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Electron Diffraction Investigation of Gaseous Mercury(Il) Chloride
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The molecular structure of mercury(II) chloride has been determined by the sector-microphotometer method
of gas-phase electron diffraction at accelerating voltages of 29 and 42 kV. The parameter values obtained are:
re(Hg-Cl), 2.2524-0.005 A ; [(Hg-Cl), 0.052-0.005 A; r,(Cl-Cl), 4.48+-0.04 A; and {(CI-Cl), 0.09+0.04 A. A

linear structure has been confirmed within an error of 16°.
with the estimated values based on the spectroscopic data.

The experimental mean amplitudes are consistent
No appreciable differences in the structure para-

meters have been found between the results of analysis carried out on the basis of the Thomas-Fermi-Dirac and

the relativistic Hartree-Fock-Slater scattering factors.

Mercuric chloride has Dwn symmetry in the normal
state. The electronic?) and vibrational spectra?—%
measured in the gas phase and the result of mass-spec-
trometric observation® are all consistent with this
symmetry. In earlier electron diffraction studies by
means of the visual method,’-® the bond angle was
not observed because of the relatively weak scattering
power of the CI-Cl atom pair. Later, Akishin et al.
confirmed the linear structure within an error of 40°.%
The bond lengths reported previously are 2.28,%)
2.34:+0.01, 2.27+0.03,9 and 2.29+0.02 4,9 all in-
volving large uncertainties.

It has been known that the scattering theory based
on the first Born approximation is insufficient for the
interpretation of the diffraction patterns of about
40 keV electrons by molecules containing both heavy
and light atoms. An improvement of the scattering
theory has been made by replacing the Born-approxi-
mation atomic scattering factors by the complex
scattering factors calculated by the partial-waves me-
thod.?® The use of such complex scattering factors
is essential for a precise structure analysis of such a
molecule as HgCl,, because phase factors have a
large effect on the molecular scattering intensity.
The complex scattering factors for heavy atoms have
been calculated from the Thomas-Fermi-Dirac (TFD)
potential' and also recently, from the relativistic
Hartree-Fock-Slater (RHFS)'? and the SCF Hartree-
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Fock (SCF HF)'®* wavefunctions. In a recent work
on Pb(CH,),, an appreciable discrepancy has been
found between the theoretical and observed scattering
intensities;'% in connection with this, further investi-
gations have been desired into the scattering factors
for heavy atoms. An improvement of the scattering
theory has also been made by adding intramolecular
multiple scattering to the simple kinematical frame-
work of the theory.® For linear molecules, however,
the multiple scattering does not give interference terms
dependent on the internuclear distances, at least,
not in the first order approximation.®

The purposes of the present study are to determine
the structure more accurately by the sector-micro-
photometer method of electron diffraction, to examine
the adequacy of the reported scattering factors for
mercury, and at the same time, to see whether or not
the use of two sets of available scattering factors for
mercury produces any difference in the results of
analyses. Since the scattering factors are dependent
on the accelerating voltage, diffraction photographs
were taken at two different voltages, 29 and 42 kV.

Experimental

Research-grade mercuric chloride (about 99.5%, pure)
obtained from Wako Pure Chemical Industries, Inc., was
used as the sample. A high-temperature nozzle'® made of
stainless steel was used to obtain a sufficient vapor pressure.
Diffraction patterns were taken on Fuji process hard plates
by using an r3-sector with a diffraction unit which has been
described elsewhere.l”? Three sets of experimental data were
taken under the conditions shown in Table 1. The accelerat-
ing voltages were stabilized within 0.019%,. Carbon disulfide
was used as the reference material for the determination of
the scale factors except for a set of plates taken at 29 kV
and at a camera length of 25.89 cm. This set of data was
scaled so that the molecular scattering intensities became
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EXPERIMENTAL CONDITIONS

Temperature
(°C)

- Camera
length (cm)

Accelerating
voltage (kV)

Beam
current (uA)

Observed
range (g)

Number of
plates

Exposure
time (min)

