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Determination of Bond Angles in ~-BHC Crystal by the Zeeman Effect of 
Nuclear Quadrupole Resonance Spectrum 
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The Zeeman effect of the chlorine nuclear quadrupole resonance of &benzene hexachloride was 
observed. The six absorption lines were assigned to the six chlorine atoms in the molecule, referring 
to the result of the X-ray diffraction by A. J. van Bommel et al. The locations of the principal 
z axes of the field gradients were determined with the uncertainty from 0.1 ° to 0.5 °, and the C-CI 
bonds were found to be considerably distorted from the tetrahedral angle. The asymmetry param- 
eters of the electric field gradients were found to be 0.00±0.01, 0.034±0.007, 0.020±0.005, 
0.037 ± 0.010, 0.023 i 0-008, and 0.015 ± 0.010, respectively, for the six chlorine atoms corresponding 
to the resonance lines in the order of decreasing frequency. The asymmetry of the field gradient is 
most likely to be due to the crystalline field rather than to the double-bond character which is the 
main origin of the asymmetry for aromatic compounds. 

Introduction 

Zeeman effect of the nuclear  quadrupole resonance 
spectrum in a single crystal  is useful for locating the 
pr incipal  axes of the electric field gradient  at  the 
nucleus arising from the surrounding charges. If  the 
directions of the principal  axes of the field gradient  
with respect to individual  molecules are known, 
relat ive orientat ion of the molecules in the crystal  is 
de termined by  a Zeeman study. For the chlorine 
nucleus in a C-C1 bond, i t  can safely be assumed 
tha t  the pr incipal  z axis, the direction of the m a x i m u m  
principal  value of the field gradient,  is along the C-C1 
bond. For instance,  Dean  et al. (1958) confirmed the  
coincidence of the direction of the m a x i m u m  principal  
axis with the bond direct ion for 1,2,4,5-tetrachloro- 
benzene, by  the s imultaneous measurements  of the 
Zeeman effect and the  X-ray  diffraction. Kikuchi ,  
Hirota  & Morino (1961) obtained another  evidence 
for this  assumpt ion  in  the  case of gaseous propargyl  
bromide by analysing the quadrupole hyperf ine  struc- 
ture of the  microwave absorpt ion spectrum. 

On the other hand,  when the crystal l ine s tructure 
is known by  some other means,  the  Zeeman s tudy  
enables us to assign each of the observed resonance 
lines to different  nucleus in the crystal.  Thus the 
six dis t inct  lines of the C135 pure quadrupole resonance 
of the  s- isomer of BHC were assigned to the six 
chlorine atoms in a molecule by the Zeeman effect, 
based on the crystal  s t ructure obtained from the X-ray  
diffraction. Similar  ass ignment  was done also for the 
~,-isomer (Morino et al., 1959). A purpose of the 
present s tudy  is to determine the directions of the 
principal  axes of the field gradients  in the crystal  
lat t ice of (~-BHC and to make the assignment  of the 
six absorpt ion lines. 

* Present address: The Institute for Solid State Physics, 
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The (~-BHC molecule has five equatorial  C-C1 bonds 
and  a single axial  C-C1 bond, one for each carbon atom. 
The crystal  s t ructure has been determined by van  
Bommel  et al. (1950) with the X-ray  diffraction. 
Their  result  shows tha t  the crystal  is monoclinic, 
belonging to the space group P21/c with the latt ice 
constants:  

a = 9 . 6 4 ,  b=8.73 ,  c = 1 4 . 0 9 • ,  f l = l 1 8  °, Z = 4 .  

Four molecules in a uni t  cell are all equivalent ,  
bu t  six chlorine atoms in each molecule occupy the 
lat t ice sites non-equivalent  to one another.  The four 
equivalent  C-C1 bonds of all the molecules in the 
uni t  cell are arranged either ant iparal le l  to each other 
or symmet r ic  with respect to the ac plane. In  other 
words, for each of the  six absorpt ion lines there are 
two dis t inct  field gradient  tensors symmet r ic  with 
respect to the ac plane for each set of equivalent  
chlorine atoms. 

Another  impor tan t  informat ion  to be obtained by 
the Zeeman s tudy  is the a s y m m e t r y  parameter  of the 
electric field gradient.  The field gradient  has been 
found to be asymmet r ic  in aromat ic  or heterocyclic 
compounds which have some double-bond nature  by 
resonances. This art icle will report  the result  of the 
measurement  of the a s y m m e t r y  parameters  of the 
chlorine atoms in ~-BHC which has only al iphat ic  
a-bonds. 

