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The interatomic distances and the mean amplitudes of BF; and BCl; have been determined,
by the sector-microphotometer method of gas electron diffraction, to be: rg(B—F)=1.3156+
0.0044 A, 7 (F---F)=2.2733+0.0041 A, [(B—F)=0.0398+0.0029 A, and [(F...F)=0.0541+
0.0020 A for BF; and ry(B—Cl)=1.7421+0.0044 A, r,(Cl-.-.Cl)=3.0134+0.0060 A, {(B—Cl)=
0.0505-+0.0023 A, and [(Cl...Cl)=0.07004-0.0023 A for BCl;. The force constants have also
been determined from the mean amplitudes. Their values are in good agreement with those
obtained by the isotopic shifts and by the Urey-Bradley force field. The complex scattering
factors for B, F, and Cl have been calculated from the Hartree-Fock potential, and it has been
shown that the background intensity and the mean amplitudes of BF; and BCl; are much better
accounted for by these scattering factors than by those calculated from the Thomas-Fermi
potential.
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The force constants of molecules are usually de-
termined from their vibrational frequencies. In
most cases, however, the number of observable fre-
quencies is not sufficient for all the force constants
in a general quadratic form of the potential func-
tion to be determined. In order to overcome this
difficulty, it is a common procedure to assume a
simple model such as the Urey-Bradley force field,
or to use the isotopic shifts of the vibrational fre-
quencies. A more desirable way for determining
the force field directly from experiment is to make
use of the phenomena closely connected with the
force field of the molecule. The mean amplitudes
obtained by electron diffraction have thus been
used to measure the force constants of several
molecules with the aid of vibrational frequencies.! -*

The principal purpose of the present report is
to determine the structure of boron trifluoride and
boron trichloride as accurately as possible, and also
to determine the force constants of these molecules
from the experimental mean amplitudes. The
resulting force constants will be compared with
those obtained by other methods. The theoretical
scattering factors will also be critically examined
on the basis of the experimental mean amplitudes
and backgrounds.

The atomic distances in boron trifluoride and
trichloride were formerly determined by the visual
method. The results obtained by Lévy and Brock-
way® were: r(B-F)=1.3040.02 A, 7(F-F)=2.25+
0.03A, r(B-Cl)=1.7340.02A and r(Cl-Cl)=
2.99+0.03 A, while the results obtained by Braune
and Pinnow® and those obtained by Sutton et al.®>
were r(B-F)=1.31 A and r(B-Cl)=1.764-0.02 A
respectively.

During the course of the analysis of the mean
amplitudes, it has been made clear that some pro-
perty of the /- curve is closely related to an empirical
law known in spectroscopy regarding the off-
diagonal elements of the L matrix. The results
will be discussed in the Appendix.

Experimental

The diffraction photographs were taken with an
apparatus equipped with an r3-sector™ at the camera
length of 11.8 cm. The accelerating voltage (43—49
kV.) was automatically stabilized within 0.1%,.

The sample of boron trifluoride was kindly provided
by Dr. Ryohei Nakane of the Institute of Physical

* Present address: Department of Chemistry, Faculty of
Science, Hokkaido University, Sapporo, Japan.
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and Chemical Research, and that of boron trichloride,
by the Central Research Institute of the Tokyo Shibaura
Electric Co. The gas sample was led into the diffrac-
tion chamber through a drum-type nozzle at the tem-
perature of 16°C for BF; and at 31°C for BCl;. KEL-F
stopcock grease was used to avoid the erosion of the
lubricant. The vacuum of the chamber, initally 1—2
% 10-5 mmHg, was kept under 1x10-¢* mmHg even
when the gas was introduced into the chamber. The
beam current was about 0.006  amp., and the exposure
time was about 3 minutes.

The patterns were recorded on Fuji Process Hard
plates and were developed at 20°C for 5 min. with an:
FD-131 developer. The wavelengths of the primary
electron beam were measured by using the transmission
patterns of gold foil.

In order to make sure that the reference gold foil was.
placed exactly at the position of the diffraction center,
gas patterns were also taken with the nozzle rotated
around the nozzle axis by 180° by using the sample of
boron trifluoride® (Fig. 1).

7 Gold foil
PN

§ -

Beam
Gas [ Gas
0 1 2mm.
Fig. 1. Cross section of the nozzle used in the

present study: normal orientation (left) and
reversed orientation (right).

Photographic densities were measured using a Rigaku-
Denki MP-3 microphotometer. In order to eliminate
undesirable effects of the time lag of this recorder, the
plates were scanned along the diameter; the charts
thus obtained were measured and averaged on both sides
of the center.®> Four plates at the normal position of
the nozzle and three plates at the reversed position were
used for the structure analysis of boron trifluoride. Six
plates at the normal position were used for the analysis
of boron trichloride.

