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A Nuclear Quadrupole Resonance and X-Ray Study of 
the Crystal Structure of Pentachlorophenol 

BY TosIo SAKURAI* 
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Pittsburgh 13, Pa., U.S.A.  

(Received 13 November 1961 and in revised form 4 January 1962) 

The crystal structure of the pentachlorophenol, CeC15OH, was solved by the combined application 
of nuclear quadrupole resonance and X-ray diffraction. The molecules are linked by chains of 
hydrogen-bonds with a configuration similar to that  in tetrachlorohydroquinonc (?6Cl4(OH)e. The 
nuclear quadrupole resonance of one of the ortho chlorine atoms is specially affected by the inter- 
molecular interaction. This interaction is attr ibuted to the proton on the OH group of the adjacent 

/O 
molecule, and the existence of ()-H,~ bifurcated hydrogen bonds with bond lengths O-H • • • O = 

",Cl 
2.97 A and O-H • • • Cl = 3.28 A is inferred. 

During the phase determination, a pseudo solution was obtained, which was unusually close to 
the true solution. The relation between these two solutions is discussed. 

Introduction 

This paper  is a pa r t  of the series of investigations 
(Dean, Pollak, Craven & Jeffrey,  1958; Chu, ,Jeffrey 
& Sakurai ,  1962; Sakurai ,  1962; Sakurai ,  Sundaralin- 
gain & Jeffrey,  1963) making use of both nuclear 
quadrupole resonance (n.q.r.) and X- ray  diffraction 
for the crystal  s t ructure  determinat ion.  

Four  frequencies were reported by Bray  & Esteva  
(1954) for the pure nuclear quadrupole resonance of 
C135 of the pentachlorophenol C6C150H at  77 °K. 
Since the molecule has five chlorine nuclei, five or 
some multiple of five frequencies are expected if the 
molecule has no symmet ry ,  and three or some multiple 
of three if it has mirror s y m m e t r y  perpendicular  to 
the molecular plane. But  four frequencies are hard  to 
explain. The initial objective of this work was to 
explore whether  there is any  s t ructura l  reason why 
one frequency should disappear.  I t  soon became clear 
that, five frequencies exist a t  room tempera ture  and 
those corresponding to chlorine 2 and chlorine 4 
accidental ly degenerate a t  low tempera ture .  Both of 
these resonances are very  similar, but  the resonance 
corresponding to chlorine 1 and chlorine 5 have some 
different properties.  A significant disagreement  be- 
tween X- ray  and quadrupole result  revealed t ha t  one 
()f the ortho chlorine nuclei is largely affected by an 
intermolecular  interaction.  This intermolecular  effect 
is qual i ta t ively a t t r ibu ted  to the proton near  this 
chlorine nucleus, and the evidence of bifurcated 

,C1 
hydrogen bond between O-H( , ,O ,  which was sug- 

gested previously for te t raehlorohydroquinone (Sa- 
kurai ,  1962) is fur ther  substant ia ted.  

. . . . . . . . . . . . . . . .  

* On leave from The Institute for Solid State Physics, 
University of Tokyo, Tokyo, Japan. 

Crystal data 

The crystals are monoclinic and the unit  cell dimen- 
sions are 

a = 2 9 - 1 1 + 0 . 0 3 ,  b=4 .930+0 .005 ,  c = 1 2 . 0 9 + 0 . 0 2 A -  

f l = 9 3 ° 3 8 ' + 4  ', V = 1 7 3 2 + 5 z k  a, Z=8;  
Dr, = 2"01 g.em.-a, Dz = 2"043 + 0"006 g.em.-3. 

The systematic  extinctions are h + k = o d d  for (hkl) 
and / = o d d  for (hO1) reflections. Therefore the space 
group is either C2/c or Cc. The number  of the mole- 
cules in an asymmetr ic  unit  is one if the space group 
is C2/c and two if it is Cc. Since at  room tempera ture  
five n.q.r,  frequencies of C1 a5 were observed, there is 
one molecule in the asymmetr ic  unit,  and by the 
combination of techniques the space group is uniquely 
determined to be C2/c. 

Experimental 

Fisher 's  highest pur i ty  grade sample was purified by 
recrystall ization from alcoholic solution. 

The n.q.r, measurements  were made on a spectrom- 
eter described by Dean (1960). A single crystal  for 
n.q.r, work was grown by slow evaporat ion of alcoholic 
solution. The crystal  had  parallelepiped shape elon- 
gated along the b axis, and was surrounded by clear 
cleavage faces {100} and (101}. The dimensions of the 
crystal  were 25 × 10 x 6 mm. a and the oscillator coil 
was wound directly around it. Five pure quadrupole 
resonance frequencies were observed at  room tem- 
perature.  Zeeman non-split t ing loci for each frequency 
was observed under weak magnetic field. From the 
a r rangement  of symmetr ica l  configuration of these 
loci, the direction of b axis could be determined 
accurately.  Those of a and c axes were determined 
with respect to the largest cleavage plane {l()i}. 
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Table 1. Frequencies and asymmetry parameters of quadrupole resonance 

Present  results (room temp.)  

F r e q u e n c y  In tens i ty  

v3 38.02 s t rong 
v, t 37.75 m e d i u m  
v 2 37" 71 m e d i u m  
v 1 36.98 m e d i u m  
v.~ 36" 67 weak 

A s y m m e t r y  
p a r a m e t e r  

0 .167+0-010 
0-185+0.018 
0.164+0-013 
0" 163 +__ 0-017 
0.100+ 0-007 

Bray  & Es teva  (77 °K.) 

In t ens i ty  (signal 
F requency  to noise ratio) 

38.5794 6 
38.1915 7-8 

37.3750 4 
37.1292 2 

The intensity data for the X-ray analysis were 
obtained from multiple film Weissenberg photographs 
with Cu K~ radiation of the zero to the 3rd layer of 
the b axis. In order to reduce the absorption error, 
a crystal with an approximately rectangular cross 
section, 0.06 ram. x 0"05 ram. was used. The effect of 
~, and a2 resolution of the X-ray spectrum was 
corrected by the method described in the previous 
paper (Sakurai, 1962) and the correlation factors 
between different layers were obtained by double slit 
Weissenberg method (Stadler, 1950). The observed 
intensities were reduced to relative structure ampli- 
tudes using an IBM 650 L.p. correction program of 
Shiono (1960b). The observed data consisted of 1060 
reflections, which are about 55% of the total reflec- 
tions in the limiting sphere. 

D e t e r m i n a t i o n  of the s t ruc ture  

Comparing the observed pure quadrupole resonance 
frequencies and their intensities with those reported 
by Bray & Esteva (1954), it soon became clear that  
the frequencies v2 and v4 accidentally coincide at low 
temperature (Table 1). 

From the general trend of the frequency shift due 
to the number of the ortho chlorine neighbors in multi 
ehlorobenzene derivatives (Bray, Burnes & Bersohn, 
1956) and the shape of the molecule, the highest 
frequency is assigned to C13, the second and third 
ones to CIe and CI4 and lower two frequencies to 
CI~ and Cl5 (Fig. 1). These assignments were definitely 
confirmed in the later stage of the analysis by com- 
parison with the X-ray results. For convenience of 
notation, the corresponding chlorine position is used 
as the subscript for the frequency throughout the 
paper. 

Four Zeeman non-splitting loci exist for each 
frequency and all 20 loci were observed. Among them, 
two loci for C13 related by mirror symmetry overlap 

Table 2. The relative orientations of the CI a bonds 

n.q.r.  X- r ay  

b axis and Clla bond 54.5 54.3 
b axis and Cl2a bond 48.4 48.9 
b axis and Cl3a bond 87.0 87.4 
b axis and C14cr bond 54.2 53.9 
b axis and  CI~w bond 50-1 49.6 
Cll(r bond and C12a bond 61"5 61-5 
C12a bond and  C13a bond 59.8 59.8 
Claa bond and C14(~ bond 60.3 60-5 
Cl4a bond and C15a bond 61"5 59.5 

each other as show-n in Fig. 2. The others are well 
resolved. The a bond direction for each frequency 
was obtained by least square method and b axis of 

bt 

CIs CI 1 

CI4 ] Clz 

CI3 

w / _  

Fig. 1. The molecular  axes. 
.\' is perl~endicular to tile plane of the  paper.  

b 

I 

\ / 

Fig. 2. n.q.r. Zeeman non-spl i t t ing loci of v.~. 
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the  c rys ta l  is also d e t e r m i n e d  f rom the  d ispos i t ion  of 
the  loci. The  re la t ive  o r i en ta t ions  of these  bonds  are  
shown  in Table  2. 

The  s t a n d a r d  error  of these  re la t ive  o r i en ta t ions  
is 0.2 ° . The  a s y m m e t r y  p a r a m e t e r s  were  o b t a i n e d  
g raph ica l ly  a n d  are  shown  in Tab le  1. 

The  molecu la r  axes are  def ined  as sho~m in Fig. 1. 
These  d i rec t ions  were  r e l a t ed  to the  c rys ta l  axes in 
the  fol lowing way.  F i r s t  a best  fit  p lane  t h r o u g h  the  
five C-C1 bonds  was o b t a i n e d  b y  least  square  m e t h o d  
a n d  the  n o r m a l  to this  p lane  was  t a k e n  as t h e  molec-  
u la r  axis N.  Axis M was t a k e n  p e r p e n d i c u l a r l y  to N 
in the  p lane  con ta in ing  N a n d  Cl3 bond,  a n d  L was 
t a k e n  p e r p e n d i c u l a r l y  to N a n d  M.  Thus  the  d i rec t ion  
cosines b e t w e e n  the  molecu la r  axes a n d  the  c rys ta l  
axes were  ob ta ined .  The  dev ia t ions  of the  C-C1 bonds  
f rom the  p lane  of the  molecule  are  smal l  as shown  in 
Tab le  3. There fore  the  molecu le  was a s s u m e d  to be 
p l ana r  a n d  the  coord ina tes  of a toms  in the  c rys ta l  
w i th  respec t  to the  or igin  of the  molecule  were  cal- 
cu l a t ed  b y  the  a s s u m p t i o n  t h a t  t he  b o n d  angles  arc  
all 120 ° a n d  the  C-CI, C-C a n d  C-O d i s tances  are  
1.74, 1.39 a n d  1.35 ~ respec t ive ly .  These  resul ts  are 
shown in Tables  4 a n d  5. 