Exper imenta l  and resul t s  

The spectrometer used was of a conventional  type  
with a self-quenched super-regenerative oscillator- 
detector, the quench frequency being about  50 
kcyc./sec. A narrow band  amplif ier  and  a phase 
sensitive detector were used wi th  a pen-recorder in  
order to a t t a in  the sensi t iv i ty  high enough for the  
detect ion of such a weak spectrum as tha t  of 6-BHC. 
The magnet ic  field for the Zeeman s tudy  was furnished 
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b y  an air-cooled Helmhol tz  coil (Morino et al., 1958), 
and adjus ted for an absorption line at a suitable 
s t rength between 50 and 150 gauss, not to be dis turbed 
by  the neighbouring absorption lines. The orientat ion 
of the magnetic  field covered 360 ° for the az imuthal  
traverse, but  only about  35 ° for the polar traverse 
because the vert ical  lead-wire of the r.f. tank-coil 
hindered the Helmhol tz  coil to tu rn  further.  Both 
the az imuthal  and polar angles were read by means 
of a scale on the goniometer to within 0.1 °. 

The ~-BHC was recrystal l ized from benzene solu- 
tion. Single crystals were prepared from the saturated 
benzene solution by evaporat ing the solvent carefully. 
The r.f. coil was wound directly around the single 
crystal  which is approximate ly  10 mm. in d iameter  
and 50 mm. in length. The direction of the crystal  
c axis was almost  paral lel  to the axis of the r.f. coil. 

The six pure quadrupole resonance frequencies of 
~-BHC are 37.268, 36.818, 36.364, 36.256, 36.228, and 
35.948 Mc/sec. at  room tempera ture  (Morino et al., 
1956). For convenience they  are designated as A to F 
in the order of decreas ing  frequency. Since the 
frequencies C, D, and E are close to each other and 
their  separations are of the same order as either of 
the  Zeeman spli t t ing or of the quench frequency, 
their  Zeeman pat terns  show very complicated features. 

The method of 'no- or zero-splitting locus' (Das & 
Hahn,  1958) was employed for determining the loca- 
t ion of the principal  z axis (hereafter x, y, and z 
denote the principal  axes of the field gradient  tensor). 
The curvature of an elliptical cone of the no-split t ing 
locus can be used to locate the principal  x and y axes 
and  to obtain the a s y m m e t r y  parameter  U. However, 
for the precise measurement  of U, the method is not 
suitable for our appara tus  in which the magnet ic  
field covers only a restricted region of the direction 
in space, and especially when the a symmet ry  param- 
eter is small. Therefore the a symmet ry  parameter  was 
determined from the spli t t ing by the static magnetic  
field applied parallel  to the principal  xy  plane. The 
locations of the principal  x and y axes were determined 
by  measuring the dependence of the relat ive in tens i ty  
of the Zeeman components upon the direction of the 
rift field. 

When  a static magnetic  field is applied near ly  
parallel  to the principal  xy  plane of the field gradient  
whose a symmet ry  parameter  is small,  the relative 
in tens i ty  P~ is given for the spin I = 3 / 2  to the first 
order in ~ as ~ollows (Toyama, 1959): 

P ~ = P ( - ) / ( P ( + ) + P ( - ) ) = ½ [ 1 - ( u / A ~ ,  ) cos 2 ~ ] ,  (1) 

and  
z]~= (U2+9 cos ~ 0)½, (2) 

where P ( + )  and P ( - )  denote the intensities of the 
inner and the outer pairs of the Zeeman components,  
respectively, and A v one-half of the frequency dif- 
ference of the separations of the two pairs. (0~, ~ )  
and (0, ~) are the direction of the r.f. field and tha t  
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Fig. l. Stereograrn of the observed no-splitting loci. For all 
the absorption lines, the loci corresponding to the two field 
gradient tensors symmetric with respect to the ac plane 
to each other join in the vicinity of the pole, which is 
nearly iiarallel to the crystal c axis. 

of the s t£ t i c  magnetic  field with respect to the prin- 
cipal axes, respectively. 

In  order to f ind out the no-spli t t ing loci, the spec- 
t rum was recorded for various orientations of the 
static field at 1 ° intervals  along the circle which 
traversed the loci perpendicularly.  The peak-to-peak 
separation of t h e  first derivatives was measured for 
the no-spli t t ing Zeeman components of the absorption 
line and plotted against  the orientation. The no- 
spli t t ing locus was obtained from the orientations 
giving the m i n i m u m  separat ion which should be equal 
to the line width of a single Zeeman component.  
The uncer ta in ty  introduced in this process was about  
0.2 °. Fig. 1 shows the no-split t ing loci in a stereo- 
graphic projection, where the polar coordinates (O, ¢ )  
denote the laboratory coordinate system. In  this  
stereogram O and ¢ are projected on a horizontal  
plane through the origin fixed at the sample, so tha t  
the directions in a great circle on the sphere are 
projected into a s t raight  line. Since each absorpt ion 
line comes from two field gradient  tensors with 
different orientations, as ment ioned above, twelve 
no-spli t t ing loci were observed. Here, A1 and  A2 
denote the ~ield gradient  tensors belonging to the 
absorpt ion line A due to the molecules 1 and  2, 
respectively, which are mu tua l ly  symmetr ica l  with 
respect to the ac plane. They can be de termined 
uniquely  from the condition tha t  the observed prin- 
cipal z axes of the individual  C-C1 bonds in a molecule 
are near ly  parallel  or make an  angle close to the 
te t rahedral  angle. 

