Rovibrational averaging of nuclear shielding in MXg-type molecules
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Calculations of the mean M-X bond displacements in octahedral MX, molecules by the L
tensor and Bartell methods using anharmonic force fields for SF,, SeF,, TeF,, WF,, PtCl;-,
and PtBr; are compared with electron diffraction data in SF, and are used in the
interpretation of '°F, 7’Se, '*°Te, and '*°Pt chemical shifts in these molecules. The temperature
and mass dependence of M and X chemical shifts can be written in terms of (Aryy ), and the
two together provide a critical test of anharmonic force fields. The direct proportionality of the

isotope shifts to the mass factor (m’' — m)/m’ is found to be a direct consequence of the
calculated linear dependence of (Ar) — (Ar)’ and {(Ar)?) — ((Ar)?)’ on this mass factor.
The observed isotope shifts and temperature dependent chemical shifts in the zero pressure
limit can be used to determine the sensitivity of the nuclear magnetic shielding to bond

extension.

INTRODUCTION

The effects of anharmonicity of vibration become evi-
dent in temperature dependent studies of electronic proper-
ties, such as NMR chemical shifts in the zero pressure limit,
and in the internuclear distances obtained from electron dif-
fraction studies of hot molecules. Anharmonicities also shift
and split excited vibrational levels and cause resonances
between them. Model potential surfaces which are used to
predict the vibration—rotation structure of hot bands, combi-
nation bands, and overtones can be used to calculate the
mean bond displacements with which temperature-depen-
dent electron diffraction and NMR shift data can be inter-
preted. Two such model potentials have recently been pro-
posed for SF¢ by Krohn and Overend and by Stanton and
Bartell."? Both include explicitly a Morse potential in each
of the S-F bonds and an explicit Urey-Bradley interaction
between 12 nearest neighbor nonbonded pairs of F atoms. In
one model bend-bend-bend constants are explicitly includ-
ed.? A third set of anharmonic force field parameters have
been obtained directly from spectroscopic constants, includ-
ing only the stretching anharmonicity.’

In this paper, these model potentials are used to calcu-
late the mean S-F bond length and mean square amplitudes.
The Stanton and Bartell model is also used for the calcula-
tions of Se-F, Te-F, W-F, Pt-Cl, and Pt-Br mean bond
displacements in various isotopomers of SeF, TeF,, WFj,
PtCl;", and PtBr," . The results are compared with the sim-
ple Bartell model for AX; molecules. The experimental
NMR data of the preceding paper (the temperature depen-
dence of the M and the 'F shifts and the M-induced '°F
isotope shifts) are interpreted in terms of the calculated rovi-
brational averages.* The magnitudes and the linear depen-
dence of the isotope shifts on the mass factor (m' — m)/m’
are accounted for. The model is extended to PtCl, and
PtBr," to account for the *7/*°Cl and 8'/7°Br-induced '*°Pt
shifts and the temperature dependence of '**Pt shifts.

5484 J. Chem. Phys. 85 (10), 15 November 1986 0021-9606/86/225484-09$02.10

CALCULATION OF MEAN BOND DISPLACEMENTS

The model potential that we have adopted for all mole-
cules in this work is that proposed by Stanton and Bartell,?
which has general features in common with that of Krohn
and Overend.' In this model we start with a set of the qua-
dratic GHFF terms which is required to bring the harmonic
potential into agreement with experiment. The contribu-
tions to anharmonicities are (a) the implicit anharmonicity
arising from the nonlinear transformation of the GHFF po-
tential to normal coordinates, (b) an explicit Morse poten-
tial between bonded atoms in the molecule, (c¢) an explicit
Urey-Bradley interaction between the 12 nearest neighbor
nonbonded pairs of F atoms, and (d) bend-bend-bend an-
harmonicities such as those introduced by a POS model
which was found necessary and satisfactory in accounting
for the mean displacements of geminal nonbonded distances.
We leave out the last contribution because it has been shown
that the bonded distances are not sensitive to bending anhar-
monicity,’ and the NMR data we wish to interpret are large-
ly dependent on bonded distances. With this model, the cu-
bic force constants in curvilinear internal coordinates are
given by

AR forr = (Fy + 3F —3F")/r, — 3ak,
Ar? Ary: fes, = (Fy + 3F — 3F")/4r,,
(reAa)3: ]aaa = (F3—3F_FI)/4re,

; 1
Ar2(r,A@):  fou = (F5+ 3F —3F')/4r,, (
Ar,Ary(r,AQ):  fopo = (Fy+ F+3F')/4r,,

Ar,(r,Aa)™: fraw = (Fs+ F—F")/4r,.

Krohn and Overend use — 6a>D,, instead of — 3aK.