Table  3. Deviation of the C-CI bonds fi'om the plane 
of the molecule 

n.q.r. X-ray 
CI 1 0.4 ° -- 1.5 ° 
C12 - -  1.3 - -  1.2 
CI:~ 0.7 1.9 
CI~ -- 1-3 0-8 
C15 O. 2 O. l 

Table  4. Approximate direction cosines between molecular 
axes and crystal axes deduced from n.q.r, data 

a'* b c 

L 0" 128 -- 0"718 -- 0"680 
31 -- 0"989 -- 0.060 -- O" 130 
N 0.052 0.693 -- 0.722 

* For conv(miencc of calculation, orthogomfl axes a', b 
and c were used, where a' is perpendicular to bc plane. 

Tab le  5. Approximate atomic coordinates with respect to 
the molecular origin 

x y z 
Cl I 0.064 - 0.38 - o. 124 
cir. -0-042 - 0 . 4 l  -0-176 
Cl 3 - 0.106 - 0.09 - 0.052 
c14 - 0.064 0.38 0-124 
CI~ 0"042 0-41 0" 176 
C 2 0-029 -- 0.17 -- 0.055 
C a -- 0-019 -- 0.18 -- 0.078 
C 4 -- 0.047 - 0.04 - 0.023 
C 5 -- 0.029 0.17 0.055 
C 6 0.019 0.18 {).078 
C 1 0.047 0.04 0-023 
O 0.093 0.08 0. (}45 

The  coord ina te s  of the  mo lecu la r  or igin were  
d e t e r m i n e d  f rom the  (010) p ro jec t ion .  I n  this  projec-  
t ion ,  t he  s t r u c t u r e  fac tor  express ion  has  t he  fo rm 

F P E N T A C H L O R O P H E N O L  

F = A cos 2,n (hX + 1Z) + B sin 2~ (hX + lZ) , 

where  X,  Z are the  coord ina tes  of the  or igin of the  
molecule ,  a n d  A, B are  real  a n d  i m a g i n a r y  p a r t  of the  
molecu la r  s t r u c t u r e  factor ,  which  are  r ead i ly  ca l cu la t ed  
f rom the  p a r a m e t e r  va lues  in Table  5. All ref lec t ions  
wi th  smal l  ]Fo] wflues were  se lec ted  a n d  A, B were  
ca lcu la ted  for these  ref lect ions.  T h e n  X a n d  Z were  
o b t a i n e d  f rom the  cond i t ion  

A cos 2,n (hX + lZ) + B sin 27~ (hX + IZ) ~_ 0.  

The two-d imens iona l  s t r u c t u r e  was re f ined  by  o r d i n a r y  
Fou r i e r  m e t h o d  a n d  a f te r  two  cycles the  a g r e e m e n t  
index,  R, was r e d u c e d  to 13%. I n  order  to d e t e r m i n e  
the  coord ina te  of the  mo lecu la r  or igin Y, ref lect ions  
w i t h  smal l  ]Fo[ values  were  aga in  se lec ted  f rom the  
t h r ee -d imens iona l  d a t a  a n d  the  cond i t ion  to d e t e r m i n e  

Y is s imply ,  

C cos 2 ,nkY+D sin 27~k Y _  0 ,  

where  C a n d  D are  ca l cu la t ed  f rom two-d imens iona l  
s t r u c t u r e  a n d  y coord ina tes  in Tab le  5. The  first  
a p p r o x i m a t e  va lue  of Y was 0.255. This  va lue  gave  
an  R fac tor  of 29%. The  chlor ine  a t o m s  were  re f ined  
by  d i f ferent ia l  Fou r i e r  m e t h o d  a n d  the  n e w  ca rbon  
coord ina tes  were  r ead i l y  o b t a i n e d  f rom the  p a r a m e t e r s  
in Tab le  5. Af te r  one cycle of r e f i n e m e n t  the  R fac tor  
was r e d u c e d  to 18%. F ina l l y  a d i f fe ren t ia l  Fou r i e r  
r e f i n e m e n t  was c o m p u t e d  for all  a t o m s  a n d  an  R 
fac tor  of 14% was ob ta ined ,  exc lud ing  non -obse rved  
reflect ions.  I n  all these  ca lcu la t ions  isotropic  t em-  
p e r a t u r e  fac tors  were  used.  I n  this  way ,  t he  phase  
p rob lem was solved r a p i d l y  a n d  s t r a igh t  f o r w a r d l y  
excep t  for one pseudo  so lu t ion  wh ich  a p p e a r e d  in the  
ini t ia l  s tage of the  t w o - d i m e n s i o n a l  analysis .  This 
pseudo  so lu t ion  has a pa r t i cu l a r  in te res t  in r e l a t i on  
to t he  genera l  p rob l em of phase  d e t e r m i n a t i o n  a n d  will 
be d iscussed la ter .  The  a tomic  coord ina tes  a n d  iso- 
t rop ic  t e m p e r a t u r e  fac tors  are  shown  in Table  6. 

Table  6. Atomic coordinates and isotropic temperature 
factors in unit cell fractions 

x y z B 
C11 0.20067 --0.1068 0.0497 4-0 
Cl 2 0.09574 --0.1544 --0.0132 4.0 
Ci a 0.02768 0.2183 0.0996 4.0 
CI a I).06471} 0.6168 0.2803 4.0 
Cl 5 0.16953 0.6583 0.3419 3.7 
C 1 0-17!}3 0.277 0.1905 3.0 
C 2 0-1624 0.096 0.1116 3-0 
C a 0.1163 0.074 0.0838 3-0 
C~ 0.0862 0-23,1 0" 1362 3"0 
C 5 0" 1009 0.416 0.2158 3-1) 
C 6 0.1489 0.437 0-2448 3-0 
O 0.2243 0.288 0-2168 3.7 

Stand~u'd deviation of the atomic coordinates 

a b c 

CI 0.0(}3 A 0-005 A (}.004 A 
C 0.011 0.014 (}.014 
O 0.009 0.012 0.012 
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T~ble 7 Observed and calculated structure factors 

(hk  I ) I E I  ~ ( h k  I) I+Fo! Fc ( h k  I ) I E I  ~ (h k I ) I E I  ~ (h k I) IFol 
4 1640d 16611~ - 8 6 8 8 7 o 3 "  1 3905 2 8 1 8 -  -25  1 3 7o8 1 0 1 4 -  "11  1 7 3217 3 7 1 2 -  
6 21~ 61~ - 1 0  6 92oc 8208 : 1 4512 3700 -27  1 3 3 2 t l  3342 -13  1 7 710 13o7-  
6 19602 2 0 9 0 2 -  -12  6 16209 14916 7 1 2~e0 1 9 o l -  -2+ 1 3 21o2 3516 - l S  1 7 2018 3313 - .  

10 9416 10118 - 1 4  6 10606 9 6 1 8 -  9 1 14401 1 4 v o l  ~ 1 + 01ob 9 } 0 2 -  - 1 7  1 7 2 1 , 4  26o60 
12 73o5 7502 "16  6 ~ o l  2 8 o 9 -  11 1 44o6 4~15 3 1 4 3012 31o4 -19  1 7 13o4 21q2-  
14 7 0 . ~  6 8 1 9 -  -18  : 9+8 1 :1~  1 ,  1 , ~+0  'C . . . .  5 1 4 41+8 3817 "21  1 7 3 7 . 7  5 0 1 2 -  
16 1150 108o7~ - 2 0  803 o 1~ 1 3o0 0 7 -  7 1 4 4o9 302 ~ -23  1 7 4200 5500 -  
18 15 ,3  13o2 -22  6 60+3 7505 17 1 lU312 0019~ 9 1 4 3601 4403 -25  1 7 ~607 560~ 
20 3302 18o8~ -24  6 4209 4519 19 1 8o7 3 0 8  11 1 4 38+7 4502 m -27  1 7 1402 1416 
22 6 8 . 7  5 7 1 7 -  -26  6 509 1910 -  21 ~ L~oo 3Co~ 13 1 ~ 6 . 1  1 2 1 2 -  -29  1 7 15o8 15 ,3  
24 3203 2 3 1 0 -  -28  6 5o6 10o5 23 /o~ ~ I b -  15 1 4 3503 3002-- -31 1 7 1607 2113 
26 571~ 5 2 1 4 -  -30  6 3101 3719 25 1 5 3 o l  0519 17 1 4 19o7 2 ~ 1 7 -  -33 1 7 2200 2714e  
28 13o4 16o8 -  -32  6 405 314 "  21 ~ 19 .2  2~o3 -  19 1 + 4300 ~ o v  1 1 8 906 1 2 1 9 -  
30 65o9 6801 - 3 4  6 34o)  34+2 -  29 13o l  1 7 o 7 -  21 1 4 706 , 1 7  3 1 8 1700 8061 
32 26~d 16o8 8 220~ 21o+ 1 1 1 0808 5~40 -  23 1 + 53o3 ~ ' 0 3  5 1 8 909 919 
36 ~102 2816 2 8 13603 1~210 ~ 1 1 64o9 6 0 o 7 -  25 1 ~ 13o5 1~09 7 1 8 23o7 1 4 0 2 -  
36 220~ 4ol , , 74o0 71 .1-  5 1~ 32o4 2706- ,7 1 , 46o5 44o l -  15 ~ ~ 42o, + ,0~ -  