The principal  axes and the a s y m m e t r y  parameters  
were determined by  the following procedure. The 
locations of the principal  z axes were first  roughly 
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d e t e r m i n e d  f rom the  observed  no-sp l i t t i ng  loci on the  
a s s u m p t i o n  of ~] = 0. N e x t  the  c rys ta l  b axis  and  hence  
the  ac plane  were prec ise ly  d e t e r m i n e d  b y  referr ing 
to  the  s y m m e t r y  w i t h  respec t  to the  ac plane.  T h e n  
the  x a n d  y axes  a n d  the  a s y m m e t r y  p a r a m e t e r  were 
d e t e r m i n e d  in  the  ac plane.  F i n a l l y  the  locat ions  of 
the  z axes  were re f ined  b y  t a k i n g  in to  accoun t  the  
a s y m m e t r y  of the  f ield g r a d i e n t  t hus  ob ta ined ,  t h r o u g h  
a n  app l i ca t ion  of the  m e t h o d  of leas t -squares .  

Tab le  1. The direction cosines of the principal  z axes 
for  the molecule 1 and 2, with reference to the crystal-fixed 

coordinate system 

x Y z a 
A 1 0.5633+0-0011 -0.8114_+0.0013 0.1561 __0.0022 8' 
A 2 0.5640+0-0009 --0.8111+0-0003 -0.1550+0.0022 6' 

B 1 0.5713+0.0021 0.1219+0.0025 0-8116+0.0018 10' 
B 2 0-5708+_0.0026 0.1213_+0.0049--0.8120_+0.0011 15' 

C 1 0.6066_+0.0025 0.7709_+0.0026--0.1944_+0.0029 13" 
C 2 0.6072+-0.0024 0.7712+-0.0013 0.1912_+0.0034 12' 

DII 0.5760+-0.0017 0.8134_+0-0013 -- 0.0818 + 0.0021 8' 
D2I 0-5760_+0.0028 0.8138_+0.0016 0-0773+0.0038 13" 
DllI 0.5755_+0.0017 0.8158_+0.0013--0.0576_+0.0021 8" 
D2II 0.5762+-0.0028 0-8155_+0.0016 0.0537+-0-0038 13" 

E 1 0.6044+0.0062--0.7962-+0.0049 0.0279+0.0076 30' 
E~ 0.6044_+ 0.0062 -- 0.7962 _+ 0-0049 -- 0.0279 _+ 0.0076 30" 

F 1 0.5694_+0.0018--0.1234_+0.0032--0.8127_+0-0016 11' 
F~ 0.5706+-0.0023 --0.1194+0.0049 0.8125_+0.0011 12' 

The final values of the angles of the directions of 
the principal z axes are tabulated in Table l, where 
X, Y, and Z denote the crystal-fixed coordinate 
system in which the Z axis is taken parallel to the 
crystal b axis so that the X Y plane coincides with 
the ac plane. As neither the a nor the c axis can be 
determined from the Zeeman study, the X axis is 
taken along the direction bisecting the projections 
of B and F in the X Y plane, because the bisecting 
line was found to be nearly along the c axis as will be 
described later. The last column in Table 1 denotes a, 
the standard deviation of the direction of the principal 
z axis thus obtained. Owing to the symmetry with 
respect to the ac plane, AI and A2 should have the 
same direction cosines except for the sign of Z. 
The discrepancies indicate the errors of this analysis, 
though they are certainly within the standard devia- 
tion. As shown in Fig. l, El and E2 were not resolved 
except for the points near the rim, because they are 
almost parallel to the ac plane. Accordingly, the 
uncertainties of El and E2 are larger than the others. 
Two orientations for the line D arise from two possible 
orientations of the x and y axes which will be discussed 
later. 

The asymmetry parameters were measured by 
scanning of the magnetic field in the X Y plane, 
i.e., in the ac plane. The two tensors associated with 
one absorption line are equivalent when the external 
magnetic field lies in this plane of symmetry, so 
that the overall Zeeman pattern reduces to a simple 

one, i.e., in  general ,  to  a four- l ine p a t t e r n .  A n o t h e r  
s y m m e t r y  p lane  exists ,  for each set  of f ield g r ad i en t  
tensors ,  p e r p e n d i c u l a r l y  to the  ac plane.  The  inter-  
sect ion of the  xy  p lane  w i th  the  ac p lane  was eas i ly  
found,  because i t  coincides w i th  t h a t  of these  two 
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Fig. 2. Typical pattern of the Zeeman splittings. The Zeeman 
components on the higher frequency side were recorded 
in the first derivative forms. The frequency increases from 
left to right. (a) Absorption line B; (b) absorption line C. 

symmetry planes. Fig. 2 shows a typical pattern of 
the splittings and the relative intensities. In each 
chart the spectrum was recorded from the right to 
left with a static magnetic field parallel to, and 
0.75 ° and 1.75 ° apart from the intersection of the 
xy and ac planes. The intensities of the outer com- 
ponents are smaller than those of the inner ones for 
the line B, whereas they are larger for the line C. 
Although the line B shows a distinct doublet in the 
principal xy plane, the line C shows a broad and 
apparently single line in the xy plane. It arises from 
the fact that the intensities of the inner components 
of the line C rapidly decrease as the magnetic field 
comes close to the xy plane. 