The optical densities of these plates were all between
0.6 and 0.1, where the linear relation between the density
and the electron intensity has been confirmed.®

Analysis

The molecular intensity curve was obtained by
drawing a smooth background line through the
intensity curve, which had been corrected for the
deviation of the sector shape from an ideal 73 curve.
In order to investigate the effects of atomic scatter-
ing factors on the molecular parameters, three
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Fig. 2. The atomic scattering factors for electron diffraction.
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Srtmel SfB=Z—fx, where fB is the Born scattering factor and fx is the atomic

form factor for X-rays.
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|f|T.r., where |f|r.r. is the absolute value of the complex scattering

factor calculated from the Thomas-Fermi potential.
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|f1u.r., where |f|u.g. is the absolute value of the complex scattering

factor calculated from the Hartree-Fock potential.

kinds of atomic scattering factors were used for each
atom (Fig. 2). The first, the Born scattering factor,
_fB, was obtained by taking an appropriate average
of the atomic form factors, f, calculated by several
authors.1?-13 In the first Born approximation,
the scattering factor, fB, is equal to 8n2me?(Z-f)/
h2219  The second was the complex atomic scat-
tering factor, |f|p.p.€??r.7., calculated by Ibers
and Hoerni using the partial-waves method based
on the Thomas-Fermi potential.!® The phase
shift, 97 5., was also used, together with the fB
of the first set as fB¢i’r.r.. The third was the
iscattering factor, | f|u.p.¢t"8-%., calculated by the
-present authors by using the partial-waves method
based on the Hartree-Fock potential!®> (Table I).
‘The inelastic scattering factors were taken from
‘the table given by Bewilogua.l™

By using the intensity curve from each plate,
-the molecular structure was analyzed by the method
-of least squares.’®® The theoretical expression of
the molecular intensity is:
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The parameters to be determined by the least-
squares analysis were the atomic distances, 74(B~
X) and r,(X-X), the mean amplitudes, /(B-X)
and /(X-X), and the index of resolution, £.

The anharmonicity parameters, £, were estimated
by assuming potential functions of the Morse type
for both the bonded B-X and the non-bonded X-X
pairs; they were not varied as parameters. The
following rough approximation was used:3:1%
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Fig. 3. Weight functions for the least-squares analysis.

(a) Weight functions used for BF;.
{A) A conventional weight function.

-of the standard deviation ¢(g) of the molecular intensities gM(q).
residuals of the least-squares fitting by the procedure described in Ref. 21.

(b) Weight functions used for BCl;.
(B) Weights assumed to be inversely proportional to the square

(C) Weights estimated from the
(D) Modification of (C)

by the use of on estimated from the standard deviation o(g) of the observed intensity curves. (E)

Molecular intensity curves, gM(q).

x(B-X) ~ % 12(B-X) (4z(B-X)) = ; 14(B-X)
£(X-X) = ‘/93_ 1(X-X){4z(B-X)}
~ Y3 ap(B-X)1(X-X) @)

“The anharmonicity constant, a, was estimated to be
.about 2 A-1.20

The initial least-squares analysis was based
-on a conventional weight function, A, which is
shown in Fig. 3. In order to examine the effect
of the choice of weight functions on the parameter
values, however, three additional weight functions
were estimated (Fig. 3). The weight function B
was assumed to be inversely proportional to the
square of the standard deviation, ¢(g), of the mol-
ecular intensities, ¢M(g).> The other functions,
C and D, were calculated by estimating the standard
«deviation of the population of gM(g), ¢,, which
is related to the errors of the measurement of the
.abscissa and the ordinate of the photometer chart

20) E. R. Lippincott and R. Schroeder, ibid., 28, 1131 (1955).
21) Y. Morino, K. Kuchitsu and Y. Murata, Acta Crysi., 18,
549 (1965).

as follows:21>
On? = Go2- 0,7 + G2 0y? 5)

The weight C was obtained in a way similar to
that reported previously;® that is, ¢,,2 was first
estimated from the residuals of the least-squares
fitting and was then improved by eliminating the
non-essential irregularities of o,.

The estimation of ¢,% by this procedure is not
always reliable, since it tends to put too much weight
on the points where the residuals are accidentally
very small, while the weights for other points may
be severely underestimated. Such effects may be
partly compensated for, because the residuals
are averaged over several plates and because the
weight function is modified by the smoothing of
oy. It seems to be preferable, however, to estimate
¢ 2 by the variance of the observed intensity curves,
¢%(q), and not by the least-squares residuals alone.
The weight function D was, accordingly, obtained
from a2(q), with modification by means of Eq. 5.
The weight functions were normalized in such a
way that about 159, of the observations had the
full weight. Figure 4 shows a typical illustration
of the observed and smoothed ¢, values which
is similar to Fig. 2a of Ref. 21. The ¢, curve was
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Fig. 4. A typical illustration of the standard error ¢y in the measurement of the ordinate of’
the photometer chart estimated from the standard error ¢, of gM(g) based on the residuals.
of the least-squares fitting.
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Fig. 5. Comparison of the observed with the theoretical background.
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TasLe I. COMPLEX SCATTERING FACTORS AT 40 kV. CALCULATED FRoM THE HARTREE-FOCK POTENTIALS
(|f] in A units and # in radians)

B F Cl

0° 5{«&"1) e — —_—— ——

| fl 7 |f] i If] 7
0 0 3.06 0.041 1.93 0.087 5.22 0.12I
1 1.822 1.98 0.058 1.66 0.098 3.93 0.152.
2 3.644 0.912 0.100 1.15 0.129 2.17 0.239
4 7.288 0.273 0.193 0.501 0.227 0.761 0.467
6 10.929 0.134 0.252 0.249 0.334 0.403 0.630
8 14.567 0.082 0.294 0.146 0.425 0.255 0.753
10 18.201 0.055 0.332 0.096 0.496 0.175 0.865
12 21.829 0.040 0.360 0.068 0.554 0.126 0.967
16 29.064 0.023 0.415 0.040 0.643 0.074 1.15
20 36.263 0.015 0.462 0.027 0.715 0.049 1.29
24 43.418 0.011 0.498 0.019 0.777 0.034 1.41

28 50.521 0.008 0.523 0.014 0.828 0.026 1.51
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found to be a slowly-varying function of ¢, while
the magnitude of the random experimental errors
of the ordinate measurements was comparable with
the uncertainty associated with the minimum scale

Molecular Structure of BF; and BCly

division, as was discussed in Ref. 21.