5202 4 6 o 9 -  0 8 76o7 6 4 0 6 -  7 1 15907 15~18 = - 1 1 + ~o2 2o9 17 13o6 21o 
2 ~6o5 7 6 . 6 -  8 8 7906 820+ 9 1 1 2 ~ 9 o l  268o5 "  - 3 1 + 05o~ 85+2-  19 1 8 7o7 ~210  

241~ 1 5 o 8 -  lO 6 21o9 2202 11 1 1 Io09 7~10 - 5 1 + 0o~ o 5 -  23 1 ~ 15o8 28t1~ 
6 ~ 1131~ 1 1 1 0 0 -  12 1101U 12C03 13 1 1 3~o7 3217"  - 7 1 4 ~60C 26o~, " 25 1 8 3706 3040--  
8 2 88e4 9208 1~ ~ 9401 98o3 15 1 1 ~ o 7  7~eo - 9 1 ~ 3~0~ 2 9 . 7  - 1 1 8 36o~ 26o ~ 

16 8 119o~ 1 2 3 0 0 -  17 1 1 1301 6~o~ -11  l ~ 1o~oo 179o+ } 1 8 ~6~0 4 3 0 5 -  10 2 39+2 3515 
12 Z 16507 1 7 9 o 0 -  18 : 2701 2 6 0 5 -  19 1 1 ~906 ~zoO- -1~ 1 + ~0o l  5 0 0 0 -  - 5 1 8 8908 7 9 1 6 .  
14 2 95o9 7609-- 20 5o9 20 / - -  21 ~ 1 ~ 0 ~  Z, ,ot  -15  £ + ZO+d 2 5 o ; -  - 7 1 8 3 7 t 5  28 ,3  
16 2 13704 1 3 3 1 7 -  22 8 1 8 o l  2 2 1 3 -  23 1 0100 ~bo6 - I t  1 4 16o~ 1210-  9 1 8 17o~ 1 ~ o 7 .  
18 2 83o6 6 5 1 0 -  24 8 503 803 25 1 1 ~2o2 ~ o 7  -19  1 4 ~80~ 4 7 0 8 .  -11 1 ~ 42+5 4000 
20 2 ~23o2 11800 26 8 24o7 1 6 o 6 -  27 1 1 7 .8  9o~"  -21 l + 3>+~ + ~ 0  -13 1 8 3509 32+6 
22 : 507 o l -  28 8 3100 1 7 4 7 -  29 1 1 37 .7  2 ~ i /  -23  1 ~ 130~ 21oZ -15  ~ 8 3607 ~ 2 1 5 -  
2~ 92s6 9012  30 8 12o2 9 0 0 "  31 1 1 19o /  17 .4  -25  1 ; 708 5 + 6 .  - 17  8 708 5 o l -  
26 2 1902 713  " 2 8 16o l  3 0 7 -  - 1 1 1 2908 2714-  -27  1 4 701 2 1 8 .  -19  1 3 1902 2 0 1 8 -  
28 2 3707 5 0 0 3 -  - 4 8 8o8 7 1 3 -  - 3 1 1 1602 50~ "29  1 4 115 711 --21 ~ ~ 7e8 519-- 
30 ~ 3704 3515. - 6  8 502 8 0 9 -  - 5 ~  5 .o  , 0 , -  - 3 1 1 4  6 . 7  o l  -31 ? o 0 3 2 6 . 8  
32 1706 16o6 - 8 8 11o8 ~ 8 o l -  / l l C o b  I~Co~ -3~  1 4 17o6 2 ! o 9 .  ~ 9  703  9 . 1 -  
34 2 22+8 1 1 . 6  - 1 0  ~ 6 2 o l  6 9 o ~ -  - 9 1 1 ~ o i  715 1 1 5 28o~ 2 2 0 0 -  ~ 7+4 8 o 9 -  

9909 10508 -12  8 3007 2 8 0 5 -  -11  1 1 15o5 1818"  J i 5 i ~002  130o+ 5 1 705 2o9-  - 2  
4 25e£ 3015 - 1 4  8 12603 1 2 2 0 7 -  -13  1 1 7 o l  72o6 5 1 ~ 5006 2702 ~ 1 9 706 703-  

- 6 2 90+0 8503 - 1 6  8 26o4 13o4 -15 1 i ~4o) 8004 7 I 5 55o3 7 ~ + 8 .  9 I 9 370J "3201- 
- 8 ~ ~ 6409, - 18  8 26+9 17o3 - I I  • i 6o00 O~o9 9 1 5 55o~ 5~09 I I  1 9 4506 ~0o5= 
010 33808 37515 -20  8 19o2 15o~ -19  1 1 12807 12502 11 1 ~ ~ o d  77 .0  1~ 1 9 2 2 . 2  1714 
-12  ~ 33e9 2800 -22 8 5700 6302 -21  1 1 7209 7 5 0 9 -  1~ l ~ Oooq 511~ 1~ 1 9 2603 2803 -  
- 1 4  67~1 7 0 1 5 .  - 24  8 31o9 3 2 o l -  - 23  1 1 51 .~  5 2 o 6 "  15 1 5 14005 13106 17 1 9 13 .3  13o8-  
-16 2 405  714 I0 lu.2 18o7 -25 1 1 I1o~ 11o0- 17 1 5 42e5 4 0 + ~ 0  19 1 9 12o9 1 7 0 7 -  
- 1 8  2 154o3 1 4 7 1 7 -  2 10 8307 9019 - 2 7  1 1 53o5 ~ 7 0 ~ -  19 1 o /702 7 2 0 0 -  21 1 9 47o6 4?07 -  
-20  ~ 3515 38#7 ~ 10 5605 6909 -29  1 1 2bo+ 3711 21 1 5 7oh 3oh 23 1 9 11o l  306 
--22 506 l o2 - -  10 4 6 . 5  ~loO-- -33 1 1 3001 3 0 o 0 "  23 1 5 5 3 o 3  501o~ 25 1 9 ~ 0 7  32o~ 
" 2 4  2 13o2 1 6 o 9 .  8 10 600 12o4 1 1 2 94#2 8~+2 25 1 5 1 ]eJ  1712  - i I 9 17o9 2C+& 
-26 2 I0., ii.5. 10 i0 6.0 13.0- 3 ~ ~ flu., I,~.5" 27 1 : 7.2 .b. - 3 1 9 17.9 9.~-. 
"28  2 26o9 2 7 0 6 .  12 10 600 0 1 1 -  5 3o6 ~07 29 1 ~305 2 ~ o 0 .  5 1 9 129e8 13205 
-30 2 2508 15o5. 14 i0  42o2 8701 a 7 1 2 20tsel 1981~- 31 I 5 2~0o 16o5_ - 7 I 9 5u05 ; ) 1 6  
-32  2 31o7 2 5 + 6 .  16 10 18o4 1 3 o 2 -  + 1 ~ 21o6 1~0~ - 1 i 5 Lb.~ 1~0~ - 9 1 9 1,1o6 02 

4 6106 56+8 18 10 5o5 900 11 1 ~70o 5 1 o l  3 ~ ~ ~ e ~  ~2o3e  -11 1 9 1701 19 .2  
2 4 12943 1 3 2 0 9 .  20 10 15o6 15o5 j 13 1 2 5o~ 1 o 2 "  5 7o2 1 7 o 8 .  -13  1 ~: 5807 7806" 
4 1816 1 9 + 7 .  22 10 2411 23e6 15 1 2 28o6 2202 - 7 1 5 69#4 6 ~ o Z .  -15 1 9 7 i8  705 4 
6 4 295o6 325o3. 24 i0  30o8 3117- 17 ~ ~ 15e8 18o8- - 9 1 5 ~907 ~3o9.  -17 1 9 ~5o+ ~70) 
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12 4 42+1 3005~  - 4 10 6119 50o~"  23 1 2 707 7o l  - 15  1 5 49o9 5?00 -31  1 9 1503 I C o 2 -  
14 4 14602 14611 - 6 10 5603 4609"  25 1 2 2202 1 9 0 3 -  -17  1 5 9 . 9  1 ~ o 2 .  1 1 10 31+9 27+8 
16 4 1104 1 3 o 7 -  "1  10 62o7 60o2 27 1 2 1305 2 1 o 1 "  -19  1 6 ~004 5~oZ 3 1 10 7+7 6 o ~ -  
18 4 504 1 2 o 0 .  10 6o0 916 29 1 2 0304 3vo4 -21  1 5 18o7 21o5 5 1 10 ~2 .1  3 ' ,o~ -  
20 4 4005 2905 -12  10 6ou ~o7-  31 1 2 15o2 ICo0 -23  1 5 l l + u  1 3 o 2 .  7 1 lO 7o8 160~ 
22 4 5906 4906 - 1 4  10 600 #2 33 1 ~ 17o7 1~0J - 2 5  1 5 1101 2001 9 ~ 10 I~o6 15o3-  
26 4 13o5 700 -16  10 331U 37o+-  - 1 1 306e8 305o l  - 27  1 5 706 ~06 11 1 1~ 3706 31eC 
26 4 2302 2906- -18 I0 I0o2 18o2- - 3 1 2 I070~ i0~o5- -29 i 5 70i ZCo2 I~ ~ 10 ~5o2 ~5.~ 
28 4 5405 5002 -20  10 3400 30+9-  - 5 1 2 7U09 6 7 8 1 "  -31  1 5 19o~ l~ou  i 1C ~ffo8 4 : o l -  
30 4 1219 1107 -22  10 13o3 l ~ o ~  - 7 l 2 30v 3 o b "  -~3  • 5 16o5 1 /o2  17 1 10 16oZ 150G- 
3~ 4 12 .1  13.6 - 2 4  I0 35.0 3 0 . 1 -  9 1 2 2).+ 2 1 . 0 "  1 1 6 7 . 8  2 . . . .  ~ ~ 