160—170
160—170
160—170

42
29
29

12.39
12.39
25.89

17—104 3
12—91 2
6—45 3

0.27
0.29
0.19

3—6
2—5
2—4

consistent with the interatomic distances determined by the
other sets of data; it was used only for the examination of
background intensities at small angles. The optical den-
sities of the diffraction patterns, D, were measured with a
digital microphotometer and were converted to the intensities,
E, by assuming the relation, E=D(140.03D), and the
intensities were corrected for the imperfection of the sector
shape.1®)

Analysis of Data

The elastic scattering factors for Hg and Cl used
for the data analysis described in this section were
those calculated by the partial-waves method based
on the Thomas-Fermi-Dirac and the Hartree-Fock (HF)
potentials respectively.!)  As for the inelastic scattering
factors, the values based on the SCF HF wavefunction3)
and the HF potential'® were used for Hg and Cl
respectively. The 42kV data were also analyzed
using the RHFS elastic scattering factors for Hg,
but no significant change was found in the result of
analysis. This will be discussed in a later section.

The experimental scattered intensities were leveled
by the theoretical background, to which the contri-
bution from the elastic scattering factors for Hg is
dominant. The experimental molecular intensities,
gM(q), were calculated as ¢(f,~I;)/I,, where I, is
a smooth background drawn through the total in-
tensity curve, I,. The theoretical expression of ¢M(q)
is given by;

1
gM(q) = k,E, A jpig cos(Any;) CXP{— ( 9) Lif? }
i) 2 10

. {z 7 \?
X sm{ 10 Tatj— Wq Kz }

with the wusual notations.20)

The background curves were revised by the use of the
non-negativity criterion for radial distribution curves.
For this purpose, the following g,, functions were chosen
so as to fit theoretical ;; cos(47,,).'® For 42kV:

gug—c1 = 1.45 c0s(0.0283q)
goi-c1 = 2.2
and for 29 kV:
gug-c1 = 1.45 c0s(0.03264)
gai—c1 = 1.64 exp(—3.1 x10-4¢2).

@
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Fig. 2. Molecular intensities and the residuals.
Dots and solid curves show the observed values and the
best-fit theoretical curves respectively. The arrows indicate
the theoretical cut-off points based on the TFD scattering
factors.

One of the leveled total intensities and its background
thus obtained?) are shown in Fig. 1 for each of the
three combinations of accelerating voltage and camera
length listed in Table 1.

The interatomic distances, 7,(Hg-Cl) and r,(CI-Cl),
the mean amplitudes, /(Hg-Cl) and /(C1-Cl), and the
index of resolution, £, were determined by least-squares
fittings of the experimental molecular intensities to
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TABLE 4. DISTANCES, MEAN AMPLITUDES AND SHRINKAGE
(N A unirs)

average oy g, 7, l LA
42 kV k 0.852 0.023 0.028 Hg-Cl 2.252+0.005 0.052+-0.005
rq(Hg-Cl) 2.2528 0.0018 0.0022 0.024+0.045
74 (Cl-Cl) 4.4720 0.0157 0.0192 Cl-C1  4.480+0.044 0.09+0.04
[{(Hg-CI) 0.0508 0.0019 0.0023
[(C1-C) 0.0777 0.0132 0.0162 Other systematic errors were ignored since they were
29 KV k 0.903 0.013 0.018 estimated to be much smaller than the random error.
ro(Hg-Cl) 2.9501 0.0018 0.0026 The final results thus determined are listed in Table 4.
ro(CI-Cl) 4.4835 0.0200 0.0283 The shrinkage, d,, given in this table was calculated
I(Hg-Cl)  0.0540  0.0020  0.002¢ 25 2rg(Hg=Cl)-7,(Cl-CI).2»
I(CI1-Ql) 0.0992 0.0166 0.0235

a) The weighted average of results from three plates for
42kV and those from two plates for 29kV are listed.

TasLE 3. Error matrix®

ro(Hg-Cl) [(CI-Cl) r4(CI-Cl) I(CI-Cl) &

rq (Hg-Cl) 24 3 -3 -1 16
I(Hg-Cl) 26 10 18 69
r4(C1-Cl) 182  —17 37
1(C1-CI) 156 80

k 312

a) Elements of the matrix are given by
aij=sgn(B);;{ (B);; V' PV](N—m)}1/,
where the notations follow Ref. 23.
Units (x104) for 7, and [ are A and the index of
resolution, £, is dimensionless.

the theoretical expression with our conventional weight-
ing scheme.’®) The asymmetry parameter, £y, ¢,
was fixed at an estimated value of 5.3x10-%A% in a
diatomic approximation,?® and the &y_g was assumed
to be zero. The data analysis was made by using
the computer program used for AsF;.'® The experi-
mental molecular intensities, the theoretical curve
calculated from the best-fit parameters, and the dif-
ference curves are shown in Fig. 2.

