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Highly significant improvements in the agreement between observed and calculated intensities of
electrons diffracted by hot molecules were obtained by optimizing the skew parameter a for the
nonbonded distributions. Derived & values ( + 20) were 2.75(11), 0.72(13), and 2.0(4) A~ for SF,,
SiF,, and CF,, respectively. These measured skew parameters are approximately 2 A ~! higher in
each case than values previously proposed on the basis of Morse asymmetry factors and the
nonlinear transformation between curvilinear and normal coordinates of molecules. The
principal factor responsible for the increase is the previously unknown intrinsic anharmonicity in
bending deformations. Silicon tetrafluoride has a lower 4 value than the other molecules studied
primarily because its bending force constant is lower, relative to stretching. Practical as well as
theoretical implications of present findings are discussed.

INTRODUCTION

In recent electron diffraction studies of hot mole-
cules'~? an anomalous “shrinkage effect” was observed that
became progressively larger, the hotter the molecules. This
effect, which made the apparent distances between non-
bonded atoms too short to conform with measured bond
lengths, was not understood until the concluding days of the
research. The explanation of this anomaly proved to be sim-
ple. Bending anharmonicity skews nonbonded distributions
to a degree not allowed for in conventional least-squares re-
finements of electron intensities. When an incorrect distribu-
tion is incorporated into refinements, part of the misfit is
absorbed by displacing derived internuclear distances from
their proper values. It was found, too late to carry out syste-
matic corrections, that when the coefficients of skewness of
the nonbonded distributions are refined as well as the first
and second moments, the intensity residuals drop signifi-
cantly and a geometrically consistent set of internuclear dis-
tances can be recovered. What is most significant about this
result that warrants further analysis is as follows. It was dis-
covered that a very simple mechanical model of the force
field for bending can account for the observed skewing with
no freely adjustable parameters.* Preliminary tests suggest-
ed that this model whose scope has not heretofore been ap-
preciated, may be of general applicability.>® Because exist-
ing experimental knowledge about bending anharmonicity is
extremely limited, it is worthwhile to extract as quantitative-
ly as possible the information latent within the diffraction
intensities. Another reason for pursuing the problem is that,
until the anharmonic shrinkage can be treated quantitative-
1y, the accuracy of electron diffraction determinations of po-
lyatomic structures will be degraded in some measure.

In the following we outline the analysis of diffraction
patterns of hot molecules of SF, SiF,, and CF,.

PROCEDURE

Experimental procedures used in the recording of the
present diffraction patterns of gaseous fluorides have been
described elsewhere along with preliminary analyses of the

3792 J. Chem. Phys. 81 (9), 1 November 1984

0021-9606/84/213792-04$02.10

patterns."? Also discussed for the AF, molecules investigat-
ed was the normal “shrinkage””’

6 = 2r (AF)sin{ag,r/2) — 1, (FF), (1)

a foreshortening effect expected to occur in any vibrating
polyatomic molecule. What is sought is a measure of the
skew in F---F distribution peaks which can ultimately be re-
lated to anharmonicity in the potential energy surface as
analyzed recently.**-'® This skew is most conveniently ex-
pressed by the parameter

& =A4y/1, @)

where A, is the standard coefficient of skewness of the peak
and /, is the rms displacement from the mean internuclear
distance. In the special case of a Morse diatomic oscillator in
its ground state, @ is identical to a, the Morse asymmetry
constant. To an adequate accuracy for the present purposes,
a is related to the frequency modulation parameter of the
diffracted intensity function by

k=alt/6. (3)

In the present treatment & values for bonds and (in SFy)
trans nonbonded distances were fixed at the theoretically
expected values assigned in Ref. 1. Two alternative proce-
dures, I and 11, were applied to determine & for geminal non-
bonded distances. Refinements were carried out upon the
leveled experimental intensities. In procedure I, the shrink-
age inferred from vibrational frequencies was imposed as a
constraint in least squares computations performed with
various fixed values of &gr. Amplitudes of vibration and
bond lengths were allowed to vary freely. The preferred val-
ue known, hereafter, as &; was taken to be that which mini-
mized intensity residuals under the imposed constraint.

