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The nuclear quadrupole resonance (NQR) due to 35C1, SlBr,

1271, and ?°°Bi were observed in bismuth trihalides. The NOR
Zeeman effect on bismuth trichloride was measured at room
temperature using the single crystal. The bond angles of

bismuth trichloride were found to be 85.50, 92,3°

, and 92.3°,
The asymmetry parameters of the field gradients were calculated
to be 0.431 and 0.178 for two non-equivalent chlorine atoms.

On the other hand, three 81

Br NQR freguencies of bismuth tri-
bromide were newly obéerved and the Zeeman effect was examined
;on each resonance line: the quadrupole coupling constants and
asymmetry parameters were 205.01 MHz and 0.077, 225.39 MHz
and»é.424, and 246.17 MHz and 0.152 respectively, and the
crystal had a monoclinic symmetry. A different spectrum of

2098i from that reported previously was observed: eZQqZZ/h =

266.6 MHz and 7] = 0.822. Two NQR frequencies due to T2/I

in bismufh triiodide were in good agreement with the literature
values. The NQR parameters obtained were discussed in terms |
of the bond nature of intra- and intermolecular bonds between

the bismuth and halogen atoms on the basis of the Townes-

Dailey theo:y;



It would be of interest to study the nuclear quadrupole
resonance (NQR) of bismuth trihalides except bismuth tri-
fluoride since the halogen and bismuth atoms have nuclear
quadrupole moment (eQ) and provide informations on the crystal
and molecuiar structures as well as tﬁe bond character by the
NQR measurements on both nuclei. However, the NQR studies on
bismuth trihalides aré not seen so frequently as compared with
those on the tfihalides of the other Group VA elements. The
crystal structures of bismuth trihalides are not the same: the
chloride has been shown to form the molecular crystal by X-ray
diffractionl) and the iodide to form the layer lattice.z)
This makes a direct comparison of the NQR parameters of the
halides meaningless..

35

Robinson has reported the NQR frequencies of ~~Cl and

209._. . . . , . .
Bi in bismuth trichloride; two resonance frequencies due

to 35C1 and a set of four resonance frequencies due to 2098i.3)
However, he did not discuss about the results in detail, be-
cause the asymmetry parameters of the field gradients of the

chlorine atoms were not determined and the crystal structure

of this compound was not available at that time. It was

35

decided, therefore, to measure the NQR frequencies of Cl

and 2098i, and the temperature dependence of each resonance
frequency of bismuth trichloride.‘ Furthermore, the NQR
Zeeman effect on its single crystal was measured at room

" temperature.

On the other hand, for bismuth tribromide only the 2ogBi

NGQR frequencies have been»reporteda4) The bromine NQR fre-

quencies have not been given until the present experiment;
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as far as we know. Three Br NQR frequencies were found for

the first time and were assigned to the non-equivalent bromine

.. 209
atoms 1in 1ts crystal. The

Bi NQR spectrum observed in the
present experiment was different from that reported previocusly,
and the guadrupole coupling'constant and the asymmetry para-
meter were derived from four allowed transition ffequencies

209

for Bi nucleus.

Crystal St:ucture

.The crystal structure of bismuth trichloride by means of
X-ray-diffraétion has been recently published by Nyburg, Ozin,
and Szymanski.l) Figure 1 shows the projec{ion along the c
axis of the crystal lattice. The space group is an ortho-
rhombic Pn2. a with four molecules in a unit cell, the dimen-

sions of which are
as7.641, b=9,172, and c26.201 & .

It is confirmed that the biémuth trichloride crystal is
made up of discrete, distorted pyramidal molecules, ‘although
in gaseous state it has a complete Csv.symmetry. The'Bifcl
bond distances are 2.518, 2.513, and 2.468 &, among which
‘those for C1(1) and C1(1)' atoms in Fig. 1 are nearly equal.
There are shorter intermolecular distances between bigmuth
and chlorine atoms than the sum of the van der Waals radii
of relevant atoms. Accordingly, the bismuth atom is sure
rounded by fiVetneighboring chlorine atoms besides three intra=-,
~molecular chlorine atoms. These intermolecular Bi--Cl

distances are 3.22Z and 3.45 & for the Cl(i) atom, 3.26 and
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3.40 £ for the Cl{1)' atom, and 3.22 R for the Cl(2) atom.
The unit cell dimension becomes smaller than that of antimony
trichloride, which also suggests that there are strong inter-
molecular bondings between the bismuth and chlorine atoms.