+ 10008 9808 "26  i0  I i . 9  e . 2  --11 i 2  ~Ol 0 3209 3 I 0 0 6 1 J  5Z06 3 1~;~ 105 -- ~ 1 6 -  
- # 4 9205 9 ~ 0 2 .  I 2 8  10 29o7 20o8 -13  i ~ 503 8o8 5 1 6 11015 1 1 3 o 3 .  - 5 i lC 707 ] 0 5  
" 6 4 6509 7115~ 12 5o9 2 0 6 I  . 1 5  50 ~ 1 ~ 5 .  7 1 b b~O8 6 0 0 ~ 1  " ; 1 l (  ̀  7 ~ 0 ~  5805  

8 4 80+0 79o7 ~ 12 509 400 -17 i 2 19o9 1606- 9 1 6 o0o3 ~ lez  - 9 1 ic 13.5 18o~- 
- I 0  4 3704 4kol  12 18o6 ~6o0- -19 l 2 6809 7105 11 6o6 8+3. - ; 1  1 2 2 . / -  
-12  4 914 0 3 .  6 12 508 0 ~ -  -21 1 2 Z0o~ 26o l  13 12206 10800 I ~  i ~ 7J8 l ~J~J  

12 3610 3909-  I ~  i Z / t l Z  + ~ i t I  15 l 6 ~DIO Z ; I ~  "15  ~ ~ ;2+i ~}|0~" 
-14 4 24o9 26e5 1 12 505 10~- I25 i 2 708 
- 1 6  4 8 7 . 4  65.8 9 . 3 -  1 :  ~ : 7710 7 6 . 0 .  -17 1 1 0  I ...... 2906 
-18 4 3300 35.5 12 12 2911 2601 -27 1 2 2202 200~- . 905 ilo6 1 1 11 42o& 3/~o9- 
-20 4 159e7 16309 14 12 2705 3!19,= -29 I ~ 705 08- - 3 1 6 90~ 15o2 5 I II ~903 5612 
"22  4 i0~0 9 o l  16 12 ~06 309" -31 1 38+6 390~ 5 1 b 800 1 v o 3 -  5 11 708 11o3" 
- 2 4  4 12~ .7  13609-  18 12 2609 2 5 . 6 -  -33  1 2 1007 5 0 9 "  - 7 ~ ~ ~o£ ~08 7 { 11 4~07 ~ 0 ~  
- 2 6  4 6+0 909 20 12 27o2 28~2-  1 1 3 11104 10606 9 2901 2 t i ~  . 9 I I I  1303 2100"* 
- 2 8  + 4 2 + 0  + 5 # 2 .  - 2 12 50+ 1 5 o i  ~ 1 3 580+  6 0 0 0 -  : ~  ~ ~ 6 1 .  0~ I I  1 l l  5 3 . 3  8 3 + 7 -  
-3U ; 806 12o3 - : ~2 32o6 19o6- I 3 82+7 79ol +0o+ 51o ~ - i 1 ii +509 37+9- 

- 12 #103 551~ 7 1 3 2401 2505 I 1 5  1 6 60~ 101-  3 1 11 /08 oT "32  4 2407 2802 
-34 ~ 27o9 31o3. - ~ 12 85o9 9713 9 1 3 5418 5!o?" -17 ~ 6 36o0 33o~ - 5 i I i  4z03 3L.~ 

6 18o5 23oZ. -10 12 3148 25o~" 11 1 3 513 5o8- -19 6 7o5 9o7 - / ~ ~oo ~1o9 
Z 6 3205 3 4 + 2 .  -12 12 12o7 ~0o6 13 1 3 12304 106o~ --43 ~ b 1~+Z 2+iV-- ~ ~ 2~ 270'# 
4 6 12044 L1617 - 1 4  12 31o7 30o71 - l l  1 11 7o7 1~o2 15 1 3 5907 50 .7  -2~  ~ ~ 25o7 ~ 1 . 2 -  

~ o ~  360Z-- 17 I 3 10o~ 6208 b 6 31o5 2905. 116 12 2~01-- 670+ -13  1 l l  7o6 907  
: ~06  12o6 -18 12 5200 ~Zo3 19 ~ 3 5903 &718 3 I 7 52o2 5Zo6 -15 1 11 3+o~ ~1o~ 

I 2108 13+7 1+ 14#2 I00W 21 3 4005 29+5 5 I 7 161+5 15109 11 :~9ob ~ , o l -  
46o7~0o3 2 3 ~ 3  3703 29o3 / 1 7  31oo2006. -2~12 33o228.J 

12 ~ 8809 77o2 2 14 3 2 o l  3311-  25 3 4204 9 I / 1vo4 14 : 5o4 8 0 8 .  ; 14 ~009 1207~ 3 1 12 j7oo 3~oC 
16 5o6 705~ 6 14 2202 25o~1 27 1 3 25o~ t 3 0 9 =  11 1 7 /11 lo2--  5 1 12 37o~ ~0o2- 
i .  6 5 , . 7  5 7 . 9  8 14 i , , +  2 ~ . 2 -  , 9  1 3 +9 ,  , 1 , , -  13 i 7 2 ~ . +  2 , . 1 .  . ~  ~ 7 . +  - . 
20 6 13o4 14o2 10 14 24o8 28o0- 33 i 3 3806 25o3- 15 1 7 13o2 131U- 13o2 16~5 
22 6 57o5 56o8 12 14 22o3 1~o2 - 1 l 3 372~8 3 8 2 + 7 -  17 1 7 05o5 ~ood I 5 1 12 55 .9  4ooZ"  
2~ 6 3 2 1 6  3113 - 2 14 2704 2 9 1 3 -  - 3 1 3 27105 2 6 2 1 ~ -  Iv i 7 i 306  ~13 -  - 7 1 12 ino7 1500"  
26 6 5904 6 3 1 ~ -  - 4 14 9.5 ~I0 - 5 l 3 90+0 79o~ 21 1 7 ~50~ 33o3- - ~ i ~2 ~2.~ ~305 
28 : 31o2 2 0 o ~  - 6  14 51o5 ~ 9 o 6 -  - ~ ~ : 82+4 8 1 o , -  23 ~ ~ 16oo 1 / . 5  1 1 13 ~$ .7  ~ 0 8 -  
3U 25o7 15o~,.- - 8 14 4ob 8e7 1410~ 15809 25 1242 717-- 13 1 13 2200 2 3 0 6  

311~ 1915o - 1 0  14 42o0 4~o6 -11  1 3 2907 2016 27 1 7 3700 3 3 0 2 -  - 7 1 13 Z6o$ 1416 
_ 3 :  7 3 . 1  7 5 . 5 .  - 1 2  14 + , ,  3 , o  - 1 3  ~ : , . 7  9 , , . , -  - ~  1 7  3 5 . 8  3 + . 0  - 7  1 1 0  1 7 . 3  1 0 . 3  

-15  10o+ 3o6 i 7 91o0 7 2 0 8 -  - 9 I 14 16o7 ~,;el 
- 4 : 2641E 2 9 2 1 2 -  " 1 0  14 311 315 

6 2515 20o0 -17  1 3 5709 6 / ,16  -- 5 7 6o2 9 o l  - l l  1 l+  15o9 |~eZ- 
--19 ~ 3 1609 2803 7 7 8905 8019 
-21  3 ~o~ 57o~ - 9 1 7 31o6 2 3 o ~ -  
-23  l J 25o4 2 2 . 7  
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T~ble 7 (cont.) 

2 2 2 6 . 9  3 9 o 9  m 2 4 , 6 0 8  5 7 0 6  16 2 1600  1408  23  2 9 0  I 3 6 1701  12o3--  
4 2 5 9 0 5  6 5 0 9 -  2 2 4 3 3 0 5  3 3 0 6  22 2 8 1400  1701 25 3 2 2 2 . 4  2 7 . 6  3 3 6 , 6 0 3  3 0 0 2  ° 
6 2 1 6 . ,  1305-  4 2 4 4906 4802 26 2 ~ I?oZ 1,e2 27 3 2 700 814 5 3 6 8103 7907 
8 2 290~ ,9o3 6 2 4 4007 4502 28 2 8 2102 2 , . 2  29 3 2 3406 3206 -  7 3 6 48 .3  ,606 

I0 2 19.0 13.1- i ,8.6 - 2 2 8  703 03- - ~ " ~ 12 2 37o6 3206"  15 ~ 49.7  113.6 137o5*  9 3 6 6Jo7 6001 ° 
I ~ G  ~03-- 4 ~ ~ 70~ 6 .2  ° 3 1808 19.0 l l  6 7o8 1 2 . 1 -  

14 2 5203 60e2 12 ~ " 19"o6 2 1 o 3  b c 9200 81o4 5 3 2 ~907 18o6 13 : 6 5709 5306-  
,6  2 63*8 6901 14 4 1700 803 
1 8 2  2102 2107 1 6 2 4  1407 17o9-  : 1 ~  1502 2107 - 7 ~ I  1501 14o6-- 1 , ~ :  :3o5  2706-  

7o7 ~03-  9 5 .6  8 0 0 -  1 ~  4501 38ol  
2~: 2 7301 6707 18 ~ , 5209 4 1 . 8 -  -12  2 8 10.2  ~309 -11 3 2 3408 2409 -  3 6 609 17.3 
22 2 1~.~ 2 5 . 9 -  20 + 230+ 1 7 . 1 -  1 8  , 8 15.9 3o.9  -13 ] ~ 83o7 3802 .  3 ~ ~ 22o8 1~00.  
24 2 0,, 2o~ 22 2 6 ~206 3205- 2 9 1506 7 o 7 -  - ' 5  1707 2202 - 5 3 5602 5803 
26 2 15o9 2502 24 2 , 19.4 1302- 2 ~ 9 708 4 .5  -17 3 i 706 707 - 7 3 : 33oJ 36ol  
32 i 17.4 10o7- - 2 2 6 5 5 . ,  68.9  4 2 9 102.~ 11308 -19  3 1904 3007*  9 3 3309 3 5 0 ] "  