Tasre II.

(A) Conventional weights

BF;
normal
direction

BF;
reversed
direction

BCl,

normal
direction

BF;
normal
direction

BF;
reversed
direction

BCl;
normal
direction

BFg
normal
direction

BF;
reversed
direction

BCl;

normal

Average
a1
a2
Average
gy
g2
Average
gy
gz

Average
B!
g2
Average
gy
g2
Average
g1
o2

Average
a1
az
Average
LB
oz
Average
L8]

(r and ! in A units)

are listed in Table II.

RESULTS OF THE LEAST-SQUARES ANALYSIS

74(B-X) rd(X-X) I(B-X)
1.3154 2.2737 0.0410
0.0004 0.0005 0.0007
0.0016 0.0016 0.0009
1.3138 2.2705 0.0412
0.0006 0.0007 0.0009
0.0014 0.0016 0.0011
1.7421 3.0143 0.0506
0.0006 0.0004 0.0008
0.0015 0.0018 0.0008
(B) Weights estimated from the variance in the molecular intensities.
r4(B-X) rd(X-X) I(B-X)
1.3149 2.2732 0.0395
0.0005 0.0006 0.0008
0.0013 0.0014 0.0009
1.3131 2.2697 0.0389
0.0007 0.0008 0.0010
0.0012 0.0013 0.0011
1.7419 3.0140 0.0505
0.0005 0.0004 0.0007
0.0014 0.0016 0.0006
(C) Weights estimated from the residuals of the least-squares fitting
ra(B-X) r(X-X) I(B-X)
1.3154 2.2739 0.0407
0.0003 0.0004 0.0006
0.0017 0.0016 0.0010
1.3138 2.2707 0.0409
0.0004 0.0005 0.0008
0.0014 0.0017 0.0010
1.7418 3.0135 0.0503
0.0005 0.0004 0.0007
0.0014 0.0017 0.0008

direction

(D) Modifications of (C) by the use of the ¢, estimated from the standard deviation

gz

a(q) of the observed intensity curves.

BF,
normal
direction

BF;
reversed
direction

BCl,
normal
direction

Average
oL
a2
Average
L
a2
Average
g1
a2

ro(B-X)
1.3151

0.0004
0.0016

1.3136
0.0006
0.0014
1.7417
0.0005
0.0014

ro(X-X)
2.2736
0.0005
0.0015

2.2704
0.0007
0.0017

3.0136
0.0004
0.0017

I(B-X)
0.0403
0.0008
0.0010
0.0399
0.0010
0.0011

0.0503

- 0.0007

0.0007

I(X-X)
0.0568

0.0007
0.0008

0.0569
0.0009
0.0006

0.0736
0.0006
0.0005

I(X-X)
0.0560
0.0007
0.0005

0.0563
0.0010
0.0009

0.0736
0.0005
0.0004

1(X-X)
0.0567
0.0006
0.0007

0.0566
0.0007
0.0005

0.0739
0.0005
0.0006

U(X-X)
0.0561
0.0007
0.0008

0.0563
0.0009
0.0008
0.0738
0.0005
0.0006

The results of the least-squares analysis obtained
by using the above four kinds of weight functions
The symbol ¢, in the table
denotes the standard deviation derived by the least-
squares fitting, divided by 1/ n so as to represent the

index
0.983
0.008
0.008
0.974
0.010
0.006

1.010
0.008
0.016

index
0.969
0.007
0.007

0.959
0.010
0.006

1.011
0.007
0.013

index
0.978
0.007
0.009

0.964
0.009
0.004

1.009
0.007
0.015

index

0.970
0.008
0.009
0.957
0.010
0.005
1.007
0.007
0.015
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standard deviation for the average value where n
is the number of intensity curves. The symbol o,
is the standard deviation evaluated by the fluctuation
among several sets of the observed values,3:21
a,=V'3}(X;—X)%/n(n—1). While there are no
appreciable differences among the results based on
different weights for boron trichloride, the values
of the index and the amplitudes differ slightly among
one another for boron trifluoride.