In procedure II, nonbonded distances were allowed to
refine independently of bond distances, and amplitudes were
refined, as well, at various fixed values of dxy . For this proce-
dure the preferred value of @,; is that yielding the correct
shinkage 8. This parameter, denoted d;;, can be seen to lie on
the regression line of 6 on &, whereas 4, lies on the regression
line of @ on &. If the correct value of § happens to lie at a
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minimum in the full parameter space including 2 and , then
a; and a;; will agree, of course. Otherwise, by virtue of the
meaning of regression lines,'' &, is the best available com-
promise for the skew parameter. Uncertainties in 4 can be
estimated roughly by the scatter in the derived results from
various diffraction plates. An alternative approximate
scheme used to estimate standard deviation corresponding
to individual plates invoked

0}(@ + 0.} = 07(@){1 + [BualB Nu/(n —m)]}.  (4)
In this equation o; is the standard deviation in intensity
when parameter 4 is set (left-hand side) one standard devi-
ation from its optimum value or (right-hand side) at its opti-
mum value. Diagonal elements of the information matrix B
and its inverse are for parameter 4. In the absence of param-
eter correlation the product B,, (B ~'),, would be unity. For
correlation between @ and 8, characterized by correlation
coefficient p;, it can be seen that when p; >0, 4y > @, and
when p,s changes sign, so does (@;; — &;). Because experi-
mental values of &,; scatter around &, for the hotter plates, it
appears p,; scatters around zero. For lack of further infor-
mation about other correlations, we arbitrarily took
B,,(B "),, tobe 2. This scheme yielded standard deviations
not greatly different from the values implied by the scatter in
4 measurements.

RESULTS

In accord with preliminary analyses,>* it was found
that introducing the nonbonded asymmetry parameter as an
additional variable in least squares refinements led to a syste-
matic and highly significant improvement between experi-
mental and calculated intensities. In the prior treatment,'”
refinement with @ constrained to a small value (including
only effects of Morse asymmetry and nonlinear transforma-
tion between internal and normal coordinates), least-squares
rms residuals had increased markedly as temperature in-
creased. As shown in Fig. 1 for SF,, this systematic defi-
ciency has been largely remedied in the present work. Illus-
trating the nonrandom quality of intensity misfits is a typical
pattern of residuals in Fig. 2 corresponding to one of the
hotter plates of SF,. While these residuals are delocalized
over scattering angle, Fourier transformation identifies the
source of the trouble to be principally in the region of the
geminal F---F distance, as can be seen in Fig. 3.
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FIG. 1. Temperature dependence of standard deviation between observed
and calculated electron diffraction intensities. Open circles, Ref. 1 where
refinements froze & (FF,,) at values proposed in Ref. 13. Solid points, same
experimental data, where refinements optimized & (FF_,, ).
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FIG. 2. Upper curve, characteristic diffraction pattern for SF, at 1700 K.
Lower curves, intensity residuals magnified tenfold, (a} based on frozen &
values of Ref. 1, (b) with optimized & (FF ). The remaining systematic re-
siduals are associated with multiple scattering and assumption of spherical
atoms in intensity calculations.

Asymmetry parameters deduced from the diffraction
patterns of SF, SiF,, and CF, at various temperatures are
plotted in Fig. 4. Methods I and II yielded comparable re-
sults for the two heavier molecules, each of which was readi-
ly scavanged by the cold trap. In the case of CF,, the two
methods differed systematically and appreciably, suggesting
that caution in accepting the results would be prudent. This
warning is reinforced by the substantially greater standard
deviations for CF,. The source of this imperfection is
thought to be the relatively high and variable background
pressure in the diffraction chamber arising because the sam-
ple did not condense on the liquid nitrogen trap after passage
through the probing electron beam. Scattering from deloca-
lized gas beneath the nozzle has an effect on diffraction fea-
tures qualitatively similar to that of altered & values. Since it
operates differently on peaks of different mean amplitude, it
influences the apparent shrinkage as well as the peak shapes.

To investigate whether the improved refinements in
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FIG. 3. Fourier transforms of data in Fig. 2. Upper curve, radial distribu-
tion function (the largest distortions are due to termination ripples unim-
portant for present purposes). Lower curves corresponding to (a) and (b} of
Fig. 2 identify region of misfit between observed and calculated distribution
functions. This misfit is magnified fivefold in the plots.
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FIG. 4. Values of skew parameter &(FF ) determined for SF,, SiF,, and
CF, at various temperatures. Error bars, characteristic standard deviations
for individual diffraction plates estimated according to Eq. (4). Solid points,
optimum least squares values, ;. Open circles, d@;; values. See the text for
meaning.

this work appreciably changed the pattern of derived ampli-
tudes of vibration, we compared thermal increases in ampli-
tudes of nonbonded distances with corresponding increases
for bonded distances. Results presented in Figs. 5-7 verify a
significant systematic shift away from the points reported
previously,! towards the theoretically computed curves.