1 U308 1 0 , . 6 -  4 ~ , 12.1 1 9 . 2 -  ~ : 1 , . 9  1 ~ . 7 "  -21 3 2 16.2 09 -11 3 6 706 ~08 
2 2 1 ~ 7 . ;  ~ 0 9  - 6 2 ~ 450~ 4508 , 3500 420~"  -23  3 2 3v08 31o5 -13 3 6 3103 4 ,06  
4 2 ~ 2 3 ,  ~ . o  : ~  2 o ~ 8 9  8 5 . ~  10 2 9  16oi  15o3-  2 ~  3 :  707 12.9 , 5  3 :  , 0  , 2 -  
$ 2 32o l  330~ 1 2 ~ 36o2 3604-  12 2 9 6307 6 4 o l -  -27 3 2507 36o6 -17 3 26 .4  1 7 o l -  
8 2 1 1~09 2 0 0 "  "1~ 2 , 2703 1702- - 29  3 ~ 604 ~0o - , 9  3 6 80o 1308-  16 o 190~ 1908 

1~ 2 ~ 50~ ~0 ,  -17 ~ , , 1 . 2  , 2 0 2 -  ,~ + , 5 0 ,  1,o2 - 3 : 3  , 2 0 ,  31o9-  -21 ~ 6 , o . 9  8 , 0 9 -  
12 2 13.7 l k o ~  "16 2 , ~1.3 2209" - ~ 9 1 .3  102 3 3 "804 47o6 -23 6 14o9 12o6 
14 2 1 5 .1  502 -18  ~ 31.8 310~- - " ~ 9 760~ 7508-  
16 2 1 160J 190~- "28 2 6 1801 2303 - 6 2 9 340~ 3 8 o '  ~ 3 3 2006 2206 -25 3 6 3601 21o8 

~ ~409 , 2 . 8  1 ~ ~ 15o1 1 5 . 1 -  
18 2 1 8801 9305- 2 5 73.9 7509 8 2 9 600C 370" 7 26o4 20.2  3 7o6 2 . 5 "  
20 2 ~ 52ol  49 .0  ~ ~ ~ 3~02 3300 i ~ 9 800 , : 0 , -  ~ 3 : 802 7o8-  ~ 3 7 43o3 34ol  
2 2 ~  6t05 6"0~ 4 i 610g 65 .6  - 1 2 2 9  800 307-  ' 1 ~  607 603 ~ 3S07 3707" 
26 2 1 Z~* I  13.6  6 2 1210d 116o ,  - 1 "  2 9 1907 1808 13 3 56o9 5903-- 9 1509 2 1 . 3 -  
26 2 1 54.6  ~704 2 71o6 6208-  -15  ~ 9 ~ 0 ~  2006 15 3 ~ 18o5 , 9 0 2 -  11 3 7 1601 1301- 
28 i ~ "C02 ' C 0 3 "  1G 2 5  1602 706" - 2 8 2 9  ' 902  200(>" 17 3 8~08 8100 ,  ' 3  ~ ~ 1 '0~  205-  
30 23.1 220~- 12 2 5 2501 18o6 -2J  2 9 7o5 305 19 3 3 1907 1800~ 15 160~ 1,03 

.322 22 !1 178091~08 19307-12°0 1616 ~ 55 31.9  44o0-2615 -22  ~ 9 ' 5 0 7  5 6 * 5 -  21 3 3 5204 5509 17 3 7 708 7.~ 
~702 -24  ~ 9 19,7 2608-  23 3 3 1507 17o2- 19 3 7 10o4 3~.3 

" ~ ~ 1 7~05 7 9 . °  18 ~ ~ 19 .4  8 . 1 -  -26 2 ~ 51.6 53.1 25 ~ ] 14.~ 12o6 21 3 7 17.1 190~ 
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708 900 -16 2 ~ ~9.7  6703-  30 5 1607 301-  ~ 11 1~.9 16o9-  62 ,0  6006 - l l  3 5106 ~109 
-18 2 1~o l  103-  - 2 3 22909 24900-- 2 2 11 48 .8  4704-  -11 3 3 15o9 1809 
-23 2 1 560') 59o2 - 4 Z 5 64.3  6001- 2 ;  2 11 , , U  3,09,-  -13 3 3 1309 2304" -13 a 7 1 1 . ,  08 

-15 3 7 3100 2706 -22 ~ 1 15o/  709 - 6 2 5 100.3 89*8 ~ ¢ Z 11 5~01 61o8 -15 3 3 704 609*  
- 2 ,  2 1 24o l  3008-  8 i ~ 1 2 .  1 1 0 ~  -16  2 11 4505 4 , 0 ~  -17  3 3 7101 8102* -23 3 7 1,~00 1 2 * 1 -  
- 26  2 ~ 8 . ~  205 - i o  61o4 ~1 .4  -16  21 1~.1 2~03 -19  ~ ~ 3 . 0  8 0 6 -  -25  ~ 7 2c09 22o0 
"28 2 77o7 3~00 "12 2 ~ 1~*~ 11.1-- "18 11 2 0 C  28o5 "21 2500 2305"  ~ 3 B 709 1402" 
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~ ~ 2 2 3 .2  ~ 05 -24 2 , 36o3  32.0 8 i 12 2208 34.8  - 2 9 3  -27 3 3 35.2  7 .1  608"  t ~ : 11 .4  9 . 4 -  
2 7803 8 , 0 6  m - 2 6  2 5 230,; 19.8 13 18.5 2704-- 2309 1 30*9 29o1"  
, 1.1001 10403 -28 2 5 23.7  200~ 2 2 1 3  2606  3204 - 3 :  ~ : 2808 19o3" 13 3 8 7 .9  102-  
6 2 2 8907 9205 -33 2 5 390,  3~03 1~ ~ 13 49.~ 4707-  3104 2114" 15 3 8 15.~ 1603 

i 2 408 1 . 8 -  -32 ~ : ~ n . ,  3 8 . 9 -  14 2 1 3  36.3 3P09 3 3 ~ 22.1  20 .9  17 3 8 7 . 4  606"  
1 2 , 5 . 9  5606 , 6 8  ~3 . . . .  8 2 1 3  15.5 1800- ~ ~ ~ 47.9 ,600 ~ ~ ~ . . 0  17.8 
12 2 2 2504 1503 2 2 6 1806 2309 - 2 2 1 4  1 5 , 7  2703 6*3 5e~"  12e6 1 6 o l -  
1,  2 2 , 7 0 8  , l o l  , 2 ~ ~9.2 +30, ~ 3 ,905 2706- 9 ~ 4 807 , 0 0 ,  2 : 3  8 13.2 1606- 
16 2 2 51o6 5801 6 2 1301 204 3 ~SeJ ~307-  11 4 701 205"  . 3 8 5104 4 6 . 4 -  
1 8 2 2  50.1 35.1 8 2 6  16.7 20.7  ~ i  3802 ~004 1 3 3 4  23 .7  21o2"  " : ~ 8  ~104 53.0 
20 2 2 66*7 5103-  13 2 6 ~ le t l  3c)00- 11.5  604 15 ~ 4 5 0 6  4509 8 3302 6708 
22 i ~ 709 6 . 7 "  12 ~ 6 78.7 7904- 9 3 85 .4  860~-  17 ~ " ~506 22.1 7 3  8 3"07 2203-  
24 800  809  14 2 6 7 0 6  7 . 7 -  11 3 2 ? . 3  19o5--  19 3 ~ 5808  4 9 0 1 "  - 9 3 8 80C 205 

52o2  4~01 21 3 250~ 2 ~ * 0 "  -11 3 8 8 .1  ~ 0 8 -  26 2 ~ 2307 , 9 o i -  16 , ~ ~807 3903-  13 
28 : 7o4 , 0 5 -  18 ~ 19o7 202- 1~ 1 7 ,  1303 23 ~ ~ 18o8 , 0 9 -  -13 3 ~ 260,  1207- 
30 2 29o5 2 1 0 8  ~ 20 i 6 1906 3 . 1 -  17 i 98o2 10109 25 17o5 1600" -15 3 5801 ,107 
3~ 2 i 36o7 2802-  30 : 1 , . 4  902 !9 709 109 27 3 4 35 .6  2900 -17 3 8 1902 2103 

- 2 7 6 0 4  8 7 0 7 -  - 2 2 ~ 6 o 4  5 5 o 0  i ~  ~ 5 8 0 7  5 0 0 6 -  - ~ 3 ~ 505 100 ~ 3 9 3 6 o 8  3207- 
* 4 2 2 29.2 3 9 . 1 -  - ~ 2 6 11409 12~02 1907 1901 3 100.3 10603 3 9 19o8 150~- 

6 2 2 5609  4 9 0 9 -  - 1 4  ~ 0 1~*0  908  29 3 1 2 . 9  1102 - 5 3 4 1 1 0 7  20~ 5 3 9 ~ . :  8 6 9 -  
1 3 1 6507 9405 - 7 3 4 2~.1 1~02" 7 3 9 1 ' o3  1608- - 8 2 ~ , 9 . 3  4707-  -16 2 : 2707 1 9 . 6  

-10 2 38o8 4703-  -18 2 5402 56o5- 3 3 1 905 1402 - 9 3 4 2"09 230~"  9 3 9 3602 5000 
.12  2 2 34.8  3505 I --20 i 6 2401 3904-- 5 ~ 1 8605 87e2 -11 3 , 111.6 11300"  11 3 9 19,2 2205 
1 ,  2 2 12o3 2 ,01 -  -22 6 5 . °  8 . ~  7 3 : , 2 . ~  3 2 0 ~  1 3  ~ , ~7.+ 22.3 13 : : 1501 2 ° . ,  
-16  2 2 606 , o 7 -  - 24  ~ ~ 2305 2 7 0 ~  9 3 58. 5 0 0 ~  -15 3 4 ~90 ,  2~06 ~1 3103 2803-  
-18  2 2 1705 19.6 13,5 2205 11 3 1 5603 59o7 -17 3 4 7 .9  12o1" 23 3 9 3103 604 
- 2 0  i i 705  8 . 9  : 2 7 6 . 3  02 13 3 ~ 6 . 7  1 2 . 4  - 1 9  3 4 800  . 6  - ~ 3 9  1 6 . 2  1 6 . 7  
-22 19,3 2301 2 ~ 3~04 24o4 15 ~ 5701 4900 -21 3 , 1~01 2~090 3 9 11o,  , 0 ~ -  
- 2 ,  2 : 2401 2405 ~ 2 ~9 .J  , 7 0 ~  17 1 4905 3201 - 2 :  3 ; 15o8 2101"  -13 3 9 3~08 3102-  
-26  i 4202 38e2 ~ 7 703 105 19 3 ~ 7209 7 8 0 ~  3 1207 1303 --2~ 3 ~ ~50~ 3 ' o7  