We use Stanton and Bartell’s parameters for SeF, and
TeF,. The model potential parameters of Krohn and Over-
end for SF, are different from those given by Stanton and
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Bartell in that the reference distance and the bond dissocia-
tion energy D,, in the Morse function are taken to be adjus-
table parameters, as are the Morse parameter a and the non-
bonded distance parameter g,. The complete set of
parameters are specified by imposing consistency with ex-
periment in the derivatives of the total stretching potential
and by minimizing deviations from eleven experimental an-
harmonicity constants. Application of this technique to oth-
er MF, molecules is only possible if the set of anharmonicity
constants are available from experiment. This is unfort-
unately not the case except for SF,. For WF,, PtCl;, and
PtBrg~ we have less complete information. We choose F', F,
and F, for WF, by the usual recipe: F'~ — 0.1 F and
F,=~ — 10 F, with F being determined by the F,, symmetry
force constant. For PtCl;- and PtBr,- we choose Lennard-
Jones nonbonded potentials for Cl-Cl and Br-Br interac-
tions simulated by the Ar-Ar and Kr—Kr potentials.® The g,
and ¢ for the latter are not significantly different from those
found earlier in fitting F values of various chlorides and bro-
mides.” The Morse parameter a is calculated from the WF
bond dissociation energy, and the Urey—Bradley stretching
parameter K from the comparative studies of MX, force
fields.® For the Pt—Cl and Pt-Br bonds a was estimated by
using Herschbach and Laurie’s constants for representative
elements.” These constants are not quite appropriate for
transition elements but no better estimate is available at the
present time. The parameters used in this work are given in
Table I. The cubic force constants in internal coordinates are
given in Table II. Cubic force constants involving internal
coordinates which do not share a common bond are set to
zero, and interactions between opposite stretching bonds are
also set to zero, although the latter have been found to be
significant in SF,.?

The mean bond displacements {Ar) are calculated by
the method of Bartell'® which we have implemented for sev-
eral molecular types.'! In this case it takes the form

(Ary =F'3, )

where F ~!is the inverse of the 6 X 6 force constant matrix F
in internal coordinates including the stretches only. The vec-
tor X contains the sums

TABLE I. Parameters used in these calculations.

=z z F("J’ (1, 9) e,

i=1j=7
18

+33 %m ) (6 + )

i=7j=7 7,

18 F(l _]’

+3 3 —HE

i=1j=1

Fork=11t06, ¢; =1if the k th atom is involved in the
curvilinear internal coordinate 1, otherwise it is zero. F(i, j)
are the 18 X 18 F matrix elements and F(J, j,k) are the cubic
force constants in curvilinear internal coordinates in Table
II. These do not involve the atomic masses in any way and
are therefore the same for different isotopic species. All the
mean square amplitudes (fI; f1,) including angles, are in-
cluded in Eq. (3), calculated using standard techniques de-
scribed earlier.!!

() =UL(Q>LU. (4)

Only the last terms in Eq. (3) are due to the explicit cubic
force constants F(i,j,k) introduced by the Morse anhar-
monicity and the nonbonded interactions. The first two
terms depend only on the quadratic internal force constants
and contribute to {(Ar) due to the nonlinear transformation
between the curvilinear internal coordinates Ar, and the nor-
mal coordinates, and may be viewed as curvilinear correc-
tion terms.

Alternatively the mean bond displacements may be cal-
culated using the method of Hoy, Mills, and Strey,'?

A=L*Q. &)

The L tensor elements are the first, second, third,... deriva-
tives of the internal coordinates with respect to the normal
coordinates Q taken at equilibrium. The high symmetry of
MX,-type molecules allows the L tensor elements to be writ-
ten explicitly in terms of the L matrix elements in the sym-
metry coordinates.” For the MX bond in MX,-type mole-
cules, symmetry reduces Eq. (5) to

k) (5, 51,). (3)

1
Ar) = 1\ - 2
(Ar) 6[ (Q)+ zL (@3 + - ] (6)

s=1

Observed GHFF  r, (A) a(A™Y) K (mdyn A ") F

freq. Ref. Ref. and Ref. and Ref. and Ref. F' (mdyn & 1) F, Ref.
SF, 27 1 1.5561,1 1.8,2 3.63,2 —0.125 1.032 — 8.5l 2
SeF 27 30 1.680,2 1.9,2 3.96,2 —0.058 0.518 —462 2
TeF, 27 31 1.811,2 21,2 4.59,2 —0.028 0.267 —2.58 2
WF, 28 28 1.832,32 1.495° 3.79,8 —0.021 0.21 —21 ¢
PtCl- 7,29 8 2.334,33 1.25° 1.86,7 — 0.006 0.10° —1.62 d
PtBro 7,29 8 2.484, 33 1.386° 1.54,7 —0.007 0.13¢ —2.08 d

2 Calculated from a = K /2D,, using D, = 121 kcal (Ref. 34).

®Calculated using 7, and Herschbach and Laurie parameters for representative elements (Ref. 9).
°F’'= —0.1, F, = — 10 F assumed, and F calculated from symmetry force constant F,,.
9 Calculated using a Lennard-Jones potential with g, = 3.759 A, € = 143.22 deg for CI-Cl and g, = 4.018 A, € = 197.04 deg for Br-Br (Ref. 6).