The crystal structure of bismuth tribromide has been
1ittle kKnown so far. According to the information obtained
by X-ray diffraction analysis the bismuth tribromide crystal-
lizes into the P213 lattice isomorphous-with incorrect bismuth
trichloride structure.s)

Bismuth triiodide has a hexagonal layer lattice, in
which all the icdine atoms occupy the equivalent sites and

\

. . 2
have bridge structures between two bismuth atoms.”’ The

. . . - . . o,
distance between the bismuth and iodine atoms is 3.1 A in

every site.

Experimental

Material.  Commercial bismuth trichloride, of which
it is impossible to detect any NQR absorption line dﬁe to
either chlorine or bismufh atom, was purified by normal
freezing method. After the central parts of several.ampoules,
of bismuth trichloride were collected, the single crystai was
prepared by means of the Bridgman-Stockbarger method. It
was succeeded to detect the resonance absorptions and to
examine the NQR Zeeman effect.

Bismuth tribromide was parchased from the same~origin as
bismuth trichloricde, of which no NQR absorption was able to be

detected. We purified the compound and obtained its single



crystal by the same procedure‘as above,

Bismuth triiodide from commercial origin was purified
by removal of excess iodine under reduéed'pressure and subjected
to the NQR measurements.

Apparatus. The NQR spectrometer used in these
experiments was a self-quenching super-regenerdative oscillator
with frequency wmodulation, and absorption lines were displayed
en an oscilloscope. Resonance frequencies were measured with
a standard signal genefatof and a universal frequency counter
by matching a zero-beat on the oscilloscope. A Zeeman
magnetic field of about 200 G was applied to the sample by a
Helmholtz coil. The crystal was rotated about the sample axis
(&) and the Helmholtz coil was rotated in the plane parallel
to the sample axis ((®). For the measurements of the temperature
dependeﬁce of the resonance frequency the temperature was
controlled by sendirig a cold stream of nitrogen gas from
viiquid nitrogen and its value was determined using a

copper-constantan thermocouple.

Results

Eismuth Trichloride. The NQR frequency, ), for a
nucleus having a nuclear spin of I=3/2 as 3°C1 and 8lg, is

. . . 6)
given as the following equatlon:‘)

.L?$ equzz/Zh (1 +’72/3 ), . . (1)

2Qqn‘/h‘is a quadrupole coupling constant of the atcm

where e
under consideration and 47is an asymmetry parameter of the

Field 3 inc A= S le '
field grad*gnts defined as /7 (eqxx chY)/eqZz and leqzzi)
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feqyyiﬂeqxxk. Since Eq. (1) involves only one observable value,
}), we cannot determine equz7/h andf7 separately in an ordi-
nary case. In such a case we must observe the NQR Zeeman
effect to find the two parameters.

35
o

For bismuth trichloride, tw Cl freguencies were

observed as reported by Robinson.>)

These frequencies at
liquid nitrogen and room temperatures are presented in
Table 1. When the polycrystalline sample was used, the lower
absorption ( designated as)/l) is about twice as. intense as the
higher one (1)2). These results indicate that there are two
kinds of chlorine atoms in the crystai and that the abundance
ratio is 2:1.

Since bismuth atom has a nuclear spin I< 9/2, it shows

four N{R absorptions. Then, the eZQ /h and ﬁ values can

Azz
be determined from the resonance frequencies. Four allowed

frequencies are expressed by the following relations.
V.= r. (4 eqq../24h | (2)
i i qz zz -

where i = 1, 2, 3, 4 and ri(OZ) is a relative frequency
factor including 47. Since in this case the secular eqﬁation
for nucléar electric quadrupole interaction cannot be solved
‘precisely, the value of ri(QY) are evaluated by the Cohen's
table, in which the eigen value is tabulated for any value

7) The bismuth resonance

of??iﬁ intervals of 0.1 from O to 1.
frequencies and assigned transitions are listed in Table 1.

in order to determine the asymmetry parameter for the
chlorine atom by the NQR Zeeman effect, the zero~-splitting

method is generally used. This method gives the directions



of the principal field gradients as well as the asymmetry
parameters. The condition under which the zero-splitting

” " s . 8
cccurs for nuclear spin I=3/2 is given ) by
A

0

sin® © = 2/ (3 -qcos 29 ), (3)

where © and ? are the polar and azimuthal angles for the
Zeeman magnetic field with respect to the cocrdinates of the
principal axes (X, Y, and Z axes) of the field gradient at

the resonant nucleus. Thus the asymmetry parameter was deter-
mined from Egq. {3) by the use of the least-sguare method.

. Once the asymmetry parameter is obtaiéed,‘the quadrupole
coupling constant and the unbalanced p electron number, Up,

can be determined from Bgs. (1) and (4).

2 X 2. . '

Up = (e quz/n) / (e quz/n)atom° (4)
(e®0q../h) is 109.746 MHz for -°c1°%) and 643.03 MHz for
( qZZ_‘ atom : : y .
‘SlBr,gb) The wvalues of ﬁ s equZZ/h, and Up at room temper-

ature are listed in Table 2.