When two absorption lines come closer to within 
their own line width, the apparent peak-to-peak 
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sepa ra t ion  of the  f i r s t  de r iva t ive  becomes smal le r  
t h a n  the  t rue  one. I n  such cases the  sp l i t t ings  a n d  
the  r e l a t ive  in tens i t i e s  were ob t a ined  b y  ca lcu la t ing  
the  f i r s t  de r i va t i ve  of the  composi te  of two Gauss ian  
curves  h a v i n g  a g iven  sepa ra t ion  a n d  g iven  re la t ive  
i n t e n s i t y  a n d  b y  compar ing  i t  w i th  t he  observed  
spectra .  The  observed  a s y m m e t r y  p a r a m e t e r s  a n d  the  
locat ions  of the  r.f. f ield w i th  respect  to the  p r inc ipa l  
axes  are g iven  in  Table  2. For  the  l ine A a s y m m e t r y  

Table  2. The asymmetry parameters and the locations 
of the r.f. magnetic field, with reference to the principal 

axes (molecule 1) 

Absorption 
line ~ 0r I ~rl 
A 0"00 _+ 0"01 - -  - -  
B 0"034.+0"007 55°.+ 10 ° 34°+ 15 ° 
C 0"020 -+ 0"005 53 ° + 10 ° 90 ° _+ 40 ° 
D 0"037-+0"010 55°+ 10 ° 600+20 ° 
E 0"023_+0"008 53°-+ 10 ° 200_+30 ° 
F 0"015__ 0"010 55°.+ 10 ° 20°+_25 ° 

was no t  de t ec t ed  w i t h i n  the  accu racy  of the  ex- 
pe r imen t .  I n  th i s  obse rva t ion  the  r.f. f ield was a s sumed  
to be para l le l  to the  axis  of the  r.f. coil, i.e., t he  X axis.  
The  u n c e r t a i n t y  of th i s  a s s u m p t i o n  was e s t i m a t e d  to 
be abou t  10% The  s ign of ~r could no t  be de t e rmined  
u n i q u e l y  because e i the r  of the  signs gives the  same 
va lue  of cos 2~r  (see e q u a t i o n  (1)). I n  pr inciple ,  i t  is 
possible f rom the  m e a s u r e m e n t  of the  re la t ive  i n t e n s i t y  
to m a k e  choice be tween  (~r and  - ~ r .  The  theore t ica l  
ca l cu la t ion  has  shown t h a t  the  dependence  of the  
re la t ive  i n t e n s i t y  upon  the  d i rec t ion  of the  s ta t i c  
m a g n e t i c  f ie ld should  be a s y m m e t r i c  w i th  respect  to 
the  p lanes  xy, yz and  zx, because i t  depends  upon  the  
a s y m m e t r y  p a r a m e t e r  a n d  the  cross t e rms  of the  r.f. 
f ie ld  Hr~H~y, H~uH,~, a n d  H ~ H ~  (Toyama ,  1959). 
I n  the  p resen t  s tudy ,  however ,  the  s t a b i l i t y  of the  

Table  3. The direction cosines of the principal x and 
y axes, with reference to the crystal-fixed X Y Z  coordinate 

system (molecule 1) 

x Y z 
B x 0.67 --0.63 -0.39 

y 0.47 0-77 --0.43 

C x 0-00 0.24 0-97 
y 0-80 -0-59 0.14 

DI x 0.41 -0.21 0.89 
y 0.71 -0-53 -0.46 

D II x 0.41 --0.36 -0 .84 
y -0.71 0-45 --0.54 

E I x 0.75 0.58 0.32 
y 0-27 0.17 --0.95 

E H x 0.75 0.56 --0.36 
y --0.27 --0.24 --0-93 

FI x 0.77 0.42 0.48 
y 0.28 --0-90 0.33 

F H x 0.77 -- 0.26 0.58 
y --0-28 --0.96 --0.05 

osci l la t ion f r equency  did no t  al low to  de tec t  such a 
s l i gh t ly  a s y m m e t r i c  change  in the  i n t ens i ty .  