©Compare with 0.15 from Ref. 8.
fCompare with 0.14 from Ref. 8.
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TABLE II. Cubic force constants in curvilinear internal coordinates, in mdyn A2

SF* SF, SeF, TeF, WF, PtCl" PtBr;
Z,,, —32.964 —22.840 —24.293 —29.853 — 18.454 — 753 —7.074
_ﬁi’, —1.574 — 1.553 —0.773 —0.397 —0.261 —0.185 —0.223
{;aa — 1.7595 — 1.844 —0.910 —0.463 —0.198 —0.205 —0.248
[m, — 1.1529 —0.8010 — 0430 — 0234 —0.364 —0.139 —0.168
{;,a — 1.390 — 1.262 — 0.636 —0.331 —0.324 —0.164 —0.198
JSraa — 1.3636 — 1.181 —0.602 —0.315 —0.312 —0.162 —0.195
*Reference 1.
where <Ar>Morsc = (30/2)(K/,f11)((Ar)2>’
(@) = — 1 (h /47%c) V2w, 32 (A7) ponbonded = — (F3/f117.){(Aq)?),
4 <Ar)bend = (2fa/.fll re)<(rAa)2>’
15
X Y @i coth(hcw,/2kT). €)) (Ar), = (4W2/,) (F'K,, + F5,,)

s=1
#,., are the cubic force constants in dimensionless normal
coordinates, obtained from the force constants in curvilinear
symmetry coordinates as follows:

SV g
b= () @D S S i L L
(8)

+'f"'(2L'1'SL/s +Li:Lr’l) + .

L and L ' can be written explicitly in terms of L, and L ;.
In both methods [Egs. (4) and (6)] we calculate (Q?) as
(h /87 °cw, )coth(hew?™/2kT).

We have also estimated the mean bond displacements by
using Bartell’s simple method for AX,,-type molecules." In
this method the contributions to (Ar) are a sum of Morse,
nonbonded, bending, and minor shrinkage and correction
terms. For AX, they are

— (1/f,, r)(F' + F){(rAa))?,

<Ar>rol= Erot/6f‘llre=kT/2flllre' (9)

This is an approximate version of the full calculation by the
Bartell method in Egs. (2) and (3).

The results are shown in Tables III-VI. For SF, there
are several anharmonic force fields available. We provide the
comparison in Table VI as an indication of the sensitivity of
the empirical (do*/dAr), values obtained to the force field
used. We calculated these using all three methods. The use of
Bartell’s coupled equations as expressed by Eqs. (2) and (3)
and the L tensor method as expressed by Egs. (5)-(7) give
identical results. The curvilinear correction to (Ar), that
part which is due to the nonlinear transformation between
internal and normal coordinates, arises from the quadratic
part of the force field and is independent of the anharmonic

TABLE IIL Contributions to the mean bond displacement and its temperature dependence, all in 1073 A

328F, 308, > 130TeF,° 1AW R4 PtCle PtBr,”
(Ar)y*® 7.506 6.479 6.618 4.725 7.890 10.173
Vib. 7.314 6.259 6.410 4.556 7.531 9.756
Quad.® 0.859 0.824 0.716 0.565 1.129 1.269
Rot. 0.192 0.220 0.208 0.170 0.359 0.417
a® 7.41E-3 8.60E-3 9.19E-3 8.99E-3 2.08E-2 3.06E-2
a, 1.16E-5 1.18E-5 1.13E-5 6.33E-6 8.37E-6 5.45E-6
{(Ar)?)® 1.7318 1.5940 1.5123 1.4777 2.8231 2.7431
b,' 9.21E-4 1.11E-3 1.10E-3 1.11E-3 6.53E-3 7.55E-3
b, 2.59E-6 3.14E-6 3.04E-6 3.00E-6 4.26E-6 2.61E-6
Ay = (Ar)4® — (Ar)2® 1.490 1.709 1.829 1.792 4.139 6.113
Rot. 0.128 0.147 0.139 0.113 0.240 0.278

*The quadratic contributions to (Ar}.;, are due to the nonlinear transformation between Ar and the normal coordinates, which gives a nonzero (Ar) even
when the cubic force constants in curvilinear internal coordinates are zero. ( Ar) = (AF) i + (A ios (A7) = (AP oup + (AF) quaa-

b For 7’SeF the values are (Ar)*® = 6.489X107* A, A, = 1.706 X 107> A.