The results of the analyses are given in Table 2.
An error matrix for a plate taken at 42 kV is given
in Table 3. As may be seen in Table 2, the data
at different accelerating voltages led to results con-
sistent with each other. For the determination of the
molecular parameters, the two results were averaged
with weights inversely proportional to the squares of
the limits of error, which were estimated from both
random and systematic errors as follows. Since the
standard deviations, ¢,, estimated from the fluctua-
tions in the results are slightly larger than the standard
errors, ¢,, as estimated by the least-squares treatment,
2.60, was chosen as the random error corresponding
to the 999, confidence interval.’® The systematic
error estimated for the interatomic distance includes
the uncertainty in the scale factor and the errors as-
sociated with ambiguities in the & values. For the
means amplitudes, an error due to the uncertainty
in the nozzle temperature was taken into account.
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Discussion of the results

The mean amplitudes and shrinkage can be cal-
culated from the vibrational frequencies according to
an ordinary harmonic approximation.? The fun-
damental frequencies of HgCl, observed in the gas
phase have been summarized by Klemperer et al. as
follows®%: ;, 360 cm~! (the average of the frequencies
from the Raman?® and electronic spectral); », 70
cm~! (a value from the electronic spectra’ which is
close to the value of 71 cm~! deduced by statistical
thermodynamics®); and »3, 413 cm— (a value from the
infrared spectra®). The values calculated from these
frequencies at 165°C are as follows: [(Hg—Cl), 0.0506
A; 1(Cl-Cl), 0.0706 A; and 6,, 0.036 A. They are
consistent with the present experimental values. Since
the bending frequency is very low, the above calcula-
tion might be insufficient for the [(CI-Cl).25 However,
no further treatment was made because of the large
experimental uncertainties in the mean amplitude
and vibrational frequencies.

If we assume the shrinkage in this molecule to be
0.036 A, then the bond angle in the ra-structure26)
is found to equal 180°, within an uncertainty of 16°
The bond lengths obtained by the previous studies
were too long, by from 0.02 to 0.09 A.6-9)

Figure 1 shows that the theoretical backgrounds
based on the TFD scattering factor are in agreement
with the experimental values within their uncertainties.
Although the experimental backgrounds deviate by 109,
or less from unity, the possibility of this amount of de-
viation being caused by extraneous scattering cannot
ruled out judging from the shape of the leveled inten-
sity and the observed indices of resolution. The agree-
ment of the observed mean amplitude, [(Hg-Cl),
with the theoretical one is another support for the
adequacy of the scattering factors used. No significant
deviations are seen between the observed and
calculated molecular intensities as shown by the
difference curves in Fig. 2; the agreement near the
cut-off points, 55.8 A-1 for 42kV and 48.1 A-1 for
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29 kV in the q scale, is satisfactory for both accelerat-
ing voltages.

The data at 42kV were also analyzed using the
RHFS elastic scattering factor for Hg.'®» Since the
calculated values are available only at 10, 40, 70 and
100 kV, the values for 42 kV were estimated by referring
to the TFD values calculated at 40 and 42 kV. The
theoretical cut-off point derived from the RHFS
scattering factor is about 3 A-! larger than that ob-
tained from the TFD scattering factor.

The use of the RHFS scattering factor made the
background curves in Fig. 1 closer to unity, and caused
the index of resolution and mean amplitude, {(Hg-Cl),
to decrease by 0.05 and 0.002 A respectively. How-

Electron Diffraction of HgCl, 413

ever, the magnitudes of the variations are within
the experimental uncertainties or the limits of error.
The other parameter values and their standard de-
viations were practically unchanged. In conclusion,
both the TFD and the RHFS scattering factors are
consistent with the results of the present experiment;
they caused no significant difference in the results of
the structure determination.
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