3 2601 2009"  10 2 7 705 1~0J 21 ? 1 36*6 2 9 0 ~  3 3 5 ~103 5107 ° 3 1  3602  3309- 
2 2 3 1o03 1 3 0 9 -  12 ~ 7 707 202 23 ~ 1 16oO 1 1 0 ~ -  ~ 3 ~ 6 0 6  706 "  3 3 1o 7 . 9  , 0 8  

14 ? 68.8  6704 3 63*7 7~0~"  4 1 ~  8 , . ~  8 0 0 0  ~ 3 ~  18.9 ~ ~ 1 ; ,  19.1 13.9 6 3102 5502-  16 2 7 19o7 18o2-  _2 1701 ° 901 1504 9 3 10~ 150~"  1~ 706 7o7*  
8 2 3 1 8 2 0 9  18707 ~ 18 2 7 3500 3706-  - 3 1 3709 4202 11 3 ~503 1607" 9 3 1 ~  1500 1302 

10 i ~ 65.3  64.2  2 0 2  ~ 15.7 1401- - 5 ~ ~ ~.1 07 13 3 ,  708 14o1"  1 1 3 1 0  17.7 2400-  
12 3709 2808 ~2 2 5608 5609-  7 3 99o4 11303= 15 3 5 3006 28*8 13 3 2 0  2205 2209-  
14 : : 7 , 4  67o8 ~ 4 ~ ;  2,,09 21.0 - ,  3 1 5 . ,  3 0 0  17 3 ,  26 .4  2200  1 , 3 1 o  350,  . 0 5  
16 13~05 13500 26 2908 2709 -11 3 1 6108 71o8-  19 3 ~ 16.1  12o6 1:  3 10 2306 loo2  
18 2 3 86o2 86o l  ° - 2 2 7 1606 7o6 -  -13 3 1 606 505~ ~1 3 1 9 . 1  1 5 o 5 "  . 3 10 709 809-  

~2 ~ ~ 8 . °  6 .6  6 2 7 73.9  7o.o -17 3 1 7.5 1 1 . 2 -  36.4  25.o - , 3  : , ~  1 , . 8  23.8 
24 8 .0  1 0 . 1 -  8 i ? 53 .7  4 8 . 8 -  -19 ~ ~ 19.3 1~.0 3 ~ 1~.2 12o4 -15 10 52o7 46.1  
26 2 3 19,:1 17.1 - l v  7 17.9 12*3 -21 2 6 . ,  2 3 o l -  29 3 5 20 .~  22o4 3 3 1 1  26.1  37.0 

- 2 i ~ 6o l  6 0 4 -  -12  2 7 117.9 1 3 7 . 4 -  -23 3 ~ 8o0 2o6 - 1 3 5 20 ,6  1 1 . 4 "  5 3 1 1  10o l  15o '  
, ~ 29.6 23.2 - 1 , 2 ,  , 7 . 7  . . . . . .  25 3 15.6 1 1 . + -  ": ~ i 5 ° . ,  , 6 . 1  7 3 1 ,  9 . ,  12.4 

- 6  , . . . .  ~ 2 2 . 8 -  -16 ~ ; 68.7 67.5  - 2 ,  3 ~ 31.5 2 6 . ,  ~ 1 , 1 . 2  , o 5 . ,  9 3 , 1  13.6 11 . ,  
8 ~ ~ 21.9  13o5"  -18 8 .~  8 . 0 *  -31 3 17.7 10o3 - 7 3 3~ .6  2 0 . 8 -  11 3 1 1  31o9 2707-  

-10  4 , . 3  4 6 . ~ -  -2q 2 7 2 , . 1  20o0 ' 3 2 ~8.2 3703-  9 3 14.0  14o5 - 7 3 1 1  14.6  12o0-  
-12  2 3 13209 1 0 7 . 4 -  -22 ~ 7 7.9 8m5- 3 3 2 47 ,8  , 7 . 6  -11 ~ ~ 14o6 9 . 7 -  - 9 3 11 17.5 2 0 . ' "  
- 1 ,  ~ ~ 73.5  76.7 - 2 ,  ~ 7 22.7 2 5 . ~ -  ~ ~ ~ , . 7  . , .  -18 31.~ 1 6 . 2 .  1 3 1 2  21.3 25 .+ -  
- 1 6  29*9 29o~ 2 8 14.5 16o~-  14307 135o6 -15 3 5 6~.1 61o4 3 3 1 2  20 .9  2809-  
-18  i ~ 55o2 59*6 2 2 8 5 " . 9  4 5 * 7 -  9 3 2 5*8 3o6, -17  ~ ~ ~*," 2007 ~ ~ 12 20 .2  2302 

1 ' . 5  *9 11 3 i 65 .4  53*4--  -19 ~ ~ ~.1 2o3,  . 12 16o l  13.2 -20  6 6 * 6  7~.5 4 ~ ~ 7*6  21.7--  -21 / ~ .  o3 - -  
-22  2 3 6~:.1 6608-  6 13 3 31o4 26.1 3 3 12 6 .8  ~06-  
- 2 ,  2 ~ 8.', 2o6 ~ i ~ 28.0  33o2-  1 ,  3 ~ 28*2 27o9 -2~ ~ 5 15.5  29.3- -  - ~ ~ 12 16.3 8o7 
-26  i 19.4  22 *3 "  1 4 8 o 7  ,3e~- -  17 ~ 7 .7  1 . 2 -  - ; 5  3 5 7 .2  ~ . 8 -  3 1 2  12.~ 6 o l  
-28  3 13o l  507" 12 2 8 8oC 8o0"  19 3 2 8 .3  10o4 - 2 7  3 5 : ) * "  ~ 7 . 1 ~  - 9 3 12 ~9,~ 3 5 . ~ -  
- 30  2 3 40.3  37e6 14 2 8 16,1 18o~" 21 3 2 8 .1  ~ 0 8 -  
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The observed  a n d  ca lcu la ted  s t ruc tu re  factors  are 
shown in Table  7. The  I B M  650 and  7070 p rograms  
of Shiono (1957, 1959, 1960a, 1960b, 1961) were used 
for the  computa t ions .  

T h e  m o l e c u l a r  a n d  t h e  c r y s t a l  s t r u c t u r e  

The bond  d is tances  a n d  bond angles are shown in 
Table  8 a n d  Fig.  3. Since the  t h e r m a l  mot ion  of the  
molecules was no t  de t e rmined  the  ro t a t iona l  correct ion 
(Cruickshank,  1956) for the  bond  length  could not  be 
app l ied ;  these  correct ions will no t  exceed +0 .007  A 
in the  bond  lengths .  All the  carbon  a toms  are in a 

o/ 

c,5 c,, 
• . " ° 

c,,  c,2 

Cla 

(o) 

CIs 

% 
• 5- ~,~- 

o,-~ -% >- .  

> 

C14 :o.~ ,..'~ C12 

CI, 

(~) 

Fig. 3. The molecular dimensions. 
(a) Bond distances and (b) bond angles. 

p lane  w i th in  the  expe r imen ta l  error. The  dev ia t ion  
of the  C1 a n d  O a toms  from this  p lane  is also ve ry  
small ,  a n d  the  non-exis tence  of large d is tor t ions  due 
to over-crowding in po lychlorobenzene  der iva t ives  is 
aga in  suppor t ed  (Gafner & Herbs te in ,  1958, 1960; 
Dean,  R i c h a r d s o n  & Sakura i ,  1961). The dev ia t ions  
f rom the  p lane  of the  benzene r ing  arc shown in 
Table  9. 

Table  8. Bond distances and valency angles 

C a- C 2 1-373 A Cl--C~-C a 121.6 ° 
C2-C a 1.368 C2-Ca-(~a 119.4 
Ca-C a 1-365 Ca-C4-C 5 121-7 
C a- C 5 1.365 C4- C5-C 6 118.4 
Cs--C 6 1.438 (?s- Cs-Ca 119.2 
C6--C 1 1.371 Cs-C1-C 2 119.7 
C2-C'11 1" 7114 C1-C2-CI 1 118.1 
Ca-C12 1.707 Ca-C2-CI a 120.3 
C a--C13 1.734 C2-Ca-CI 2 12 I. 1 
Cs-C14 1•673 Ca-Ca-Cl 2 119.5 
C¢-C1 s 1-683 Ca-C4-C1 a 120.3 
C1-O 1.329 Ca-C4-C1 a 117-9 

C(Cs-CI 4 122-6 
C~-Cs-C1 ~ 118-9 
Cs-Cs-C15 120.3 
C a-C6--C15 120.5 
C6-C1-O 120.4 
C2-C1-O 119.8 

C-C 
C C1 
C-O 

Standard deviations 
0.018 A C--C--C angle 1.2 ° 
0"014 C-C CI 1"0 
0"017 C-C-O l-2 

!.~ Table  9. Deviation of the atoms from the plane of 
the benzene ring 

c a - 0.003 A c1 a - 0.043 A 
(?2 - 0.002 (712 - 0.037 
C a 0"001 CI a 0.056 
C a 0.004 C1 a 0.022 
C 5 -- 0-008 CI 5 0-004 
C 6 0 .008 O -- 0-020 

W i t h i n  the  benzene r ing,  the  C5-C6 d i s tance  is 
s ign i f i can t ly  longer t h a n  o ther  bond  lengths• This  
m i g h t  be due to an  effect of in te rmolecu la r  h y d r o g e n  
bond ing  which  is discussed later .  The  C-O d is tance  
of 1.33 • is the  same order  of the  m a g n i t u d e  for the  
s imilar  compounds ,  e.g. t e t r a c h l o r o h y d r o q u i n o n e  (Sa- 
kura i ,  1962), resorcinal  (Rober tson ,  1936; Bacon  & 
Carry ,  1956), h y d r o q u i n o n e  c l a th ra t e  (Pal in  & Powell ,  
1947). 