©For 12TeF, the values are (Ar)*® = 6.626 X 103 A, A, =1826x1073 A.

4 For 13WF, the values are nearly the same, (Ar)*® = 4.726 107> A and A, =1.792x 107 A.

e(Ar)T = (Ary*® + a,(T — 300) + a,(T — 300).
(AN T = ((Ar)2)3® 4 b,(T — 300) + b (T — 300)*.
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TABLE 1V. Mass dependence of the mean bond displacements in octahe-
dral molecules at 300 K.*

m' Ay = (A}, — (AP,
Mg, (amu) (103 4)
™SeF, 82 2.883
(Ar) =6.501x107* A 80 2.211
78 1.509
77 1.146
76 0.773
l22TeF6
(Ary = 6.632x 107 A 130 1.371
128 1.044
126 0.706
125 0.534
124 0.359
123 0.181
152WF6
(Ar) =4.727x1073 A 186 0.304
184 0.154
183 0.077
(AR pss — (AP g = 3891X107° Ay (BF) oy, o — (BF) g, -
=0.900x 10" A.

model used. For SF, this is 8.6 10™* A at 300 K, to be
compared with the total (Ar) which is 7.506 X 103 A, that
is, approximately 10%. The curvilinear correction to the iso-
tope effect on (Ar) at 300 K is approximately 10% in these
molecules. Using the L tensor method we find that
(Aa) = 0. We had made this assumption in the implementa-
tion of Bartell’s method in Eq. (3) in order to solve 6 coupled
equations with no redundancies rather than 18 with redun-
dancies.

Bartell’s simple method [Eq. (9) ] provides (Ar) values
that are within 96% of the full calculations, as can be seen in
comparing Tables III-IV with Table V. Here the nonlinear
transformation contribution to {Ar) is largely in the bend
contributions and in the small shrinkage and correction
terms. The latter and the rotational contribution to (Ar) are
small in all cases. For all the molecules studied here the val-
ues obtained by this approximation for (A7) and its changes
with mass and temperature are 93%-105% of those ob-
tained by the full calculation. Considering the simplicity of
making these estimates, the results are surprisingly good

In Fig. 1 we compare our calculations for SF with the
electron diffraction data of Kelley and Fink.'* The agree-
ment with experiment is reasonably good for the Krohn—
Overend (KO) and the Stanton—Bartell (SB) potential. The
force field by Hodgkinson et al. includes only cubic force
constants f,,,, £, £, The mean bond displacements ob-
tained with this are smaller, indicating that interactions de-
scribed by £, fraas €tC., give nonnegligible contributions to
{Ar). Indeed the Hodgkinson force field gives a temperature
dependence of (Ar) that is substantially smaller than that
obtained in the electron diffraction experiments.'* The KO
and SB force fields give satisfactory descriptions of the latter
experiment.

APPLICATIONS TO NMR PARAMETERS

The isotope shifts and temperature coefficients of °F
shielding can be interpreted with the use of the mean bond
displacements from these tables. For symmetry-conserving
isotopic substitution in these octahedral molecules, {Ar),,,
is independent of mass. The M-induced '°F isotope shift at
300 K is given by

IAYF(™/™M)=0("MF) — a(™MF). (10)
This can be written in terms of the derivatives of the shield-

ing and the mass dependence of the mean M-F bond dis-
placement:
do*

LASE (/™M) z(m)e [(AP) — (AP ]

1 (3% .
+2(3Ar2)e[<mr)> ((An2)']

+oo (11)
The temperature dependence of the chemical shift is given by
05(T) — 0§ (300 K) = (doF/3Ar) {{Ar)T — (Ar)3*}

+—;— (320 /9AP%) {((Ar)*)T

—((AR*®} 4+ --- . (12)
Similarly, for the shielding of the central atom in MX,,

. oM 1
lA m/mX z( ) . _ ’ —_
M( ) o). 6[(Ar) —(Ar)'] + 5

X (8%0™/3Ar),6[{(Ar)?) — ((Ar)?)']

compared to the full calculations. + - (13)
TABLE V. Mean bond displacements (A) calculated with Bartell’s approximate method.
328F, 80SeF, 130TeF, Pt*Cl

(Ar)?® 5.812x10~3 6.256x 1073 6.450x 103 7.890% 103
K (42,50,5,3) (51,40,5,4) (62,30,5,3) (50,38,7,5)
{AR)*® — (Ar)*™ 1.182x 103 1.609 % 103 1.743 1073 4.183x1073
% (22,63,4,11) (28,56,8,9) (33,49,9,8) (44,42,8,6)
(Ar)y — (Ar)’ 2.46x1073 2.75%1073 1.32x1073 3.99% 103

(325 _ Ms) (74Se_82se) ( |22Te_uore) (35C1_37Cl)
% (81,0,19,0) (91,0,9,0) (96,0,4,0) (71,26,3,0)

* Percent contributions from Morse, nonbonded, quadratic, and rotation, respectively, as given by Eq. (9).
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TABLE VI. Comparison of different force fields for SF,.