The differences between the bond lengths ob-
tained from the plates taken with the normal and
the reversed directions of the nozzle were 0.119
for r(B-F) and 0.149%, for r(F-F). The average,
0.12%, may be regarded as the difference in the
scale factors between the two nozzle directions;
the interval between the position of the gold foil

Shigehiro Konaka, Yoshitada Murata, Kozo KucHitsu and Yonezo Morino
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and the center of diffraction is, therefore, about
0.06% of the camera length, i. e., about 0.07 mm.
This is shorter than the interval of about 0.12 mm.
which was determined in a similar way for the
asymmetric nozzle used in the study of silicon
tetrachloride.3> The scale factor for boron trichlo-
ride must, then, be corrected by 0.069%,, since the
photographs were taken only for the normal nozzle
direction. The results corrected for the difference
in the camera lengths due to the different nozzle
directions are shown in Table III. The ¢, and g,
values of BF; in this table were calculated by the
following relation:

7
7= \/W [20%0rmal + O%reverseal/? (6)

The apparent increases in the mean amplitudes

TapLe III. SUMMARY OF THE RESULTS OF THE LEAST-SQUARES ANALYSIS
(r and [ in A units)
Weights - (D)
Atomic scattering factors, fBei7r.F.
Corrected for the nozzle asymmetry
ro(B-X) ra(X-X) I(B-X) I(X-X) index
Average 1.3144 2.2720 0.0401 0.0562 0.964
BF; ay 0.0003 0.0004 0.0006 0.0006 0.006
as 0.0011 0.0011 0.0007 0.0006 0.006
Average 1.7407 3.0118 0.0503 0.0738 1.007
BClq a 0.0005 0.0004 0.0007 0.0005 0.007
az 0.0014 0.0017 0.0007 0.0006 0.015

TasLe IV. APPARENT INCREASES IN THE MEAN AMPLITUDES DUE TO THE DISTRIBUTION OF GAS MOLECULES

SB [f]z.F. [fu.F.

I(B-F) 0.0007 0.0009 0.0007

I(F-F) 0.0017 0.0022 0.0017

I(B-CI) 0.0014 0.0021 0.0017

{(CI-Cl) 0.0028 0.0042 0.0034
TaBLE V. LIMITS OF ERROR OF THE ATOMIC DISTANCES (in A units)

Source of error r(B-F) r(F-F) r(B-Cl) r(Cl-Cl)
Random error (2.5 ¢) 0.0028 0.0028 0.0035 0.0043
Drift of voltage 0.0007 0.0011 0.0009 0.0015
Calibration of wavelength 0.0009 0.0016 0.0012 0.0021
Inclination of plates 0.0010 0.0017 0.0013 0.0023
Difference in the camera lengths 0.0010 0.0017

between the sample and the reference
Effects of « 0.0030 0.0015 0.0015 0.0015
Total error 0.0044 0.0041 0.0044 0.0060

TasLe VI. LiMITS OF ERROR OF THE MEAN AMPLITUDES AND INDICES (I in A units)

ind ind

Source of error ¥B-F) I(F-F) O‘;’B“?‘s I(B-CI) I(CI-CD) o’f“ B“(’:‘Is
Random error (2.5¢) 0.0018 0.0015 0.015 0.0018 0.0015 0.038
Sample size 0.0004 0.0009 0.0007 0.0014

(50% of the correction)
Uncertainty in the phase shift 0.0010 0.0010
Arbitrary choice of the 0.0020 0.0010 0.019 0.0002 0.0002 0.003

weight function

Total error 0.0029 0.0020 0.024 0.0022 0.0021 0.038
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were determined by measuring the distribution of
gas molecules on the basis of the discrepancies in
the observed and theoretical backgrounds?® (Fig.
5) (Table IV). The estimates of these corrections
depend on the kind of scattering factors used.

The Estimation of Experimental Errors

The reliability of the observed parameters may
be represented by the 999, confidence interval.
This interval is equal to 2.5 ¢ if we assume the
normal distribution of errors with a standard de-
viation, ¢.222 The greater of the ¢, and ¢, values
of each parameter may safely be taken as the stan-
dard deviation, ¢, corresponding to random
errors. The random errors, 2.5 ¢, and various
systematic errors (which are considered to corres-
pond to the above confidence interval) are listed
in Tables V and VI.

For atomic distances the systematic errors were
estimated as follows.?2> The error of the wave-
lIength of the primary electron beam is less than
0.059%, because the accelerating voltage was stabi-
lized within 0.19%;,. When the wavelengths are de-
termined from the reference gold foil, the uncer-
tainty in the lattice constant of the gold foil and the
personal errors in the measurement committed by
the observer constitute systematic errors which in-
fluence the bond distances. The errors associated
with the corrections for the inclination of photo-
graphic plates were estimated previously.®

As the photographs for BCl; were taken with
only the normal orientation of the nozzle, the errors
associated with the correction due to the deviation
of the center of diffraction from the position of the
gold foil should be taken into consideration. One
half of the correction is, therefore, assigned to this
source of error in Table V. The errors of the
anharmonicity constants, &, were estimated from
the difference in the outputs of the least-squares
analyses where the x constants were either taken
as variable parameters or as constants based on
the various estimation.

For mean amplitudes, the errors associated with
the correction for the distribution of gas molecules
around the nozzle were assumed to be 50%, of the
«<orrection. Errors coming from the arbitrariness
-of the weights were taken into consideration for
‘both molecules.

The confidence intervals were estimated from
the square root of the squared sum of errors, by
assuming that these errors occur independently.