F r o m  the  resu l t s  g iven  in  Table  2 the  loca t ions  of 
the  p r inc ipa l  x and  y axes  w i t h  reference to  t he  
c rys ta l - f ixed  X Y Z  coord ina te  sys t em were ca lcu la ted  
a n d  are g iven  in  Table  3. Two o r i en ta t ions  for each 
of the  abso rp t ion  l ines D, E,  a n d  F are o b t a i n e d  
because of the  a m b i g u i t y  of the  s ign of ~r which  was 
descr ibed  above.  A l t e r n a t i v e  choices of t he  x a n d  
y axes  give an  inf luence on the  loca t ion  of the  p r inc ipa l  
z axis  as shown in Tab le  1. F o r t u n a t e l y ,  t he  choice 
makes  l i t t l e  difference except  for the  l ine D accord ing  
to the  fol lowing reasons :  for the  l ines  E a n d  F the  
a s y m m e t r y  is so smal l  t h a t  in  e i ther  case t he  p r inc ipa l  
z axis  agrees w i th in  abou t  10' w i th  the  one ca lcu la ted  
b y  as suming  axia l  s y m m e t r y ;  for t he  l ine C the  x 
a n d  y axes are d e t e r m i n e d  un ique ly ,  t h o u g h  w i t h  
considerable  errors,  since q~r is n e a r l y  90 °. The  deter-  
m i n a t i o n  of the  a s y m m e t r y  for the  l ine B will  be 
descr ibed in  the  following. 

Table  4. The observed and the calculated angles between 
the intersection of the xy  plane of each q-tensor with the 

X Y plane 

Observed Calculated Difference 
/__ AE 2 ° 40" 2 ° 24' 16' 
/_ AF 42 ° 59' 43 ° 11' 12' 
/_ EF 40 ° 22' 40 ° 47' 25' 

/_ BC 39 ° 06' 39 ° 47' 41' 
/_ BD ~ 42 ° 02' 42 ° 41' 39' 
/__ BD II 42 ° 02' 42 ° 45' 43' 
/ CD I 2 ° 52' 2 ° 54' 2' 
/_ CD m 2 ° 52' 2 ° 58' 6' 

Table  4 shows the  observed  m u t u a l  angles  m a d e  
by  the  in te rsec t ions  of t he  xy p lane  of each f ie ld 
g r ad i en t  tensor  wi th  the  X Y plane.  T h e y  were ob- 
t a ined  in  the  process of measu r ing  the  a s3unmet ry  
pa ramete r s .  The  ca lcu la ted  values  were ob t a ined  f rom 
the  locat ions  of the  pr inc ipa l  z axes  g iven  in Table  1. 
The  n o t a t i o n  A A E ,  for example ,  denotes  t he  angle  
be tween  the  in te r sec t ion  of A a n d  t h a t  of E.  The  
angles  be tween  the  two groups  (A, E,  F)  a n d  (B, C, D) 
could no t  be measu red  accura te ly ,  since the  scann ing  
of the  s t a t i c  magne t i c  f ield was l imi ted  as descr ibed  
above.  The  sa t i s f ac to ry  ag reemen t  is a good measure  
for the  accu racy  of t he  p resen t  c rys ta l  ana lys is .  
The  a m b i g u i t y  in the  s ign of ~r for the  l ine B was 

exc luded  b y  the  cons idera t ion  o~ th i s  ag reement .  
The  exc luded  choice for the  x axis  gave  the  difference 
of abou t  3 ° e i ther  in  A B C  or in  A B D  be tween  the  
observed a n d  the  ca lcu la ted  values.  The  difference 
exceeds the  p resen t  expe r imen ta l  u n c e r t a i n t y  wh ich  
is shown in  Tab le  1. On the  o ther  hand ,  A B D  a n d  
± C D  are no t  inf luenced,  as shown in  Table  4, which-  
ever  choice for D m a y  be t aken .  Accord ing ly  t he  
a l t e rna t i ve  choice shown in Table  1 ca lmot  be ex- 
c luded for D. The  dev ia t i on  of t he  z axis  f rom the  
va lue  ca lcu la ted  on the  a s s u m p t i o n  of the  ax ia l  
s y m m e t r y  is 40' in th i s  case. 
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Table  5. Atomic parameters of ~-BHC obtained 
by X-ray diffraction (van Bommel) 

The accuracy is about _+ 0-005 for chlorine atoms, and some- 
what larger for carbon atoms. The C3-C13 bond corresponds 

to the axial one 

a b c 
C11 0.430 0.147 0.242 
Clu 0.394 0.272 0.447 
C13 0.730 0.136 0.622 
C1 a 0.019 0.364 0.658 
Cl 5 0.055 0.228 0.458 
C16 0.772 0.014 0-303 

C 1 0.592 0.156 0.378 
Ce 0.575 0.306 0.436 
C a 0.708 0.311 0.553 
C a 0.856 0.333 0.530 
C 5 0-883 0.189 0-475 
C 6 0.739 0.180 0.358 