C. J. Jameson and A. K. Jameson: Nuclear shielding in MX,

Krohn and Stanton and

Overend® Bartell® Hodgkinson®
(ary*, 102 A . 7.506 6.057 5.359
Ay = (A — (ArY*™ 1073 A 1.490 1.272 0.878
Ay = {ArYnge, — (Ar)sgp,, 1077 A 3.40 2.60 0.90

*Reference 1.
b Reference 2.
¢ Reference 3.

and

oo (T) — 05" (300 K)

z(j%) - 6L(ART — (AP™]
%(%%M;)e]aumr)zv- ((APH] 4 -

(14)

One interesting result is shown in Fig. 2. In the preced-

ing paper we observed that the isotope shift 'AF"/"Se) is
directly proportional to (m' — m)/m’, a mass factor which
arose empirically from a vibrational analysis of CH,, CD,,
and CT, isotopomers.'® We find here that this empirical re-
lationship is well expressed by the result of the calculations
which verify the proportionality of [{(Ar)muse — (A7), ]
and [((Ar)*)rse — ((AP)?),, ] tothe factor (m' — T4)/

3 T T T ! T T T
1
8, L. A -
- SFG ELECTRON DIFFRACTION o v
-y o _
- v
sL ° 4 i
-y
o' - 4’ o v
8 - \ oV 7Y —
= o
g s ¥
5 2L _
o v
4 ]
« v
7 & g $ -
< <
= e A 0¢?® *
< o oW ° O’ i
°® 0% (A" - (@A
[
al :f _
I 4
g &3
- vo =
o o KO
8. v SB
O’ - —
g A
T
N 3 0. 300. 350. 400. 450. 500.
TEMPERATURE, K

FIG. 1. Comparison of calculated mean bond displacements and mean
square amplitudes of the S—F bond in SF, with the experimental results of
Kelley and Fink (Ref. 14).

m’, as shown in Fig. 2. That the direct proportionality to
(m' — m)/m’ is obtained exactly for the calculated (Ar)
and {(Ar)?) and also for the observed chemical shift is an
indication that bond angle deformations play no important
role in isotope shifts in this type of molecule. A similar result
is observed in Fig. 2 for the Te~F bond in TeF,, which ex-
plains the observed mass dependence of 'A’F(™/'**Te). Al-
though the isotope shift is too small to observe in WF, [we
predict 'AF('3¢/182W) 10 be 0.005 ppm], it can be as-
sumed that a similar behavior to Fig. 2 of the preceding pa-
per will be observed at much higher magnetic fields.

If the terms in the second derivatives of shielding in Egs.
{11)~(14) are neglected, the ratio of oo(T,) — a,(T}) to
the isotope shift can be related to the calculated rovibra-
tional averages. For example,

[ TAPF(™/™M) ] _[ _{Ar)y —(ArY ] (15)
O5(Ty) — o5 (T fape L(ART — (AP)T Jeaic

A similar equation can be written for the shielding of the
central atom in MF,. In general, for MX, molecules, the

10-5% T T T 1
1.0 KAI')xza,kF- (Ar)m’TeF]
AN
2. _ 2y,
{«A? haalrezr i(m L
O
0.02 0.04 006 0.08 0.10
i i i i T
3.0 ~
20 -
10793
1o} -
2 AP
oldia= 0 P s €O e ) ‘
0.02 0.04 0.06 0.08 0.10

t-m)
=

FIG. 2. Calculated mass dependence of the mean bond displacements and
mean square amplitudes (at 300K) of the Se-F and Te-F bonds in SeF and
TeFq. The mass factor (m’ — m)/m’ is discussed in the text.
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dynamic calculations on isotopomers ## M 974 X, are ap-
proximately related to the NMR observables as follows:

(Ar), —(Ar), — 'AX(*""M)
(AR — (AT oX(Ty) — oX(Ty)
(Ar), —(Ar)y  TAM(77X)
(AR — (APT ™ M(Ty) — ¥ (T))

(16)

(17)

In Eq. (17) both the experiment and the calculations pertain
to the M?X,, molecule and the fully substituted M?X,,.