Results and Discussion

Atomic Distances and Mean Amplitudes.—
"The final results of the molecular constants obtained
by using the Born scattering factors, fPBet’r.r., are
given in Table VII. The average interatomic

22) K. Kuchitsu, This Bulletin, 32, 748 (1959).
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TasLE VII. MOLECULAR CONSTANTS OBTAINED BY
USING THE BORN SCATTERING FACTOR fB AND THE
PHASE SHIFT 31 p, (r, | and dg in A units)

BF;
B-F F-F
Ty 1.3156+0.0044 2.273340.0041
Ta 1.3130+0.0044 2,27234+-0.0041
l 0.03944-0.0029 0.0545--0.0020
index 0.964 +0.024
dg 0.0054+0.0057 (caled. 0.0037)
BCl,
B-Cl Cl-C1
rg 1.7421 40.0044 3.01350.0060
T 1.7387 +0.0044 3.0120+0.0060
I 0.0489+0.0022 0.0710+0.0021
index 1.007 +0.038
Og 0.00394-0.0041 (caled. 0.0044)

TaBLe VIII. MOLECULAR CONSTANTS OBTAINED BY
USING THE COMPLEX SCATTERING FACTORS FOR THE
TuoMAs-FERMI POTENTIAL (7, [ and 3, in A units)

BF;

B-F F-F
re 1.3156-+0.0044 2.2734+0.0041
Ta 1.3130-£0.0044 2.27244+0.0041
! 0.0382-+0.0029 0.0528--0.0021
index 0.946 +0.024
dg 0.0053+0.0058

BCl;

B-Cl cl-Cl
re 1.7421£0.0044 3.0134-+0.0060
Ta 1.7387-+0.0044 3.0119-0.0060
I 0.0495.+0.0024 0.0687+0.0026
index 0.995 +0.038
dg 0.0040-+0.0041

TaBLE IX. MOLECULAR CONSTANTS OBTAINED BY
USING THE COMPLEX SCATTERING FACTORS FOR
THE HARTREE-FOCK POTENTIALS®)

(r, | and 84 in A units)

BF;
B-F F-F
rg 1.315640.0044 2.2733+0.0041
Te 1.31304+0.0044 2.2723+0.0041
1 0.03984-0.0029 0.0541 +0.0020
index 0.960 -+0.024
dg 0.0054+0.0057
BCly
B-Cl cl-al
Tg 1.7421 4+0.0044 3.01344+0.0060
Ta 1.7387 4+0.0044 3.01194+0.0060
I 0.0505+0.0023 0.0700+0.0023
index 1.006 +0.038
dg 0.0040+0.0041

a) The parameters listed in this table should be
regarded as the final results of this study.
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distances, r,, were calculated from r, by the rela-
tion: ry=rq+12[ry, and the mean amplitudes were
corrected for the finite sample size. The results
obtained by the use of the complex scattering factors,
|fle.r.et"r.F. and |f|g.p.e?"n.F., are also listed in
Tables VIII and IX respectively. For the reason
given in the next subsection, the values listed in
Table IX should be regarded as the final results
of this study.

If the BX; molecules were exactly in a rigid planar
triangular form, the X-X distance should be equal
to 13 times the B-X distance. However, when
we calculate d,=1/31r,(B-X) —r,(X-X), it is not
equal to zero, because of the perpendicular am-
plitudes caused by thermal vibrations.?®> It was
found in this experiment that §,=0.0054--0.0057 A
for BF; and 8,=0.0040+0.0041 A for BCl,.

The shrinkage mentioned above was calculated
by the following relation:

dy(caled.) = V'g‘(ML;%.’i)

where the perpendicular amplitudes, {4x*) and
{4y*y, can be calculated by using the L and G
matrix elements. For the B-X pair,

2
<Ax2> = § (L432<Q32> + L2y, <Q42>)

1
{dy* = 3 Ly* L")
and for the X-X pair.
1 .
(d=*) = 'E-;'{(I/ 3 Lag— Ly3)*{ Q5%

+ (V'3 Lss— L) {Q%}
4y =0

The thermal-average distance, r,, is defined as?
the sum of the equilibrium distance, r,, and an
anharmonic term, (4z); that is, ro=r,— ({4x®+
{d4y*»)[2r,—dr. The centrifugal stretching terms,
dr, were calculated to be 0.0003 A, 0.0006 A,
0.0005 A and 0.0009 A for the B-F, F-F, B-Cl
and CI-Cl pairs respectively.?> The observed
7, distances are listed in Tables VII, VIII and IX.
In this average structure, the nonlinear shrinkage
effect should disappear if the molecule is exactly
in a planar triangular form, The ratio of the B-X
distance to the X-X distance in this structure,
7o (F=F) [r . (B-F) =1.73060.0045, r,(Cl-Cl)/r.(B-
Cl) =1.7323+0.0023, is equal to /'3 within the
range of experimental error. It is therefore proved,
to within an order of 0.001 A, that the BF; and BCl,

23) Y. Morino, S. J. Cyvin, K. Kuchitsu and T. lijima, J.
Chem. Phys., 36, 1109 (1962).

24) Y. Morino, K. Kuchitsu and T. Oka, ibid., 36, 1108
(1962).

25) M. Iwasaki and K. Hedberg, ibid., 36, 2961 (1962).
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molecules take a planar triangular form in the
average structure, and also in the equilibrium
structure,

Although the above results are consistent with
those given in previous papers'~% within their
ranges of experimental error, the present study has
provided more direct and confirmative support
for the planarity of these molecules.