F i n a l l y  the  six abso rp t ion  l ines were ass igned to 
the  chlorine a toms  in  the  c rys ta l ,  b y  re fe r r ing  to the  
resu l t s  of X - r a y  d i f f rac t ion  g iven  in  Table  5. I n  th is  
process the re  occurred  e ight  possible combina t ions ,  
since the  u n c e r t a i n t y  of the  d a t a  of t he  X - r a y  diffrac- 
t i on  is too large to d i s t i ngu i sh  the  smal l  differences 
de t ec t ed  b y  the  p resen t  Zeeman  s t u d y ;  t he  un- 
c e r t a i n t y  of the  X - r a y  ana lys i s  is a b o u t  _+ 4 ° for the  
d i rec t ion  of the  C-C1 bond,  r o u g h l y  t en  t imes  as large 
as t h a t  of the  p resen t  s tudy .  The  a s s i g n m e n t  was m a d e  
b y  referr ing to a r e l i ab i l i ty  fac tor  def ined b y  

6 
</J02> ~ = (~ 2," (A0~)2} ½ , (3) 

i=l 

where  z]0i denotes  t he  angle  be tween  the  d i rec t ion  
of the  i t h  C-C1 bond  o b t a i n e d  by  the  X - r a y  d i f f rac t ion  
a n d  t h a t  of the  p r inc ipa l  z axis  of the  cor responding  
chlor ine a tom.  Here  i t  is r equ i red  to descr ibe these  
two sys t ems  in  the  same coord ina te  sys tem.  The  
X axis  was t a k e n  as descr ibed  before, because the  
abso rp t ion  lines B a n d  F are to  be ass igned to  e i ther  

Tab le  6. The reliability factor and the assignment 
of absorption lines to C-C1 bonds 

The number denotes a bond after Table 5. 
The bond 3a corresponds to the axial one 

A B C D E F (gO2)½ 
I i 6 2 5 4 3a 5 ° 54' 

II  4 6 2 5 1 3a 4 ° I0' 
I I I  1 6 5 2 4 3a  5 ° 22' 
IV 4 6 5 2 1 3a 3 ° 19' 

V 2 3a 1 4 5 6 6 ° 04" 
VI 5 3a 1 4 2 6 5 ° 54" 

VII 2 3a 4 1 5 6 4 ° 56' 
VIII  5 3a 4 1 2 6 4 ° 45' 

of the  bonds  3 a n d  6 (Table  6), and  because the  direc- 
t i on  b isec t ing  the  p ro jec t ions  of these  two bonds  in  
t he  ac p lane  is a long  the  c axis.  There  is no assurance ,  
however ,  t h a t  the  X axis  coincides e x a c t l y  w i th  the  
c rys t a l  c axis.  This  d i f f i cu l ty  was avo ided  b y  t a k i n g  
the  coord ina te  s y s t e m  which  prov ides  the  leas t  va lues  

of the  r e l i ab i l i t y  f ac to r  m e n t i o n e d  above  wi th  the  a id  
of t he  leas t - squares  m e t h o d  for each of t he  e ight  cases. 
The  resu l t  is g iven  in  Tab le  6, which  ind ica tes  t h a t  t he  
a s s i g n m e n t  I V  is the  mos t  p robab le  one. 

D i s c u s s i o n  

Fi r s t  of all, i t  m u s t  be m e n t i o n e d  t h a t  the  locat ions  
of the  z axes  of the  f ield g r ad i en t  t ensors  were deter-  
mined  wi th  a good accuracy .  The  resu l t  is s u p p o r t e d  
b y  the  a g r e e m e n t  of t he  abso lu te  va lues  of d i rec t ion  
cosines of t he  molecule  1 w i th  those  of t h e  molecule  2, 
as shown in Table  1, in  c o n f o r m i t y  w i t h  t he  s y m m e t r y  
r equ i remen t .  The  ques t ion ,  to  w h a t  e x t e n t  t he  pr in-  
cipal  z axis  of the  f ield g r ad i en t  t ensor  is para l le l  to  
the  bond  d i rec t ion  in  t he  c rys ta l ,  would  be answered  
more  a c c u r a t e l y  w h e n  the  X - r a y  ana lys i s  is made  w i t h  
a n  accu racy  comparab le  wi th  t h a t  of t he  p resen t  
s tudy .  F u r t h e r m o r e ,  t he  a s s i g n m e n t  of the  abso rp t i on  
l ines would  be m a d e  more def in i te  b y  the  ref ined X - r a y  
m e a s u r e m e n t .  I n  th i s  sense the  r e f i nemen t  of t he  X - r a y  
ana lys i s  of the  c rys t a l  s t r u c t u r e  would  be of m u c h  
in t e re s t  for 5-BHC. 

Tab le  7. The mutual angles between the principal 
z axes in the molecule 

2' was assigned to the axial bond. The tetrahedral angle is 
109 ° 28", its supplement being 70 ° 32' 

B(6) C(5) D(2) E(1) F(3) 
A(4) 110 ° 28' 71 °41 '  110 ° 20' 172 ° 14" 72 ° 54' 
B(6) 73 ° 35' l l l  ° 49'( 1 ) 74 ° 16' l l 0  ° 25' 
C(5) 172 ° 13'(2) 104 ° 38' 114 ° 06' 
D(2) 72 ° 23' 73 ° 30'(3) 
E(1) 114 ° 49' 

(1) 111 o 13", 112°26 '. 
(2) 172 ° 56", 171 ° 35 ' .  
(3) 72 ° 54', 74 ° 06'. 