In principle, given both the observed isotope shift and
the temperature dependence of the shielding in the isolated
molecule, the two parameters (do/JdAr), and (d%a/IAr?),
can be determined from a fitting of the experimental NMR
results to the calculated (Ar)T and {(Ar)?)7 functions. In
practice this is possible only if the anharmonic force field
gives sufficiently accurate mass and temperature depen-
dence of (Ar)T and ((Ar)*)7, and negligible contributions
from ( (Aa)?) " and other terms. Although both (Ar),,, and
((Ar)?) depend on the same set of coth (hcw,,, /2kT) func-
tions, (Ar),,, is proportional to temperature in the classical
limit. Thus, {Ar)7 has less curvature than ((Ar)?)7. Com-
parison of the experimental temperature dependence of
shielding in the isolated molecules with the temperature de-
pendence of (Ar) T and { (Ar)*)” shows that (do/dAr), <0
and (3°0/9Ar), <0. To obtain physically reasonable first
and second derivatives we can examine the family of curves
with relative contributions from the (Ar) and ((Ar)?)
terms. For a given choice of

(3%/0A7),
(do/dAr),

n

it is possible to find the best one-parameter fit of the experi-
mental temperature dependence of the chemical shift to
A, {(Ar)T + (n/2)((Ar)?)T}. The best fit value of 4, is an
empirical estimate of (do/dAr),. In Fig. 3 we show the fits
to experiment*!® for n = 0. When n0, the (d%0/9Ar%)
{(Ar)®>)T term tends to bring the more nearly linear (do/
JdAr)(Ar)T function to closer agreement with the apparent
curvature of the experimental data. However, the differences
between the calculated curves for n =0to 4 A ~! are not
visible in this scale. The curvature of the calculated n = 10
A ~! curve is only very slightly in the direction of better
agreement with the experimental curvature. The best fit pa-
rameters obtained for » = 0 are summarized in Table VII.
Shielding derivatives can also be calculated from the ob-
served isotope shifts.*!” The results are shown in Table VII.
These shielding derivatives are comparable to the values ob-
tained for C-F bonds in various fluoromethanes.!® An ear-
lier estimate of (do/F/dAr), in SFg was — 2200 ppm
A ~1." This was based on the simple Bartell model, Eq. (9),
with slightly different force field anharmonicity. Improved
models for anharmonic force fields tend to give larger values
of {(Ar). We expect the values in Table VII to be modified as
more complete information about anharmonicities in these
molecules become available.

| 1 1 LI

= G (M - Gy (300 K) 19p

WFg

120 070 020 -0.30 —0.80 —-1.30 -1.80 -2.30 PPM

220 170
| |

L 1 1 ] ] 1
210. 240. 270. 300. 330. 360. 390. 420.

TEMPERATURE, K

FIG. 3. Comparison of the observed temperature dependence [o,(T)
— 0,(300 K)] of °F in octahedral fluorides with the calculated curves
(do/3Ar), [{Ar)T — (Ar)3®], using (do/dAr), =~ — 1930, — 2690,
— 1770, and — 2500 ppm/A for SF4(SB), S¢F, TeF,, and WF,, respec-
tively. (Except for TeF,, the individual plots are arbitrarily offset for dis-
play.)

NMR PARAMETERS OF THE CENTRAL ATOM

The temperature dependence of the 7’Se and '*°Te
chemical shifts in SeF, and TeF, can be interpreted with the
same (Ar) T as the '°F data, using Eq. (14). The one-param-
eter fit to the data for these nuclei is shown in Fig. 4; these
yield the shielding derivatives shown in Table VII and esti-
mates of the rovibrational corrections [o,(300) — o, ] for
""Se and '*Te shielding.

In PtCl and PtBr, ions for isotope shifts
'AYSPt(*/3Cl) = —0.167 ppm per *'Cl and
'A'5Pt(®!/7°Br) = — 0.028 ppm per *'Br have been report-
ed.?® From the present calculations of the mass dependence
and temperature dependence of (Ar) we can estimate with
Eq. (14) a temperature coefficient for the 'SPt chemical
shift in PtClg : — 0.53 ppm deg™'. Although this quantity
has not been measured for PtCl;", the temperature coeffi-
cient of the '**Pt chemical shift in Pt(R,P),Cl, has been
reported as — 0.6 ppm deg ™' (cis) and — 0.85 ppm deg ™"
(trans).*! PtCl;~ is more shielded than these other complex-
es.”? On the basis of our previous work on temperature coef-
ficients of '°F shielding in fluoromethanes?® and binary
fluorides* which show a correlation between '°F shielding
and their temperature coefficients, the more shielded *>Pt in
PtCl is expected to have a somewhat smaller temperature
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TABLE VIL. Shielding derivatives and rovibrational corrections to shielding in MX-type molecules.