The a r r a n g e m e n t  of the  molecule in the  c rys ta l  is 
sho~m in Fig.  4. The molecular  p lane  makes  an  angle  
of 45.1 ° wi th  ac plane.  The d i rec t ion  cosines of the  
molecular  axis w i th  respect  to the  o r thogona l  c rys ta l  
axes  a ' ,  b a n d  c are shown  in Table  10. 

Compar i son  of the  n.q.r ,  and  X - r a y  resu l t s  are 
shown in Tahles  2 and  3. W i t h  the  excep t ion  of the  
angle  be tween  the  Cl4 and  Clsa bonds,  the  ag reemen t  
is good. 

In t e rmo lecu l a r  d is tances  shor ter  t h a n  4-0 /~ are 
l is ted in Tab le  l 1 and  shown in Fig.  4. The d is tances  
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I,1 L ~.'f¢~ ~ ' L C', /CVlII~. 

0) 

'1/2 
I 

, - ,  ~ . 

_ 

o o~ "~ :, % 
o cl 

(b) • o 

Fig.  4. Ttl.e molecu la r  a r r a n g e m e n t  in the  c rys ta l .  
(a) P r o j e c t i o n  on (010). (b) P r o j e c t i o n  on (001). 

Table 10. Direction cosines of molecular axes 

a" b c 

L 0"177 --0"704 --0"688 
~14 -- 0.982 -- 0.075 -- 0.176 
N 0.074 0-706 -- 0.704 

between Cll (I) • • • Cll(IV), Cll(I) • • • CI~(III) and 
C12(I ) ' - 'C la ( I I I - )  are slightly shorter than the or- 
dinary Van der Waals distance of 3.6 A; similar 
C l . - - C l  distances were found in tetrachlorohydro- 
quinone (Sakurai, 1962) and 2,5-dichloroaniline (Sa- 
kurai, Sundaralingam & Jeffrey, 1963). 

The hydrogen bonding 
The configuration around the hydroxyl group is very 
similar to tha t  found in the crystal structure of 
tetrachlorohydroquinone. These are shown in Fig. 5 

Table 11. Intermolecular atomic distances 

R o m a n  f igures  in the  p a r e n t h e s e s  c o r r e s p o n d  to the  molecu le  
in Fig.  4, a n d  the i r  c o o r d i n a t e s  are  d e d u c e d  f rom those  in 

Tab le  6 b y  fo l lowing re la t ions  

C l{ I )  
Cll(I)  
CII(I) 
CI~(I) 
C12(1) 
Cl2(I) 
C12(I) 
C12(i) 
C12(I) 
C12(I) 
Cl2(I) 

CII(1V ) 3.48 A Cla(I) • 
Cls ( I I I  ) 3.43 Cla(I ) 
C15(III ) 3.77 Cla(I) 
C15(I- ) 3.88 Cl3(I ) 
Cls( I -  ) 3.96 Cl4(I ) 
Cla(V-) 3.69 C l{ I )  
C14(III) 3.7 [ Cll(I  ) 
C14(III-  ) 3.46 Cls(I ) 
C14(I- ) 3.88 Cls(I ) 
Cls(I I I )  3.76 O( i )  
C l s ( I I I -  ) 3.79 

CI4(VI ) 3"70 A 
CIa(V ) 3.95 
CI~(V-) 3.54 
Cl4(I-)  3.80 
CI4(VI ) 3.79 
O ( I - )  3-64 
( ) ( I I - )  3.50 
O(I+) 3.84 
O(I I )  3.28 
O( I I )  2.97 

(I) x , y , z  (I + ) x ,  l + y , z  ( I - ) x ,  - - l + y , z  
( l I )  ~ - -x ,  ½ + y ,  ½--z, ( I I - )  ½--x, - - ½ + y ,  ½--z 
( I I I )  x, I - - y ,  - - ½ + z  ( I I I - ) x ,  - -y ,  - - ½ + z  
(IV) ½--x, - - ½ + y ,  --z (V) - -x ,  l - - y ,  - -z  (V-)  - -x ,  - -y ,  - -z  
(V[) - x ,  y, ½--z 

and Table 12. In Fig. 5, dotted lines represent the 
unit cell of the tctrachlorohydroquinone. 

Table 12. Distance and angles around hydroxyl group 

() ' '  • O d i s t ance  
O • • • CÁ 5 
CI -O 

C { I )  . . - O ( I ) . - -  O ( l l )  angle  
C { I )  .--O(I).--O(II-) 
O (II)  • • • O(I)  • • • O( I1- )  

Co r r c spondb lg  
P e n t a  va lues  in 
chloro  t e t r ach lo ro -  
pheno l  h y d r o q u i n o n e  

2-97 A 2.92 A 
3-28 3.29 
1.33 1.35 

125.0 126.8 
120-2 117-I 
l l 2 .1  l l l . 8  

Since O - - .  O bond length corresponds to an un- 
usually long hydrogen bond and the O . . .  C15 is 
shorter than the normal Van der Waals approach, 

/ O  
a Mfurcatcd hydrogen bond between O-H< was 

"'CI 
suggested in the tetrachlorohydroquinone. The posi- 

0 
f -  . . . . . . . . . .  

I o 

I % . .  

? <(0)( 

b l 
% o Cl 

• 0 

Fig.  5. C o m p a r i s o n  wi th  t e t r a c h l o r o h y d r o q u i n o n e .  - . . . .  Cell 
for  t e t r a e h l o r o h y d r o ( l u i n o n e .  F igu re s  in p a r e n t h e s e s  ('orre- 
s p o n d  to t c t r a e h l o r o h y d r o q u i n o n e .  Z "  is an  pr inc ipa l  axis  
of tile i n t e r m o l e c u l a r  f ield g rad ien t .  
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t ion of the hydrogen was also indicated from a peak 
in the three-dimensional difference Fourier synthesis 
in the tetrachlorohydroquinone.  However in the 
presence of the chlorine atoms, the residual peak in 
the difference s:~mthesis might  not necessarily cor- 
respond to the hydrogen position (Sakurai, Sundaralin- 
gain & Jeffrey,  1963). The present molecule is even 
more unfavorable for hydrogen atom location because 
of the five chlorine atoms, and the difference synthesis 
was not  a t tempted.  However, the n.q.r, rcsults clearly 
showed the effect of the proton on the Cl~. The CI~ 
resonance differs from tha t  of the other chlorine 
nuclei in four respects: 

(1) the in tensi ty  of the pure quadrupole resonance is 
weaker (Table 1); 

(2) the a s y m m e t r y  parameter  is smaller  (Table 1); 
(3) the frequency separat ion from C]1 (0.31 m.c.) is 

larger than  tha t  between CI,, and CI4; and it is 
greater t han  normal ly  associated with inter- 
molecular interactions (Table l ) ;  

(4) the C-Cls bond direction shows the only significant 
disagreement  with the X-ray  data  (Table 2 and 
Table 13). 

Although the in tens i ty  of the resonance frequency 
was not obtained quant i t a t ive ly  by  the super regenera- 
tive oscillator, reliable qual i ta t ive results were ob- 
tained. The C]:3 resonance is strong, Cll, C]2, Cl4 are 
medium and Cl~ is weak. Since the C-Cla bond is 
ahnost  perpendicular  to the high frequency magnetic  
field and the other C-CI bonds make about  50 ° to 
the field, the Cla resonance is na tura l ly  stronger than  
the others. The weakness of the Cl~ resonance can be 
a t t r ibu ted  to the magnetic  interact ion of the proton. 
The surrounding magnetic  nuclei affect the resonating 
nucleus through dipole interact ion and indirect sp in-  
spin interaction. Since the hydrogen bond is believed 
to be main ly  electrostatic in character rather  than  due 
to the sharing of bond electrons, the spin-spin  inter- 
action can be assumed to be negligible. The dipole-  
dipole interact ion energy is given by 

, { v =  (/~/r3)2"1 × 10 -21 

in f requency units for the chlorine nucleus, where ~u 
is the magnetic  moment  of the surrounding nucleus 
in nuclear magneton units and r is the internuclear  
distance (1)as & Hahn,  1958). Both the chlorine and 
the proton contribute w i t h / , ' s  of 0.82 and 2.79 respec- 
tively. The nearest  chlorine-chlorine distance is about  
3.1 :~ and the corresponding interact ion energy is 
at)out 0.06 kcyc., while if proton exists at 2.5 A from 
the CI5 the interact ion energy is 0.4 kcyc. The line 
width was not measured in the present experiment.  
However, it is es t imated to be of the order of 2 kcyc. 
for this type of compound if special intermolecular  
interactions do not exist (Ayant, 1951; Wang, 1955). 
Therefore the magnetic  interact ion of the proton 
es t imated above will considerably increase the line 
width and reduce the apparent  peak height of Cls. 

If the line shape could be accurately measured 1)y 
means of a regenerative spectrometer on both deu- 
teratcd and undeuterated sample, this will provide 
data  from which the chlorine proton distance could 
t)e calculated. 

The 2nd, 3rd and 4th effects can also be a t t r ibuted  
to the electrostatic intcractions. A similar effect was 
observed in tetrachlorohydroquinonc.  