The thermal average B-F distance, r,=1.3156+
0.0044 A, is significantly larger than the effective
distance, r,=1.295, A, obtained by Nielsen?®> from
the rotational constant, By, in the analysis of the
infrared v, band of BF,. While a part of this di-
screpancy stems from the difference in the defini-
tion of the internuclear distance, their assignment
seems to be questionable. This problem will
be studied in more detail in a forthcoming paper.

A Comparison of the Atomic Scattering
Factors.—A similar electron diffraction analysis
for boron tribromide?™ has revealed that the com-
plex atomic scattering factors, |fly.p.€*7H-F.,
calculated from the Hartree-Fock potentials provide
a value of the mean amplitude, /(B-Br), more re-
asonable than the other scattering factors, fBet”r.r.
and |f|p.p.et"1.F., and that the theoretical back-
ground line calculated from |f|g.p. is in better
agreement with the observations than those cal-
culated from the scattering factors, f® and
|[flr.r.- Accordingly, it seemed desirable to com-
pare the background lines calculated from these
atomic scattering factors for the other halides.

The effects of the difference in the scattering
factors appear on the mean amplitudes and on the
backgrounds, but not appreciably on the atomic
distances. The observed mean amplitudes ob-
tained from the three scattering factors are shown
in Fig. 6, where the closed areas show the limits of
error of the mean amplitudes obtained by using
the Hartree-Fock scattering factors, | f|g.r.€?78-F-.

As may be seen in Fig. 5, the theoretical back-
grounds of boron trifluoride based on the three
scatter-ing factors are in good agreement with the
observed curve. Slight differences, each within the
limits of error, are observed in the mean amplitudes
listed in Tables VII—IX however, The results
based on fBet”r.¥. and | f|y.p.€!"H.F. are compatible
with the spectroscopic value within the limits of
error, while that based on | f|p.r.e*"7.F. is in poorer
agreement. For the mean amplitudes of borom
trichloride, the result based on each scattering fac-
tor is in good agreement with the spectroscopic
value, with the exception that the |flpp. factor
gives a poor result for the background. It thus
seems that the results based on the |fl|r.r. factor
are not quite satisfactory. This may be ascribed
to the inadequacy of the Thomas-Fermi potential

26) A. H. Nielsen, ibid., 22, 659 (1954).
27) 5. Konaka, T. Ito and Y. Morino, This Bulletin, 39, 1146
(1966).



June, 1966] Molecular Structure of BF; and BCly 1143
TapLE XI. FORCE CONSTANTS DETERMINED FROM THE MEAN AMPLITUDES, ISOTOPIC SHIFTS AND THE
ASSUMPTION OF THE UREY-BRADLEY FORCE FIELDS WiTH F'=—(1/10)F (in md/A units)

BF, '
Mean Isotopic .
amplitudes shifts U.B.F.F.
Fyy 8.82 +0.10
Fs 0.293+0.005
Fy 7.4 +2.3 7.6 +£1.5 6.675+0.027
Fay —0.9 +0.9 —0.7 +0.6 —0.362+0.009
Fy 0.58+0.09 0.53+0.03 0.513+0.013
BCly
Mean Isotopic .
amplitudes shifts UB.F.F.
Fyy 4.63 +0.10
Fop 0.135+0.003
Fs 3.6 +1.3 3.4 +1.4 3.3844-0.043
Fsy —0.36+0.44 —0.224£0.43 —0.20940.010
Fu 0.26+0.06 0.254+0.10 0.230+0.011

tfor such light elements as boron, fluorine and chlo-
rine.

Force Constants.—The BX; molecules belong
‘to the point group D, and have four fundamental
drequencies. v, is a totally symmetric stretching
vibration (A,' species), v, is an out-of-plane vibra-
tion (A,;'' species), and vy; and v, are doubly-
-degenerate vibrations (E' species). Although the
force constants of A,' and A,'' species can easily
be determined from the vibrational frequencies
alone, those of E' species cannot be determined
uniquely because the number of the force constants
(three) exceeds that of the frequencies (two).

So far, several sets of force constants have been
«calculated by using the frequencies of the boron
isotopes as additional observables. Since, however,
the mass ratio of 1°B to !B is nearly unity, small
-experimental errors in the frequencies may lead
ito large errors in the force constants. The Urey-
Bradley force constants of boron trihalides have
:also been reported.?®??> The force constants can
also be determined more precisely if the Coriolis
-coupling constants are observed. Thus far, one
of the Coriolis constants of boron trifluoride has
Tbeen determined from the band shape of the v,
Afrequency and used to calculate the force con-
:stants.?®)  Nevertheless, this finding does not seem to
be well-grounded experimentally, since the Coriolis
.constant was determined only indirectly. For this
reason, it seems profitable to calculate the force
.constants from the mean amplitudes observed by
«lectron diffraction.

The general quadratic potential function, in
terms of the internal coordinates for BX; molecules,
is:

2V =3 f+(dr)? + 23 fre(dre) (dr) + fe(redr)?

28) G. J. Janz and Y. Mikawa, J. Mol. Spectry., 5, 92 (1960).
29) E. Meisingseth, Acta Chem. Scand., 16, 1601 (1962).
30) J. L. Duncan, J. Mol. Spectry., 13, 338 (1964).