From isotope shift From T dependence

Mass (80/8Ar2,” 0,(300) — o, T (do/dAr).° 0,(300K) — 0o,

range ppm A ! ppm range ppm A ~! ppm
'F in SF,* 32-34 — 1560 —-12 280-380 — 1640 -12
I9F in SF® 32-34 — 2040 —12 280-380 — 1930 - 12
19F in SeF, 74-82 - 2000 —-13 230-380 — 2690 -17
F in TeF, 122-130 — 1080 -7 230-380 — 1770 - 12
F in WF, 300-380 — 2500 —12
"Se in SeF 300380 — 1500 —8
125Te in TeF, 310-380 - 1050 -7
195p¢ in PtCl™ 35-37 — 4300 — 340
195pt in PtBrg 79-81 - 3100 —320

*Using anharmonic force field from Krohn and Overend (Ref. 1). Thebest fit to both is obtained with (d0/3Ar), = — 1600 ppm A ~'and (920/3AF), =O0.
®Using anharmonic force field from Stanton and Bartell (Ref. 2). The best fit to both is obtained with (do/JAr), =~ — 1890 ppm A ~! and (92%0/

dAP), = — 560 ppm A 2.
©See the Appendix.

coefficient than — 0.6 ppm deg ™. For PtBr,- we can make
a similar estimate do*'/dT ~ — 0.57 ppm deg~". The '**Pt
shielding derivatives and rovibrational corrections to shield-
ing estimated from the isotope shifts are shown in Table VII.

DISCUSSION

The empirical estimates of shielding derivatives from
isotope shifts and the temperature shifts differ. The differ-
ence is a measure of the limitations of the anharmonic model
as well as the approximations inherent in the calculation
(neglect of other second derivatives and use of harmonic

(=
# T T T T T T
3_ Oy (T) - T (300K) -
[~}
-]
r Se in SeFg .
8
or- —
]
(=]
=
(=] o -
[
(=]
3 ]
2T
[-%
=¥
(=3 = -
&8
o —
2
(=1 o —
[=}
a ] 1 I I ] ]
580. 300. 320. 340. 360. 380. 400. 420.

TEMPERATURE, K

FIG. 4. Comparison of the observed temperature dependence of "’Se and
125Te shielding in SeF, and TeF, with the same [ (Ar)” — (Ar)*®] as used
in Fig. 3, with (80/9Ar), =~ — 1500 and — 1300 ppm/. A, respectively, for
77Se and '?*Te. The TeF; curve is displaced by 0.5 ppm.

oscillator partition functions) and experimental errors. Ex-
cept for the SB field for SF,, the values of the isotope shifts
calculated from the best-fit parameters obtained from the
temperature dependence are all too large for any n (0 to
10.0). The observed isotope shifts are 61%, 74%, and 95%
of the calculated values of 'A for TeF;, SeF,, and SF (KO)
for n = 0 and the discrepancy worsens with higher ».

We find that the ratio of the mass-dependent and tem-
perature-dependent chemical shifts 'A/[o,(T,) — 0o(T,)]
is a sensitive test of the anharmonic force field, given the
precision with which these quantities can be measured. The
anharmonic force fields used here for SeF¢ and TeF, give too
small values of [(Ar)”: — (Ar)™] or too large values of
[{Ar) — {Ar)’] or both. The result is that a fit to the tem-
perature dependence gives too large an isotope shift and a fit
to the isotope shift gives a temperature coefficient that is too
small. The calculated ratio in Eq. (15) is outside the com-
bined experimental errors in the observed 'A/
[0o(T,) — 0o(T,)] for "°F in SeF and TeF,. For SF, both
the SB and KO force fields can account for the shape of the
temperature dependent chemical shift function fairly well
with only the term in the first derivative, and the curvature is
quite well reproduced. A good fit to both the isotope shift
and the temperature dependence is obtained with the SB
force field equally well with (30/9Ar), =~ — 2000 ppm A !
and (d2%0/9Ar%), =0 as with (do/dAr), =~ — 1890 ppm
A ~'and (9%0/9Ar), =~ — 560 ppm A ~2 (see the Appen-
dix). The best fit for the KO force field is obtained with only
the first derivative term with an average value of (da/dAr),
~ — 1600 ppm A ~'. The derivatives for WF, PtCl;", and
PtBrs have unknown errors because we only have one type
of NMR measurement, the quadratic force fields for these Pt
complexes, and the Morse and other parameters are not as
well established as for the other molecules. Measurements of
the temperature shifts of the '*°Pt shielding in these com-
plexes would help to put bounds on the shielding derivatives,
but only if additional vibrational spectroscopic data be-
comes available to better define the anharmonic force fields
for these ions.
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It is interesting that in the related series of molecules,
SF,, SeF,, TeFg, the largest derivative is for '°F in SeFg. We
have previously noted that the paramagnetic term in the per-
pendicular component of '°F shielding provides the greatest
contribution to (do* /dAr), in HF molecule.?* The diamag-
netic term in shielding is known to change less drastically
with bond extension, not just in HF but in other molecules as
well.> The paramagnetic contributions to the parallel and
perpendicular components of '°F shielding have been mea-
sured in SF, SeF, and TeF,. Theyare: 0 = — 770, — 924,
and — 857 ppm, of = — 256, — 204, — 191 ppm, respec-
tively.?® We have found here that the shielding derivative is
largest for the environment with the largest o, SeF [al-
though the ordering of (do/dAr) for SF, and TeFg is not
strictly in agreement with the ordering of o ].