Four zero-gplitting patterns were deduced from ,yl,
whereas two patterns from‘))z, as is shown in Fig. 2. These
results indicate that there are four different directions for
ﬁhe chlorine atoms, Cl{1), contribuiing to 1)1 and two
directions for the chlorine atoms, C1(2), contributing to
Lé in a unit cell. The Zeeman effect on the bismuth absorp-
tion was also measured on the 5/2¢7/2 transition, since it
was more intense than the others. Two zero-splitting patterns
were observed and shown in Fig. 3 at the same coordinates as

those in Fig. 2. The crystal must be of the Laue symmetry
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. 10
D and therefore, belongs to the orthorhombic lattice.

o

2h
The C1{2) and bismuth atoms occupy the special positionsg in
the lattice.

Temperature dependences of le and l)z'were measured
between 77 and 373 K as Fig. 4 shows. It is noticed that ))2
shows a normal negative temperature gradieﬁt, whereas 2)1
behaves abnormally. These features suggest that the Cl({1l)
atom is in apunusual situation which is indicated also in a
lower resonance frequency. The temperature dependences of
the equZz/h and fﬂ-of the 2098ﬁ atom were derived from the
5/2¢>7/2 and 7/2 © 9/2 transitions as is seen in Fig.s5.

Bismﬁth Tribromide, As for bismuth tribromide three
reésonance frequencies due to 818: have.been newly observed.
Table 3 shows these resonance frequencies at £oom temperature
where those due to 79B£ are omitted because they have correct
isotope frequency ratio. The Zeeman effect on each resonance
line was measured at rodm temperature. Two zero~-splitting
patéerﬁs were obtained from each line. These.features of the
bromine NQR indicate that the crystal structure of bismuth
tribromide is apparently different from that of bismuth tri-
chloride. The quadrupole coupling constant and asymmetry
parameter are listed in Table 3., On the other hand, theyzOgBi
NQR spectrum observed in this experiment is different from
that reported by Swiger et al.é)/ Four resonance frequencies
- were observed and ascribed to a kind of bismuth atom in thé
lattice. The quadrupole coupling constant and asymmetry

parameter were calculated using the Cohen's table as Table 3

.shows. OCnly one zero-splitting pattern was observed on either -



5/2¢»7/2 ox 7/2¢&9/2 +transition oflzo9

Bi at room temperature.,
However, there should be another éero—splitting pattern
because the crystal has a twofold symmetry which is revealed

by the bromine Zeewman effect. This pattern must have been
missed, because the Z axis of the field gradient makes a

small angle with the rf field and the resonance is too weak

to be detected. The observed zero-splitting éngles of the
5/207/2 #nd 7/2¢39/2 transitions were in good agreement with
the calculated ones on condition07= 0.82.11? The angles

among the Z axes of the bromine and bismuth atoms are listed.

in Table 4.

Discussion

Bismuth Trichloride. As mentioned before the crystal
of bismuth trichloride contains two kinds éf chemicalily
hon-equivalent chlorine atoms and one kind of bismuth atom
in the orthorhombic unit cell:; the abundance ratio ( C1(1):
Cl(2) ) in the crystal ma? be 2:1 according to the reia?ive
intensity of two resonance lines due to 2°¢7. Furthermore,
the Cl(1) atoms have four 5on—equiva1ent directions and the
- CL(2) atdms have two directions. The unit cell axes of the
orthorhombic lattice appear as three twofold axes perpen-
dicular * to .each other, which may be easily determined by
the relations of the Z axes in Figs. 2 and 3.

Nyburg et al. have discussed on the ambiguity of the
space group of bismuth trichloride; which is either Pn2;a

1) '

or Pnma. If it belongs <o Pnma, the molecule in the crystal

nust -have a mirror plane ( or a center of'symmetry). On the
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other hand, if it belong to Pn2_a, the molecule need not

1
have any symmetry. They elucidated on the basis of the
structure analysis that the correct space group is Pn?la.

The PnZla‘structure contains three kinds of chlorine atoms
'in a unit cell as may be seen in fFig. 1. The NRQR spectrum
of this structure may be composed of three resonance lines

due to 33

Cl having nearly equal intensity and a set of the
bismuth resonance lines. Also, each resonance line must

split into four zero-splitting components when a magnetic

- field 1is applied; The observed number of the resonance lines
and the Zeeman patterns are in disagreement with these expect-
ations on the Pn21a structure, These disagreement between the
results of the NQR and X-ray methods is originated from whether
the molecule has a mirror plane or not, which may appear at

v=% in Fig. 1. The NQR results suggest apparently that the
molecule has the mirror plane so that its space group is

Pama. This structure is isomorphous with that of antimony
'trichloride and the NQR spectra of these compounds are also
'similar to each other. 1In any event, the crystal may be com-
posed of distorted pyramidal molecules. L)l is assigned to

the chlorine atoms out of the mirror plane and 2)2 to those

in the plane. The interatomic distance of the Bi-C1l(2) bond
is shorter than that of the Bi-Cl(1) bond. This is an expécted‘
tendency from the NQR frequencies since the NQR Ifrequency
becomes generally higher as the bond lehgth is shortened.