The  m u t u a l  angles  of t he  p r inc ipa l  z axes  were 
ca lcu la t ed  f rom the  resu l t s  l i s ted  in  Tab le  1 a n d  are 
g iven  in  Table  7 w i th  the  ass igned C-C1 bonds  in  
pa ren theses .  For  the  sake  of s impl ic i ty ,  a v e r a g e d  
va lues  are l i s ted  for t he  l ine D. To be more exac t ,  
t he  angles  m a r k e d  (1), (e), a n d  (3) shou ld  be rep laced  
b y  the  th ree  pa i rs  of values  shown b e n e a t h  t he  tab le ,  
cor responding  to  D I a n d  D II. The  o the r  two angles  
r e l a t ed  to  D are no t  in f luenced  whicheve r  choice 
m a y  be t aken ,  the  difference being w i t h i n  3'. I t  
should  be no t iced  t h a t  t he  opposi te  equa to r i a l  bonds  
A a n d  E,  a n d  C a n d  D are no t  para l le l :  t he  dev ia t ions  
a m o u n t  to  7046  ' a n d  7 ° 4 7  ' (precisely speaking ,  
7 ° 04' or 8 ° 25' for the  l a t t e r  pair) ,  respec t ive ly .  
The  o ther  bond  pair ,  B and  F ,  is to  m a k e  an  angle  
close to  the  t e t r a h e d r a l  angle,  because  one of the  bonds  
is an  ax ia l  one, whereas  the  o ther  is an  equa to r i a l  one. 
I t  is seen f rom Tab le  7 t h a t  the re  ex is t  cons iderable  
d is tor t ions .  The  d i s to r t ions  m a y  be m a i n l y  due  to  the  
in t e rmolecu la r  forces. I f  the  d i s to r t ions  were caused 
by  i n t r a m o l e c u l a r  forces, t h e y  shou ld  be s y m m e t r i c  
w i t h  respect  to the  p lane  of s y m m e t r y  which  the  free 
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molecule has. However, the actual form found in the 
crystal deviates appreciably from this symmetry. 

The asymmetry  parameters observed are com- 
parable with those of the iodine atoms in iodoalkanes 
(Kojima et al., 1953; Robinson et al., 1954), but larger 
than expected from the molecular structure. They 
amount nearly to a half of the value of the asymmetry 
parameter in p-dichlorobenzene, (Morino & Toyama, 
1961) and to one third of those in 1,3,5-trichloro- 
benzene (Morino & Toyama, 1960) and in 1,2,4,5- 
tetrachlorobenzene (Dean et al., 1958). The asymmetry 
of the field gradient at the chlorine nucleus in a 
C-C1 bond has usually been interpreted by the partial 
double-bond character of the C-C1 bond formed by 
the lone-pair electrons on the chlorine atom. This is 
the case in the aromatic or vinyl compounds where 
the carbon atom attached to the chlorine atom has 
sp ~ hybrid orbitals and the electrons on the remaining 
3p orbit perpendicular to the sp 2 plane participate in 
the conjugation. In the case of 6-BHC, however, 
the carbon atom has an sp 3 hybrid structure. It follows 
that  the conjugation may not be present, or, if any, 
it will take place symmetrically with respect to the 
C-C1 bond. 

Two effects should be mentioned in relation to the 
interpretation of the observed asymmetry. One is 
the deviation of the hybridization of the carbon atoms 
from the pure sp 3, as anticipated from the distortion 
of the bond angles observed above. When the skeleton 
of the molecule is deformed from the sp 3 configuration, 
the double-bond character of the C-C1 bond would 
increase. Unfortunately, the accuracy of the molecular 
structure determined by the X-ray diffraction is not 
sufficient to correlate the asymmetry  with the dis- 
tortion of the bond angles. It  is likely, however, 
that  the double-bond character does not take as 
important  part  in the asymmetry  in this molecule. 
If the asymmetry  arises from the double-bond char- 
acter alone, the direction of the x axis should be 
related more or less to the symmetry  of the molecule. 
The observed direction of the x axis of the bond 6e, 
to which the line B is assigned, shows no correlation 

Fig. 3. The  locat ion of the  pr incipal  x axis of B, which is 
shown in the  solid a r row parallel  to the  d o t t e d  one. 

with the symmetry  of the molecule as shown in Fig. 3, 
though the uncertainty of the angle determination 
is _+ 15 ° (Table 2). It is quite the same even if the 
line B is assigned to the bond 3a (Table 7). 