DISCUSSION

When amplitudes of bond bending are large, either be-
cause of idiosyncrasies of the molecular force field'* or be-
cause of high temperature (as in this research), the agreement
between observed and calculated molecular diffraction pat-
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FIG. 5. Thermally induced increase in rms FF_,, amplitude of vibration vs
corresponding increase in rms SF amplitude for SF,, 300< 7< 1700 K. Solid
line represents normal coordinate calculations based on harmonic force
field. Dashed line corresponds to calculation treating bonds as Morse oscil-
lators, after Kuchitsu, Ref. 14. Points, see caption for Fig. 1.
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FIG. 6. Increase in rms FF amplitude vs corresponding increase in SiF am-
plitudes for SiF,, 300< 7<815 K. See the caption for Fig. 5.

terns can be improved materially by incorporating a suitable
coefficient of skewness into nonbonded distribution func-
tions. Values of the skew parameter @ for nonbonded dis-
tances minimizing residuals for the present fluorides are sim-
ilar in magnitude to values reported earlier,* based on a few
individual plates, but are believed to be appreciably more
reliable. Weighted averages derived from the data of Fig. 3
are, for the hotter plates, 2.75 +0.11 A~! for SF,
(900<T<1700 K), 0.72 + 0.13 A~! for SiF, (700<T<815
K), and 2.0 + 0.4 A~ for CF, (955< T< 1560 K). Listed un-
certainties represent estimates of 2o for the averages, neg-
lecting systematic errors whose magnitudes we are as yet
ignorant of. There is weak experimental evidence and rea-
sonable theoretical evidence*® that  falls off at lower tem-
peratures where refinements become insensitive to 4.

In principle it should be possible to deduce @ from anal-
yses of spectra of ground and excited vibrational states of
molecules. Unfortunately, no studies of the present mole-
cules appear to have been carried out with the requisite pre-
cision and detail. Plausible model anharmonic force fields
have been proposed,® however, that incorporate semiempiri-
cal molecular orbital estimates® of bending anharmonicity.
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FIG. 7. Increase in rms FF amplitude vs corresponding increase in CF am-
plitude for CF,, 300< 7<1580 K. See the caption for Fig. 5.
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Preliminary values of skew parameters deduced®® from
these for temperatures comparable to our experimental tem-
peratures are 2.65, 1.3, and 2.2 A, respectively, for the above
listed molecules. In view of uncertainties both in the experi-
ments and in the model force fields, it is premature to specu-
late upon the source of the minor discrepancies between
them. More significant is the general agreement.

Factors that distinguish SiF,, with its low value of &,
from the others were identified fairly well by a simple predic-
tive model'® not depending upon a detailed knowledge of the
intrinsic anharmonic potential constant (i.e., those of the nat-
ural curvilinear coordinates). The most important difference
between the molecules, all of which strongly resist stretching
displacements, is that bonds in SiF, are significantly freer to
bend. This is manifested in  through the propagation of the
Morse stretching anharmonicity into the nonbonded distri-
bution and via the nonlinear transformation from curvilin-
ear to rectilinear coordinates. Intrinsic stretching anhar-
monicities, before propagation, are quite similar but
stretching displacements contribute relatively much less
than the bending displacements to the total F.--F mean
square amplitude in SiF, than in CF, and SF,. Therefore the
Morse influence is nearly obliterated in the silicon com-
pound. The greater freedom of bending in SiF, also leads to
more strongly arced fluorine trajectories which then contri-
bute an appreciably larger skew component. The reason this
decreases the net skew is because, as a simple analysis shows,
the effect is opposite in sign to that of intrinsic bending an-
harmonicity and other factors making 4 > 0.

Not only did optimizing a@ yield substantially better
agreement between experimental and calculated electron in-
tensities, it led to an improved consistency between ampli-
tudes of vibration of bonded and nonbonded distances. Con-
trary to some previous conjectures, the nonbonded &
parameter is correlated significantly with mean amplitudes.
Unexpectedly, the nonbonded 4 value influenced the mean
amplitude of the bond distance as well as that of the non-

bonded distance, even though the two distances are well re-
solved. As shown in Figs. 5 and 6 the experimental and cal-
culated plots of / (nonbonded) vs / (bonded) are reconciled
for SF, and SiF, when 4 is properly chosen. In the case of
CF,, which is marred by a delocalized sample distribution,
the improvement is less conspicuous.

Results of this research corroborate the important role
of bending anharmonicity in molecular force fields. Before
its magnitude was known, when skewing of nonbonded dis-
tances was estimated solely on the basis of Morse anharmon-
icity and nonlinear transformation effects,”'> & values for
the present molecules were thought to be about 2 A ~! lower
than they have turned out to be. At higher temperatures this
led to discrepancies of over 0.01 A in intermolecular dis-
tances, distances which can be measured with a precision of
better than 0.001 A. Practical as well as theoretical implica-
tions of this finding are evident. Work is currently under way
to simplify computations relating anharmonic potential con-
stants to observable skew parameters.’
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