Table 5 shows the angles between the‘z axes and the

10)

crystal axes determined by means of the NQR Zeeman effect.

The values in the second row were calculated from the Pn21a
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.structure by assuming that the Z axes lie on the relévant
Bi~Cl bonds. The numerical agreement is good except the
difference of the crystal symmetry. Therefore, the directions
of the Z axes of the chlorine atoms may be taken to be nearly
consistent with the directions of the Bi-Cl bonds in spite of
thelr large asymmetry parameters, although the small deviation
of the Z axis from the bond direction may occur as will be
mentioned later. Thus, the bond angle can be derived from the
directions of the Z axes by considering the molecular symmetry
and its pyramidal structure. Table 6 Presents the interbond
ahgles thus obtained, along with those by means of the X-ray
method.

The difference in the Crystal structures proposed by
means of the NQR and X-ray analyses is suggestive of the_
‘presence of modifications in bismuth trichloride crystal.

.

This is the case in antimony tribromide; that is, there are

po

Ithe!?212ﬁ21 and Pnma structures which were confirmed by the

12) ; ; |
2 However, the study of the temperature

X;ray and NQR methods.
dependence of the NQR frequency indicgtes no evidence for such

a phase transition in the temperature range concerned as is

- seen in Figs. 4 and 5.

AithOugh'the mbleculai structure in the Pnma lattice deviates
slightly from that in the Pnzla lattice) the NOR parameters will
be discussed on the basis of the crystal structure of Nyburg
et al.

There are strong intermolecular interaction or boénds

between the chlorine and bismuth atoms in the solid state as

Tevealed by the X-ray analysis. These intermolecular bonds
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may affect on the observed quadrupole coupling constants

and asymmetry parametlers of the chlorine atoms as well as the
bismuth atoms. Thus, the large asymmetlry parameters may be
caused to some extent by these intermoleculay bonds, although
they are rather weaker compared with the intrémolecular bonds,
because the Z axis on the chlorine atom is directed along

the intramolecular Bi~Cl bond. If halogen atom makes the
bridge bonds with equal or comparable strength as is seen
in.the dimer molecule of Group]ﬁA.trihalides, the Z axis on
tﬁe atom becomes to be oriented along any direction other
than the bond. axis.

As Fig. 6. shows, three bismuth atoms around the Cl(1)
atom, which has a larger asymmetry pParameter and a lower
guadrupolie coupllng constant, are almost co-planar and the
intramolecular Bi-Cl bond makes nearly equal angles with two
rntermolecular Bi+~Cl bonds. ‘Since the intérmoleculér bond
may be formed by transfer of the pﬁ electrons of the chlorine
atom to the empty orbital of the bismuth atom, the quadrunole
coupling constant will become 1ower due to the decrease in’
the p populatxon and the asymmetry parameter will becomne
large¢ due to the unbalance between px.and py populations.

To explain the observed NQR parameters‘we will use a
method similar to that by Townes and Dailey which accounts
for the large asymmetry parameter of the solid iodine in
terms of the intermoclecular bonds.13) The axially symmetric
field gradient,.éq, is placed on each of the three bismuth-

- c¢hlorine bonds around the Ci(l) atom. To simplify the

problem two intermolecular bonds are assumed to be equivalent,
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and the fractional contribution to the total field gradient
was denoted Dy T as the sum of two. That of the intramclecular -
boﬂd which contains a small s character is represented by ¢ .,
The Z axis 1s placed in the intramolecular Bi-C1(1) bond and
the X and Y axes are found to lie parallel and perpendicular
to the plane of the bridge. |
Thu%, eachi component of the field Qradients can be ex-

ressed as follows;

ed =§L%U“+ 4 ( 3sin’0 - 1)} €ds

©
n
t

yy = 7% (T ©) eq , | (5)

%Wﬁ Bn{ 3cos 0 - l)teq N

3
V
N

i

where G is the angle between the intra- and interﬁolecular
bonds. rbe ionic cha*acter of the Bi-Ci bond, iy\, is
represented by the usual equation: (= (1-s) (l~i¢\), where
s is the s character of the(T‘bOﬂd assumed to be 0.15, 6)
Snbstlhutlng the observed values llsted in: 1ab¢e 2 and

33

replacing eq by eq for .c1, Eq..(S) may be solved;.

atom
720.09 and ip70.63.