Another effect to be considered is the one due to 
the electric charges on the neighboring atoms. As is 
easily seen, the direct field gradient due to the neigh- 
boring atoms is too small to produce the observed 
asymmetry. However, the direct field gradient, distorts 
the electronic cloud around the chlorine nucleus to 
produce an indirect field gradient with a considerable 
strength. Sternheimer (1954) has theoretically sho~u~ 
that  the total field gradient due to the neighboring 
atoms may be approximated by the direct one times 
a constant factor. In fact, the splittings of the six 
absorption lines in ~- and y-BHC with the total spread 
of about I Me have been satisfactorily interpreted 
in terms of this effect by assuming a multiplying 
factor ~ 50 (Morino et al., 1959). The ass~mmetry of 
~1 = 0"03 is equivalent to the difference of about I m.c. 
between the coupling constant eQqxx and eQqyy. TKis 
is of the same order of magnitude as the total spreading 
of the six absorption lines so that it may be inter- 
preted in a similar way. Thus it is most likely that the 
observed asymmetry is mainly due to the field 
gradient originated from the charge distribution in 
the crystal. This conclusion does not conflict with the 
results obtained up to the present, that the asymmetry 
comes predominantly from the double-bond character 
for aromatic C-C] bonds. 

For iodine nuclei in saturated compounds the 
asymmetry parameters have been obtained by the 
measurement of the two resonance lines. However, 
for Cl 3s nucleus, whose spin is 3/2, the Zeeman study 
is the only method to obtain the asymmetry param- 
eter. In this sense it is to be emphasized that the 
present study is the first case where the asymmetry 
parameter of a chlorine atom substituted to the 
saturated hydrocarbons has been observed by the 
Zeeman effect. 
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Barium titanium sulfide (BaTiS3) and calcium, strontium and barium zirconium sulfides (CaZrS3, 
SrZrS 3 and BaZrS3) have been synthesized by the reaction of CS 2 with the respective ternary oxides 
at elevated temperatures. Barium ti tanium sulfide is hexagonal but its sulfur content decreases with 
increasing temperature of preparation. This results in a variation of unit cell dimensions from 
a=6.752, c=5.810 Jk when prepared at 700 °C. to a=6"77, c=5.74 A when prepared at 1100 °C. 
BaTiS a containing a stoichiometric or near stoichiometric equivalence of sulfur has the barium 
nickelate structure. As the sulfur content decreases the structure becomes increasingly disordered. 
BaZrS 3 is orthorhombic with a = 7.037, b = 9-983, c = 7.050 A and has a distorted perovskite struc- 
ture. SrZrS 3 and CaZrS 3 have even more highly distorted perovskite structures and require ortho- 
rhombic unit cells with a = 13.49, b =9"79, c = 14.23 A for SrZrS 3 and a = 13.07, b =9"58, c = 14.05 A 
for CaZrS 3. 

Introduct ion 

H a h n  & Mutschke (1956) prepared SrTiS3, BaTiS3 and 
BaZrSa by heat ing mixtures of the  b inary  sulfides in 
sealed evacuated tubes for several weeks. The stron- 
t ium and bar ium t i t an ium sulfides were isomorphous 
and  could be indexed by means of hexagonal,  ortho- 
rhombic or te t ragonal  uni t  cells. These compounds 
were t en ta t ive ly  assigned the hexagonal  BANJO3 struc- 
ture  (Lander, 1951). However,  some serious discrep- 
ancies between the calculated and observed intensit ies 
were obtained.  Bar ium zirconium sulfide was found 
to be dimorphic.  The allotrope prepared below about  
800 °C. was found to be te t ragonal  with a--4.990,  
c--5.088 A and to have a perovskite  structure.  The 
high tempera ture  form could not  be indexed. 

This paper  describes the prepara t ion  of alkaline 
ear th  t i t an ium and zirconium sulfides by the act ion 
of CS2 on the corresponding t e rna ry  oxides together  
with addi t ional  observations on their  structure.  

E x p e r i m e n t a l  

All of the t i t ana tes  and zirconates used were c.p. 
grade (TAM Division, Nat ional  Lead Company) and 

contained less than  0.2% total  metall ic impurit ies.  
Powder pa t te rns  of the t e rna ry  oxides showed the 
presence of only  the desired phase. The sulfiding 
procedure was similar to t ha t  used for the prepara t ion  
of ZrSe (Clearfield, 1958). Argon was bubbled through 
a tower containing CS2 and the resu l tan t  gas mixture  
then  led into a zircon combust ion tube containing 
10 g. of the t e rna ry  oxide in a carbon boat.  The flow 
rate  of the argon was fair ly constant  so t ha t  the 
amount  of CS2 entering the combust ion tube was 
roughly proport ional  to the react ion time. Powder 
pa t te rns  were obta ined with a G. E. XRD-3 X-ray  
uni t  and diffractometer  using fi l tered Cu Ka radia- 
t ion. Aluminum powder and a luminum oxide were 
used as internal  s tandards  for the de te rmina t ion  of 
accurate uni t  cell dimensions. 

B a r i u m  t i tan ium sulf ide 

The prepara t ion  of BaTiSa was carried out  at  one 
hundred  degree intervals  in the tempera ture  range 
400-1100 °C. Only small amounts  (up to 30%) of 
sulfide were obta ined in 4 hours t ime below 700 °C. 
However,  the  products  obta ined in 4 hours react ion 