+ D fa(roday)? + 233 faa(roday) (nday)
Zfra(dri)(fodai) + 22‘){',“(14?'5)[?'04“3) (8)

The internal coordinates are Ary, dr,, drs, ryday,
ryda,, roda; and rydr, where dr; is the change in
the length of the ith bond, da; is the change in the
bond angle opposite to r;, and r; is the bond dis-
stance. 4t is the change in the angle between any
one of the bonds and the molecular plane.*

The following symmetry coordinates are used:

A,' species, §, = (dry + dry + dry)

1
V'3
A,'"" species, S; = rdt

1

E' species, 8y = Ve (2dry — dry — dr,)
S, = _1/13_ r(2da; —da, — da,)
8y = —~1/I—2- (dry — 4dr,)
S, = #_ ro(da, — da,) (9)

V2

The elements of the F matrix in the symmetry
coordinates have the following relations to the con-
stants in Eq. 8:

A,' species, Fyy = fr+ 2f e

A,"" species, Fyp = fe

E' species, Fas = fr — for
Fsa Zfra —f]ra
F-H:fa_faa (10)

When the above transformation (9) is expressed in

* If the displacements of the Cartesian coordinates perpendic-
ular to the molecular plane are denoted as y, they are related
to 4T as rgdT=y1+ry2+r3—3r0, while the G matrix for Az'*
species is given by Gza=3/mx+9/mp.
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a matrix form:
S=UR, (m
the mean amplitudes of vibration are given by3:
(RR) = UL(QQ) LU (12)

where (Qé) is a diagonal matrix having the
elements of:

h hv;
2y = th
Qe 8xy; 0 ( 2T )
From Eq. 12 the mean square amplitudes for the
BX; molecules are found to be:

(13)

1 2
P(B-X) = E L112<Q12> + _3' {L332<Q32>
+ Lg2Q4%}
BX-X) = LyQe®) + 5 {1/ FLa

= Li5)Qs*) + (V'3 Lay— L) Q4%D} (14)

In a rigorous sense, the normal frequencies,
v,, should be used in the calculation of the force
field, but at present we do not have enough know-
ledge of vibrational anharmonicities to convert
the fundamental frequencies, v, to v, for boron
trihalide.??> Table X shows the fundamental
frequencies used for the calculation?$:3%:34) and the
uncertainties of the frequencies which are estimat-
ed by analogy with other simple polyatomic mol-
ecules. When these observed v values are used,
the force constants have only one degree of freedom,
and the two mean amplitudes, /(B-X) and /(X-X),

TasLe X. FUNDAMENTAL FREQUENCIES USED FOR
THE CALCULATION OF FORCE CONSTANTS
(in cm~1! units)

UBF, 10BF, Uncertainty®
Pla) 888 BBB 15
] 691.45 718.23 +1.5
v3©) 1453.9 1504.8 +6
s 480.4 482.0 +5
UuBCly 10BCl, Uncertainty®>
py® 471 471 45
yg® 454.9 474.3 45
) 954.2 993.7 +5
vy 243 243 +5
a) Ref. 33
b) Ref. 26
c) Ref. 34
d) Limits of uncertainty estimated in the present
study.

31) Y. Morino, K. Kuchitsu and T. Shimanouchi, J. Chem.
Phys., 20, 726 (1952); Y. Morino and E. Hirota, ibid., 23, 737
(1955).

32) C. W. F. T. Pistorius, ibid., 29, 1174 (1958). He has
reported anharmonicity corrections for boron trihalides, but his
corrections are questionable.

33) L. P. Lindeman and M. K. Wilson, ibid., 24, 242 (1956).
34) J. Vanderryn, ibid., 30, 331 (1959).
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IB-CI), A

Fig. 6. Correlation curve of the mean amplitudes.
B, T, H: Observed values obtained by using
the scattering factors, fBe/71.r., |f|r p.ef71.¥7.
and |f|u.p.€/7u.F., respectively.
S: Calculated values from spectroscopic data.
The small ellipses drawn in solid lines show the:
limits of error of the mean amplitudes obtained
by using the Hartree-Fock complex scattering
factors, [fluy.p.e7u.r.. The dashed curve was
used to estimate the uncertainties in the force
constants of boron trifluoride (see text). The
shaded areas indicate the regions in which the
diffraction and spectroscopic data are thought
to be compatible.

cannot be independent. The curve of [(X-X)
versus [(B-X) is illustrated in Fig. 6. The spread
of the curves corresponds to the errors in the fre-
quencies estimated above. Any one point on the
curve corresponds to a set of the force constants.
The ranges of the observed mean amplitudes based
on the scattering factors, | f|y.p.e!"8.F., are within
the ellipses drawn in solid lines in Fig. 6, while
the overlapping regions of the curves indicate
reasonable sets of the force constants. The observed
value of [(B-F) is smaller than that to be expected
from vibrational frequencies by about 0.003 A,
possibly because of some unknown systematic error..
The uncertainties in the force constants of boron
trifluoride were estimated from the overlapping
region of the /-l curve and an ellipse displaced
by 0.003 A parallel to the /(B-F) axis. The dis-
placed ellipse is shown by a dashed line in Fig. 6.
The force constant, Fy;, was determined from the
corresponding region in the curve of Fj; versus
(B-X) in Fig. 7, while the other constants, Fy; and
F,,, were obtained from the value of F;. The
force constants obtained in this way are shown in
Table XI.

It is found that the force constants determined
from the mean amplitudes are in good agreement
with those obtained by the isotopic shifts and the
Urey-Bradley force fields (Table XI). The errors
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-20 -10 0
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Fig. 7a.