It is simply thought from the value of T that the 0.09e
charge is transferred from the Ci1(1l) atom to the bismuth,atém'
as the result of formation of the 1nie*molecula~ bonds, but
most of Py electrons are local*zed on the side of the Cl(1l)
atom. The intramolecular Bi-Cl bond has rather higher
covalency, 0.37, than that of the intermolecular Vibcnd.

This reflects the difference between: the two interatomic

distances. Since the total charge on the Ci{1) atom is

_defined as I=ip -1, it is reduced to be -0.54e.
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Strictly speaking, the contributions of two intermolecular
tonds are not the same. For this reason, the Z axis will no
longer direct along the Bi-C1(1) bond and Eq. (5) is no longer
held due to the lack of the C2 symmetry., The degrees of the
deviation of the Z axis from the bond axis are dependent on
the gap between two contributions, which may be small by
considering their interatomic distances. Thus, the assumption
of the C2 symmetry around the Cl({1l) atom is not far from the

: .
truth, and it is the reason why the Z axis retains the direc-
tion along the bond in spite of such‘large asymmetry parameter
as 0.431.

Cn the other hand, when Eq. {5) is applied to the bond-
‘ing of the Cl(2) atom, we need consider the contribution of
only one intermolecular bond. However, unfortunately the
direction of the Z axis is ambiguous because the XZ component
‘of the field gradient, €qyy» at tﬁe bridge system does not

2

vanish due to the lack of C_ symmetry as mentioned above,
“which is given by the following;

€y, = =3/2 7'sind cosb eq. (6)
To diagonalize the field gradients we must rotate the coor-
dinates only about the ¥ axis. This is simply made and

diagonalized components of the field gradient are

: : . b
@y’ = (%(0-+ =) - 3/a {(g\m)z - M\ﬂsinze}{}eq
| , | NS
. | 1 .
Szz' T LH(0r ®) 4+ 374 [(Qen) - 4 mnsinze%%eq,

]
where €Qyy remains unchanged from Eq. (5) as well as its
direction because the field gradient is unchanged by rotation

about own axis. The Z' axis is no longer directed along the
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Bi-Cl(2) bond.

Substituting the observed values into Eq. (7), we obtain
the following valges: = 0.07, ir= 0.60, and I= -0.53e. These
are reasonable compared with those df the C1(1) atom. ©On the
other hand, the rotational angle ¥ ig readilybdeduced to be
about 5° from that tan 2¥ =2eqxz/(eqxx —eqzz). Thus, the
direction of the'z axis is within 5° from the bond as far as
the above model is concerned.

The ionic character of the Bi-cl(2) bond, 0.60, is some-
what smaller than that of the Bi-Cl(1) bond. It is accbrd—
ance. with the shorter bond distance of the former by 0.0S.R.

On the other hand, tge ionic Characte; is estimated to be Q.SB-
-according to the Gordy's relation which is based on electro-
negativity difference between bismuth and chlorine.lé) This

is fully consistent with the ionic character of the T bond
rather than with total ele¢tronic charge, which is nearly
constant in spite of the large difference of their NQR para-
meters.

Thus, the quadrupole coupling constants and asymmetry
parameters of the C1(1) and Cl1(2) atoms can be, qualitatively,
interpreted by means of the Townes-Dailey method.

The positive temperature dependence of the NQOR frequency
as is seen for 2)1 is interpreted in terms of one of the follow-
'ing reasons; (i) the dﬁ'pn bonding in the metal-chlorine bond,ls)
(ii) the hydrogen bonding of the chlorine atom,lé) and (iii)
the intermolecular bonding of the chlorine atom.17> Apparently,
“neither (i) nor (ii) is concerned with the present case. Since

the intermolecular 11 bond is formed by transfer of electrons
y .
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from the chlorine atom to the bismuth atom asg mentionad above,
it may be broken down by the increased amplitude of 1ibrational
motions as the temperature raises. This effect increases the
pn population of the chlorine atom and. conmsequently, the
resonance frequency. Also, the thermal expansion of the crystal
may weaken the intermolecular bond, and hence increase tRe
regonance frequency. The librational motion always lowers the
frequency by averaging the.field gradient and this isg given

by the following relation.lg)