The observed electric field gradient  is the super- 
position of the intramolecular  effect and the inter- 
molecular effect. An a t t empt  was made to est imate 
the intermolecular  effect at  the CI5 nucleus from an 
evaluat ion of the intramolecular  field gradient.  In  
order to determine the direction of the observed field 
gradient  accurately with respect to the crystallo- 
graphic axes, a' and c were redetermined so tha t  the 
direction cosines of all a bonds obtained by  n.q.r. 
agreed with X-ray  result, as clearly as possible. The 
discrepancy between n.q.r, and X-ray  a bonds was 
then less than  one degree for Cll through Cl4 but  
2.3 degrees for Cl~. The direction cosines of the 
observed field gradient  were obtained from the prin- 
cipal axes of the ellipse of zero spli t t ing loci. The field 
gradient  along each axis was obtained from the 
frequency and the a symmet ry  parameter  using the 
relations 

- 2- 1 + , , r] -- Vzz 

where, Vxx, Vuu and Vz~ are field gradients along the 
principal axes e is the electron charge and Q is the 
nuclear quadrupole moment ,  which is 0.0789 × l0  -24 
cm.~ for C13~. 

The principal  axes of the intramolecular  field 
gradient  were assumed to be along the C-CI~ bond 
and the normal of the benzene ring, obtained from 
the X-ray  data. For the field gradient  along each axis, 
the value for Cl~ was used since this nucleus is sym- 
metr ical ly s i tuated with respect to Cl~ and the inter- 
molecular effect will be small. 

The observed and intramolecular  field gradients are 
shown in Table 13. 

Table 13. The  f i e ld  gradient  at the CI5 nucleus  

(a) Observed field gradient 

The direction cosines of 
the principal axes 

a '  b c 

X 0"172 0 .662 --0.730 
Y -- 0"909 0 . 3 9 2  0.142 
Z 0-381 0 -641  0-666 

Tile field gradient along 
the principal axes 

- -  1 2 - 0  

- -  14-7 
--26.7 

1024 e . c m . -  2 

(b) Calculated intI'amoleeular field gradient 

The direction cosines of The field gradient along 
the principal axes the principal axes 

a '  b c 

X" 0.074 0"706 -- 0-704 -- l 1"2 1024 e.cm. -'° 
Y' --0".(}35 0"295  0.198 -- 15.7 
Z" 0-348 0 -648  0-677 26"9 
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Table  14. The intermolecular field gradient 
The direction cosines of The field gradient along 

the i)rincipal axes the princilml axes 
a/ b c 

X'" --0.068 0"732 --0-677 -- 1.2 10 24 e . e m . - "  

Y" --0"209 0-658 0"723 --0"8 
Z" 0.978 0-19l 0.106 2.0 

The  ca lcu la ted  in t r amoleeu la r  field g rad ien t  was 
s u b t r a c t e d  f rom t h a t  observed  and  the  residual  inter-  
molecular  f ield g rad ien t  was t r a n s f o r m e d  in to  i ts  
p r inc ipa l  axes.  The  resul ts  are shown in Tat)le 14. 

This  f ield g r a d i e n t  has  20% a s y m m e t r y ,  bu t  th is  
is no t  s ignif icant .  The  m a i n  effect  is the  pos i t ive  charge 
a long Z "  axis.  If th is  is due to a po in t  charge 0, r A, 
f rom the  Cl5 nucleus,  the  f ield g r ad i en t  is expressed  
by the  form 

- V = = 2 ( 1  + [7])/rao, 

where y is the  S te rnhc imer  fac tor  (S ternheimer ,  1951 ; 
S t e rnhe imer  & Foley,  1956). This  fac tor  for n e u t r a l  
chlorine is no t  k n o w n  exac t ly ,  bu t  will be abou t  30 
(Das & H a h n ,  1958). Therefore  if the  po in t  charge 
is 2.5 A from the  chlorine,  9 is abou t  0.5 in the  un i t  
of p ro ton  charge,  which  is r easonab le  for the  h y d r o g e n  
bond.  The Z "  di rect ion,  shown in Fig.  5, does no t  
agree well w i t h  the  supposed d i rec t ion  of the  C I r . . - H .  

Whi le  th is  ca lcu la t ion  gives a sa t i s f ac to ry  qual i ta -  
t ive  e s t ima te  of the  effcct of the  pro ton ,  i t  is no t  
q u a n t i t a t i v e l y  sa t i s f ac to ry  for two reasons.  The f irs t  
is t h a t  i t  depends  on the  smal l  difference of two 
large quan t i t i e s  a n d  is sub jec ted  to the  large error.  
The  second is t h a t  the  i n t r amolecu la r  effect  is no t  the  
same for Cl~ and  Cll because the  shape  of the  molecule 
is no t  s t r i c t l y  symmet r i ca l ,  as shown in Fig.  3. How- 
ever,  the  p ro ton  does appea r  to have  a def in i te  inter-  
ac t ion  w i th  bo th  the  a d j a c e n t  oxygen  a n d  chlorine 
a toms  and  this  conf igura t ion  m a y  be called b i furca ted  

,0 
h y d r o g e n  bond be tween  O-H("  . 

"'CI 

T h e  p s e u d o  s t r u c t u r e  in the  p h a s e  d e t e r m i n a t i o n  

At the  in i t ia l  s tage of the  two-d imens iona |  s t ruc tu re  
analys is ,  a molecular  center  a t  X = 0.135 and  Z =0-187 
was ob t a ined  from rough  molecular  s t ruc tu re  fac tor  
calcula t ion.  The  ca lcu la ted  Four ie r  m a p  cor responding  
to this  s t ruc tu re  showed molecular  shape  a n d  i t  was 
ref ined b y  r epea ted  Four ier  syntheses .  However ,  i t  
was soon not iced  t h a t  some of the  i)eaks were no t  
c i rcular  a n d  the  R fac tor  s lowly converged  to 29%.  
These coordinates  are shown in Table  15 and  Fig.  6. 

A careful  r e - e x a m i n a t i o n  of the  molecular  s t ruc tu re  
factor  t h e n  gave  a second so lu t ion  for the  molecu la r  
center  a t  X = 0 . 1 3 5  and  Z = 0 . 1 5 7 ,  and  from th is  
pos i t ion  two cycles of r e f inemen t  reduced the  R 
fac tor  to  14%. The t rue  molecular  center  coordinates  
af ter  r e f inemen t  are X = 0.132 and  Z = 0.165. Of the  

Table  15. The pseudo 6'olution 
3? Z 3," Z 

Cl~ 0.2033 0.0640 C 2 0.163 0.130 
CI 2 0.0990 - 0.0025 C a 0-116 0.09 ! 
Cl a 0-0294 0. l 109 C a 0.090 0-150 
C1 a 0.0683 0.3020 (75 0.102 0.226 
Cl, 0.1722 0.3575 (?~ 0-148 0.247 
C 1 0.181 0-203 O 0.226 0-239 

209 reflect ions in th is  projec t ion,  the  signs of 56 were 
incorrec t  in the  pseudo s t ruc ture .  

0 

° "'.%N 
~,' /° 

• ,a-*"  , SS - - .  

;" ¢ ,  \ 

, "" ..... " 7. -"" 

,',, :! ; 

"Ad 

Fig. 6. The relation between the true and the pseudo structure. 
----(a)  True structure. - - - (b )  Pseudo structure. 

The  pseudo homomet r i c  solut ion (Luzzat i ,  1953) is 
no t  unusua l  (Donohue  & Trueblood,  1956; Watase ,  
Tomiie  & Ni t t a ,  1958). However ,  in th is  analys is ,  all 
the  a toms  in the  pseudo s t ruc tu re  are s i t ua t ed  so close 
to  the  t rue  a tomic  posi t ions  as to be wi th in  abou t  the  
4 e.A -2 contours  of corresponding a tomic  peak  of t rue  

R 

60 °/o 

h0- 

20 

o I 1 | 
0 0"01 0"02 

Translat ion along c 

Fig. 7. Change of R factor clue to t he~ c translatim:. 
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"0 3 (~) 2(1) I(I)1(II) 
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V)4(I) 1(I)5(11) 
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Fig. 8. A part of the two-dimensional Patterson peaks. 
l(I) 5(I1) means a vector from chlorine l of the molecule I 
to the chlorine 5 of the molecule II, etc. 

Fourier map and both Fourier maps overlap each other 
(Fig. 6). The reason for the appearance of this unusual  
pseudo solution can be readily shown. 

The main difference between these two structures 
is a t rans la t ion  along c axis. An actual  calculation 
showed tha t  the R factor has subsidiary minimum at  
0.02 of c t rans la t ion  (Fig. 7). Star t ing from this 
minimum, R factor could be reduced by a slight 
deformat ion of the molecule, but  could not  converge 
to the true s t ructure  over the 'potent ia l  barrier '  of 
the R factor. The Pat te rson  funct ion of this s tructure 
explains this subsidiary minimum. On this projection,  
the plane group is 1)2 with a '=a /2  and c'=c/2.  Two 
molecules exist in the cell a'c'. If one molecule is 
represented by M, the other molecule M is related to 
M by the center of symmet ry  of this projection. 
The in tera tomic  vectors which are affected by the 
t rans la t ion  are those between molecule M and M. 
These peaks in an asymmetr ic  unit  on this project ion 
are shown in Fig. 8. Only chlorine-chlorine vectors 
are considered. The vector from M, for instance I in 
Fig. 4, to M are expressed by white circles and those 
from M, for instance V in Fig. 4, to M are expressed 
by black circles. In this figure many  black and whitc 
circles appear  as pairs or groups. In  each group, the 
white circle appears at r ight hand side of the black 
circle. If the molecule M moves to the right, M to 
the left. Then the white circles move to left and the 
I)lack ones to right. At a t rans la t ion  about  0.02, 
many  of the black and white circles are interchanged 

and the Pa t te rson  funct ion looks like the original one. 
Thus the R factor has its minimum at  this position. 
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