CONCLUSIONS

Although the mean bond displacements calculated here
have been applied specifically to the interpretation of the
temperature and mass dependence of NMR parameters, the
same treatment can be used for other molecular electronic
properties such as electric dipole polarizability, magnetic
susceptibility, electric multipole moments, etc. The high re-
solution, reproducibility, and availability of multiple probe
nuclei which the NMR method provides make the chemical
shift a good test of anharmonic force fields.

In this paper we have verified the equivalence of the
Bartell and the L tensor methods for calculating mean bond
displacements. We have shown that for SF, the SB and KO
force fields are in agreement with the electron diffraction
data on hot SF¢ molecules. The explanation of the observed
strict proportionality of the isotope shifts 'AX(™/"M) to
the mass factor (m' — m)/m’ in MF, molecules has been
found in the proportionality of both [{Ar) — (Ar)'] and
[{(Ar?) — ((Ar)?)'] to the same mass factor. We find that
a combination of NMR observables, the isotope shifts, and
temperature shift of the shielding, provides a severe test of
anharmonic fields. In a single parameter fitting, the obtained
parameter can be interpreted as a combination of first and
second derivatives. Unfortunately, the force fields for the
molecules studied here are do not allow the individual deter-
minations to be made. Nevertheless, the signs of the shield-
ing derivatives have been established and the (Ar) term by
itself gives calculated ratios of NMR observables which are
of the correct order of magnitude: 61%, 74%, 95%, and
105% of the observed ratios for TeFg, SeF, SF,, (KO), and
SF, (SB).
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APPENDIX

Since (Ar) and {(Ar)?) change with temperature (and
mass) in the same direction, the single parameter obtained
from fitting either the temperature dependence or the mass
dependence of chemical shifts using only 4,{Ar) can be in-
terpreted as

Ay = (;Aq;)e (1 +%nxT) , (18)
4i=(55). (4 3m) 19
where
_(d%a/0Ar),
"= (da/dAr),
and
_ {an?) — ((an*"
T T

_ {(An?) — {(An?)’
X, = .
(Ar) — (Ar)’

For the empirical shielding derivatives given in Table VII
the values of x,, calculated from the force fields used are
0.416, 0.543, 0.427, 0.353, 0.490, 0.501, and 0.452 A for SF,
(KO), SF, (SB), SeF,, TeF,, WF,, PtCl;, and PtBr; ", re-
spectively. It is seen in Table V that the M mass dependence
of (Ar) in MF, molecules (but not the X mass dependence
of (Ar) in MX,) is largely due to the Morse stretching an-
harmonicity, so that x,, ~2f,,/3aK. The calculated values
ofx,, are 75%, 86%, and 93% of 2f,,/3aK for SF, SeFand
TeFg, respectively. The calculated values of x,. for the tem-
perature ranges in Table VII are 0.132, 0.156, 0.128, 0.119,
and 0.142 A for *2SF, (KO), *2SF, (SB), **SeF,, *°TeF,,
and "®*WFg, respectively. In the favorable situation where
the anharmonic force field is sufficiently well defined to give
good values of x ;- and x,,,, then the two parameters obtained
by separately fitting the temperature dependence of the
chemical shift in the isolated molecule and the isotope shifts
could be interpreted as in Egs. (18) and (19) to provide a
unique value of n, thereby providing an empirical determina-
tion of both (do/dAr), and (3 %0/JAr?),. For example, the
SB field for SF, gives A5 = — 2040 ppm A ~!, 4,=
— 1930 ppm A ~', which lead to n = 0.30 and (do/dAr),
~ — 1890 ppm A ~', (320/3Ar), = — 560 ppm A 2.
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