V=Y - 3h/8n’2§ VSRV 1/(ewi/kT-1}} , (8)

where i%x,y, z and the symbols used are referred to the original.
Thus, the observed temperature dependence appears as.the
combinéd result of the two counteracting effects. If the
former effect overcomes the latter, the positive temperature
coefficient will be observed. This is the case for bﬁ of
b*snuth trichloride. Accordingly, the 1nteLmolecu ar bond of
the C1(1) atom should be stronger than that of the Ci(2) atom.
Aséuming that b% is representable'by Eq. (8) in spite of its
‘sizable.asymmetry Parameter and that the term of temperature
dependence is set nearly equal for L’ and 2)2,.2)1 nay be
1owered by about 0.6 MHz from the observed frequency at 298 Kv
by the librational motion. This gap is simply thought due. to
the increased pn electrons of’the chlorine atom. Using Eq.
{(5), Aﬁ‘is calculated to be about 0.03 under the constant L
from which the asymmetry parameter at O K is about C.6. The
temperature dependences of e Qozé/n andr7 of the bismuth atom
will be a¢¢ected by the intermolecular bond as well, Fowever,

the theoretical explanaulon would be hardly made be»ause of
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. . . 17
the difficulty to estimate these effects including temperature.” '?

19) From thé temperature dependences of the central atoms in
arcenic, antimony, and bismuth trichlorides it is seen generally
that the iIntermolecular bonds between the central and chlorine
atoms reduce the quadrupole coupling constant of the central
atom as well as that of the chlorine atomn.

Bismuth Tribromide. The'crystal structure of bismuth
tribromide is littlevknown° The features of the NQR spectra

-
of 8*Br and 209

Bi observed in this experiment suppoft that
the crystal of this compound is composed of discfete bismuth
tribromide molecules. This is in agreement with the results
of Raman spectrum of this compound by GCertel et alazo) They
also showed that the spectrum was well interpreted if the
molecule had a Cs symmetry; this Cs symmetry of the molecule
is nearly acceptable in terms of the NQR frequencies. The

20981 and three lines due to 8lBr may

absorption lines due to
be ascribed to a molecular species in the solid state. How-
ever, the spectrum is slightly different from those of bismuth
trichloride and the trichloxides‘of the other Group VA elements
which form the molecular crystal° Those spectra are composed
~of a closely-spaced doublet or a singlet with larger intensity
on théilgwer—frequency side, and a.singlet on the higher-
frequency side. On the other hand, the spectrum of bismuth
tribromide is éomposed of a doublet on the.higher-freqﬁency>'
side and a singlei on the loweg~fréquency side. Three kinds

of NQR spectra have been observed on antimony tribromide by

21)

several authors. The first two have the characteristics

stated above. The third observed by Ogawa, however, resembles
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to that of bismuth tribrowide. Unfortunately, no X-ray dif-
fraction study on this modification has not been established
as far as we know.
Since two zero-splitting patterns were observed for
' ... &1 :
each of the three resonances due to Br, the crystal was

found to belong to monoclinic lattice.lo)

This is apparently
in disagreement with the space group P213 assumed from the
X-ray method.s) The crystal b axis (twofold axis) of the
monoclinic lattice could be oriented at the coordinates fixed
the sample. The relative orientations of the Bi-Br{l),
2i-Br(2), and Bi-Br(3) bonds with respect to the b axis are

22.3%, 75.9°%, andg 66.4°% respectively. Therefore, only one

209,. . S .
Bl 1s erroneous and another direction of the

pattern of
Z axis was calculated in view of its twofold synmmetry.

The Z axis of the Br(l) and Br(3) atoms at which the
casymmeiry parameters are rathef small may be directed along
thé relevant Bi-Br bonds. Although that of the Br{(2) atom
is unable to be directed gtraightforwardly along the Bi-Br(2)
bond as is shown by its large asymmetry parameter, we assumed
its direction to be along the bond as’the case of the C1(1)
atom in bismuth trichloride. Furthermore, we assumed that
the 2 axis of the bismﬁth atom was directed inside the tri-
angle made by the three Z axes of the bromire atoms in a
molecule and the bond angle LBr-Bi-Br is near 90°. There
are two possible atomic arrangements to satisfy above conditions
as seen in Fig. 7. It cannot be determined by means of the
NQR Zeeman effect only which is really the case. In gascous

. ) .
state the bond angle is found to be 100:240,"2> and hence it
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becomes smaller than 100° upon solidification. This may be
required by molecular packing and intermolecular interaction.

The Bi-Br bonds in the solid state show a wide distribu-
ticn of the NQR parameters. At 77 K, the resonance frequencies
were observed at 98,958, 117.530, and 121.521 MHz. It is
noticed that\)&‘ has a positive temperature coefficient. The
lowest quadrupole coupling constant is likely due to a strong
intermolecular bond or a high ionicity of the (™ bond of the
Bi-Br(l). It is presumed that the larger asymmetry parameter
for the Bi-Br(2) bond is caused by the strong intermolecular
bond as seen for the Cl{l) atom in bismuth trichloride.

