverse order. This is the case in the correlation of these derivatives
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Figure 3. Correlation of the *F nuclear shielding derivatives with the one-bond *C-F
spin-spin coupling constant [26]).
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Figure 4. Linear relation between the !°F nuclear shielding derivatives and the extent of
H substitution.
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Figure 5. Comparison of the individual components of the '?F shielding tensor in CF,X
and CH,F,_, [28-30] with the nuclear shielding derivatives in these molecules (this
work and [6]).

with !J(CF) as well. Thus, we are confident that this is the proper order. In the
isotropic absolute shielding {g,, + 0., + 0,.)/3 only two of 3 components correlate
with the derivative, leading to a somewhat poorer relation of g, to (8¢"/8 Arcp), in
figure 2.

5. CoNCLUSION

Unlike the effective atomic charges and components of the atomic polar
tensors which are found to be sufficiently insensitive to structural differences that
they could be used to predict meaningfully accurate vibrational transition
moments in hydrocarbons and various fluorine compounds, the shielding deriv-
atives are not so transferable. The difference between this magnetic property and
the analogous electrical derivatives, the atomic polar tensors, is that the electric
dipole moment is a property of the electronic ground state, whereas in nuclear
magnetic shielding, only the diamagnetic part, ¢°, is a property of the electronic
ground state. The additive nature of ¢ which had been proposed by Flygare [31]
and is generally accepted, could undoubtedly be cast in a form such that the
various components of (86%/@ Ar), could be defined in an exactly analogous form
to the atomic polar tensors. However, the important paramagnetic part, ¢”, which
undoubtedly gives a large (very probably a dominant) contribution to the deriv-
ative, is a second-order property characteristic of the unperturbed excited states,
and has not been found to be made up of additive contributions. The only useful
approach at this time is to correlate this second order property with other second
order properties such as *J(CF) which are more directly and easily accessible
from experiment.
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