I(B-CI), A

Faﬂ; md!A

Fy, mde

Fig. 7b.

Fig. 7. Determination of the force constants.
(a) BF;, (b) BCl,.
(A) Correlation curves of I(B-X) and Fj,.
(B) Correlation curves of Fy; and Fa.
(C) Correlation curves of Fy and Fa,.
The shaded area indicates reasonable sets of the
force constants.

=,

Gl QD)

7

Gl QD)

0 Gy — 5
G

Fig. 8. Dependence of the mean amplitudes 37,
on the parameter §.

in the force constants derived from the mean am-
plitudes are similar in magnitude to those of the
force constants obtained by the isotopic shifts.
Nevertheless, the force constants are now considered
to have been confirmed, since the two different
experimental methods have given coincident results,

As is shown in Fig. 6, the positions of the observed
mean amplitudes of BF; and BCl; are at the left-
hand edge of the /- curve. Similar phenomena
have also been observed in the CCl;, GeCl,
SiCl3, TiCl® and BBr;?™ molecules which have
previously been studied in our laboratory. It,
therefore, seems unlikely that this is merely a coin-
cidence. An analysis to be shown in the Appendix
will prove that the physical meaning of this effect
is related to a well-known empirical rule that the
normal modes of stretching vibrations have es-
sentially no dependence on the bending coordi-
nates.3%

Summary

The atomic distances and the mean amplitudes
of boron trifluoride and boron trichloride have
been determined by the sector-microphotometer
method of gas electron diffraction (Table IX).
The force constants determined from the mean
amplitudes and the vibrational frequencies are
in good agreement with those obtained by the iso-
topic shifts and by the Urey-Bradley force field.

It has been found that the Born scattering factors
and the complex scattering factors for boron tri-
fluoride and boron trichloride calculated from the
Hartree-Fock potential give more reasonable mean
amplitudes and theoretical backgrounds than the
complex scattering factors calculated from the
Thomas-Fermi potential.

The authors wish to express their gratitude to
Dr. Ryohei Nakane for providing the boron trifluo-
ride, and to the Central Research Institute of the
Tokyo Shibaura Electric Co. for supplying the
boron trichloride. They are also grateful to of
the Ministry Education for a research grant.

35) T. Oka and Y. Morino, J. Mol. Spectry., 11, 349 (1963).
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Appendix

A simple relation has been observed empirically
between the observed mean amplitudes of the X-Y
and Y-Y distances for the tetrahedral XY, molecules
(CCl,, GeCLD, SiCl® and TiCl®) and for the planar
trigonal XY; molecules (BFs, BCl; and BBry¥™).
Without exception, the observed values of /(X-Y) and
I(Y-Y) fall close to the left-hand edge of the /-l ellipse,
as is shown in Fig. 6.

We will here show that this phenomenon can be
explained quite simply with relation to the characteristic
modes of molecular vibrations, that is, by the empirical
rule L; ; (i< j) =0, where the normal coordinates and the
symmetry coordinates are numbered from the higher
to the lower frequencies. According to the following
argument, the mean amplitudes of a bonded pair,
X-Y, takes a minimum value when Lg=0.

The {(X-Y) amplitude is related to the L matrix
elements as follows:

B(X-Y) = -;—21 + % h for XY;  (Al)
—rSi TS fr XY (A9

3= Ly¥Q,% (A3)

s = L32(Q5%) + L3 2(0Q4%) (Ad)

where 33 is the mean amplitude matrix defined by
Cyvin.®® The first terms of Eqs. Al and A2 have de-
finite values, because L,2=G;;=1[my, while the second
terms depend on the choice of the force constants,
because L3 and Lss change with the force constants.
Therefore, it is sufficient to prove that >3 takes a mi-
nimum value in order to prove that the I(X-Y) takes a

minimum. Using the relation @ =LL, we obtain the

36) 8. J. Cyvin, Spectrochim. Acta, 15, 828 (1959).
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following formulas:
Gay = Lygg® + Lys®
Gy = LygLyg + LgyLyy
Gy = Lyg® + Lyf®
o (Gas — Lo )Gaw — L) = Lys?Lyy®
= (Gas — LasLyy)?

From these equations, we can express Ly in terms of
the G matrix elements and a parameter, j§, where

43 =LgyfL4y:

(AS5)

__ BGulG]
(BGu—Gu) +iG|’
Then 373 can also be expressed in terms of the para-
meter f:
3l = Lgy®( Q%) + L2 Q42
= Gy Q4% + La®({Q4% — {Qs")
BGu| G|
=G 2y 4 - &
QD Cu—Gur +16
X(QH—(Q5%) (A7)
Since |G| and ({Q42) — (Q4*)) are both positive,
it is clear that 3}; takes a minimum when B=0, that
is, when L3=0, and takes a maximum when S=
G33/Gyy, that is, when Lgz=0. The curve of 3}; is shown
in Fig. 8.

For molecules of the bent XY; type, [(X-Y) takes the
minimum value when L;;=0, since the following rela-
tion is the same as those for the planar XY; and
tetrahedral XY, molecules.

Lyt |G| = GGy — Gsi® (A6)

BX-Y) = (5 + ) (a8)
3= LuX Q) + L0 49)
203 = Lg*(Qs® (A10)