Since the crystal stfucture is unknown, we will use the
following, well-known relations in order to deduce the bond
character,

(1-s) (1-iF) = Up (14 7/3),

T = 2/37[Up,

(8)

; where the symbols, s and ig, are of the same meaning as
before and ﬁ is the decreased P, electrons of the bromine
atom. If we_introduce 90° as 6 in Eq. (5), then above equations
becomes identical with Eq. (5). From the observed values of
Up andrq , we obtained the foilowing: 7=0.02, ip=0.62 for the
Br(l) atom, m=0.10, ip=0.53 for the Br(2) atom, and 1=0.04, |
iy=0.54 for the Br(3) atom. Thus the ionic charge on the
bromine atom is deduced to‘be -O.éOe,’-O.43e; and -0,50e.

One of the reasons for this inconsistency may be due to the
disregard for the angular dependence of the intermolécular
bond'on the NQR parameteré.k If we take the intermolecular

bond as the oriain for the lowest coupling constant of,L&',
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% 1s obtained to be 0.16 and I is -0.3%92 under the assumption
that ig of the Bi-Br(l) bond is 0.53. We qualitatively
concluded that the infermolecular interaétions in bismuth tri-
bromide ‘crystal are comparable with those in bismuth trichloridé
crystal. The donicity of the ¥ bond is compared with O.53 which
is derived from the electronegativity difference.

Swiger et al. have observed the NQR due to.gogBi,of this
compound. Their valueé of equzz/h andqz were 340.5 MHz and
0.553 respectively. The higher value of équzz/h than that
of bismuth trichloride was interpreted in terms of the increased
4s character of the bonding orbitals and of the widened LBr-Bi-Br
angies compared with those in bismuth trichloride. The bond
angle deduced by Swiger et..al. is 93.4° by assuming the value
ofoito be zero.

On the other‘hand, we obtained another NQR parameter

209

of Bi as listed in ?able 3: e?QqZZ/h =266.6 MHz and’nt
0.822, The value of eZquz/h isvlowered from that of bismuth
. trichloride as expected from the electronegativity difference
between bromine and chlorine. The ratioc of Guadrupole coupling
constants of bismuth tribromide to bismuth trichloride is

- 0.84, which is comparable to the relevant ratioc of antimony
trihalides. This is reasonable in view of the discrete
molecular structure of bismuth tribromide in the sclid stéte.
The large asymmetry parameter, O.822, may not reflect the
distortion of the molecule from sz symmetry but the wide
distribution in bond nature of the Bi-Br as indicated in the

bromine NQR parameters, that is, the asymmetry parameter

i
1/}

much more affected by the charge distribution rather'than
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23)

‘the geometric distortions around the atom concerned. At

77 K, equZ7/h and ¥ were 276.5 Mz and 0.865 respectively.
Bismuth Triiodide. The 1271 NQRR spectrum of bismuth

triiodide was consisted of two resonance lines of 106.833

and 197.144 MHz at 298 K, which were assigned to 1/2¢3/2 and

3/295/2 transitions respectively; these are in good agreement

24)

with the values reported previously. The Z axis of the

iodine atom has been shown to be directed perpendicularly to

the Bi-I-Bi plane on the basis of the sign of quadrupole

129 25)

coupling constant by means of I Mbssbauer effect. In

this case, the following relations given by Lucken are used
to interpret the bond nature.éb)

2

"

where A is an electron population of the Bi-I bridging bond

A=Up (1 4+%/3),
1 (9)

- 3cos O,

and © is an interbond angle, &£Bi-I-Bi. From the observed
: values, Up=0.2925 and ¢Z=O.258, we obtained the following
values: A=1,68 and 6=95°,

Thus, the Bi-I bond in the bridge is seen to have larger
ionic craracter of the § bond, 0,68, than that of the Bi-Cl
or Bi-Br bond. It is likely that the Bi-I bond ‘is weakened
by formaticn of two equivalen% bridge bonds, that is, the
bridge bonding increases the ionic character of the ( bond.

This is found from the increased bond distance, 3.1 R, in

3.
219
The total electronic charge on the iodine atom which

comparison with 2.92 R for the normal single bond in Bi
. 26)
ion.
is -0.36eis, however, affected by the decrease of electro-’

negativity in the order of chlorine, bromine, and iodine.
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TAEBLE 1. NUCLEAR QUADRUPOLE RESCNANCE FREQUENCIES CF
35Ci ANDVQQQBi AN BISMUTH TRICHLORIDE AT LIQUID

NITRCGEN AND ROOM TEMPERATURES

\

Resonance frequency,a—-’ MHz
77 K 294 K

( V

Ly 15.826 15.952"/

35¢a | b
Vo 19.544 15.173
1/2e3/2 33.550 31.865
. - 3/2e5/2 25,941 25.132

2095

5/2&7/2  37.915 37.362
7/2659/2 52,743 51.776

a)' Experimental error is within £0.005 MHz for S>C1

and €0.01 MHEz for 20935..

b) Measured at 291 K.
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ASYMMETRY PARAMETERS, QUADRUPCLE CCQUP

4

TABLE 2.
;

' CONSTANTS, AND UNBALANCED p ELECTRON NUMBERS O
Bi IN BISMUTH TRICHLORIDE AT ROOM TEMPERATURE

209
& 2 3 .
aaZ ~ e quz/h » up
MHz
"B54q 77 ‘ 2
Cl\*) 00431 30.960 O.b821
3%ci(2) 0.178 38.145 0.3476
318.9

20983'. 0.555

F 35c1 AND



TABLE 3. NUCLEAR QUADRUPOLE RESCNANCE FREQUENCIES, ASYMMETRY -

PARAMETERS, AND JUADRUPOLE COUPLING CONSTANTS FOR 818r AND

%931 IN BISMUTH TRIBROMIDE AT ROOM TEMPERATURE ( 25°C )

Vs Miz?) 4 | equZZ/h, Mz
l)i' 102.606 0.077 205.01
Bl V! 116.021 1 0.424 . 225.39
Vg 120.547 0.152 240,17
(1/2«3/2 35.391
209.. ) 3/205/2 24.315 |
Bi 0.822: 266.6

5/2&7/2 29.050

7/245/2 41.902

a) Experimental error is within L0.0l MHz.
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TABLE 5. THE ORIENTATIONS OF THE PRINCIPAL Z AXES OF THE
| FIELD GRADIENT WITH RESPECT TO THE CRYSTAL AXES IN

BISMUTH TRICHLGCRIDE

CL(1A) CL(1B) ci(z) Bi
NOR (107.17°, (107.17",, (20.47°,  (68.40°,
45.25%) -45.25%) 0°) %)
o o
i) (108.60", (106.417, (18.70°,

a) These values were calculated from the Pnzla structure

assuming that the Z axis coincides with the relevant

Bi-Cl bond.



TABLE 6. THE BOND ANGLES «£C1-Bi-Cl IN BISMUTH

TRICHLORIDE

Cl(1)~-Bi-C1(1) C1{1)-Bi-Ci{2) C1{1)-Bi-Cl1(2)

NOR 85.5° 92.3° 92.3

94.9
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Captions of Figures

1. Crystal structure of bismuth trichloride

projected along c axis.,

2. Zero-splitting patterns

in bismuth trichloride.

3. Zero-splitting patterns
5/2¢»7/2 transition of 2098i
4. Temperature dependences

35

of Zeeman effect on ~°Cl

of Zeeman effect on the

in bismuth trichloride.

of the

-
due to “Scl in bismuth trichloride.

5. Temperature dependences

of the

constant and asymmetry parameter of

'trichloride,

resonance frequencies

guadrupole coupling

2093i in bismuth

6. Intermolecular arrangement around the chlorine

atoms in bismuth trichloride.l).

7. . Two possible molecular shapes of bismuth tribromide

by means of the NQR Zeeman effect.






N

tﬁ*
%»

o

»

X

kS

T. Ckuda, Y. Furukawa, and H. Negitaj; 81Br Nuclear
Quadrupole Rescnance of Modifications of Titanium
Tetrabromide.

Bull. Chem. Soc. Jap., 44, 2083 (1971).

T. Okuda, Y. Furukawa, and H. Negita; The Bromine
Nuclear Quadrupole Resonance of the Molecular Complex
of Aluminum Tribromide with Benzene.

Bull. Chem. Soc. Jap., 45, 2245 (1972).

T. COkuda, Y. Furukawa, and H. Negita; Nuclear
Quadrupole Resonance of the 1:1 Molecular Complex
between Antimony Trichloride and. Ethylbenzene.

Bull. Chem. Soc. Jap., 45, 2940 (1972).

T. Ckuda, Y. Furukawa, H. Shigemoto, and H. Negita;
The Bromine Nuclear Quadrupole Resonance of Two
Modifications of Indium Tribromide.

Bull. Chem. Soc. Jap., 46, 741 (1973).

T. Ckuda, Y. Furukawa, K. Yamada, and H. Negita; The
Chlorine Nuclear Quadrupole Resonance of Several
Oxygen-chlorine Bonds.

Bull. Chen. Soc. Jap., 46, No. 9 (1973), in press.

H. Negita, K.'ShibAta, Y. Furukawa, and K. Yamada ;
Charge Transfer in Acetonifrile«halogen Complex.

Bull. Chém. Soc. Jap., 46, No. 9 (1973), in press.





