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GdCI s. 6 He() is monoclinic with space group P2/n anti two molecules in the cell 

a=9"651,  b=6-525, c = 7 . 9 2 3 A ;  fl=93"65 °. 

All atomic positions (except for hydrogen) were determined with high precision. 
The structure contains complexes Cl.~(Id(()H.,)6 ] which are heht togother by ()--H • • • C1 bonds. 

Thus one third of the chlorine atoms are not  bonded to gadolinium atoms. The only symmetry  
element of a complex is a twofoht axis. The bond lengths are: 

(l(t-Ci =2.768, Gd-O =2.39-2.42, O - H - . .  C1=3.14-3.24 :~.  

Introduct ion  

The inves t iga t ion  to be repor ted  on in the  following 
is pa r t  of the  general  c rys ta l  chemical  s tudies of 4 f  
and  5f e lements  in which this  l abo ra to ry  has been 
engaged over  a n u m b e r  of years.  

The specific con lpound  to be discussed, GdCI3.6 H20,  
is represen ta t ive  of an i sos t ruc turc  series with numer-  
()us members .  I t  is def in i te ly  known t h a t  the  cor- 
responding  compounds  of n e o d y m i u m ,  samar ium,  
e rb ium (Pabst ,  ]931;  Ivc ranova ,  Ta rasova  & Uman-  
skii, 1951) and  of p lu ton ium have  the  same s t ruc tu re  
as GdCI3.6 H,.,O, and  i t  is p robab ly  t rue  t h a t  most  of 
lhe  anah)gous chh)rides and  bromides  of 4 f  and  5J" 
elements ,  <)f y t t r i u m  and  possibly of scandium 1)ehmg 
t() the same s t ruc tu re  type.  

Because of the  ease with which large (a l though 
hygroscopic)  single crys ta ls  can bc p repared  extens ive  
magne t ic  and  spectroscopic measu remen t s  have  been 
made  on m a n y  of these compounds .  I t  is hoped  t h a t  
the  s t ruc tu re  results will be useful in the  i n t e rp re t a t i on  
of these da ta .  

Goniomet r ic  measurement s  have  been repor ted  
. . . . . .  
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(Pabst ,  1931) for GdCI3.6 H20 and SmCI.~. 6 H~O, and 
unit-cel l  d imensions  have  been publ ished ( lve ranova  
et al., 1951)for the  samar ium and n e o d y m i u m  chlorides. 

The single crysta ls  used in the  present  invest igat ioi l  
were furnished by Prof. G. H. Dieke of ,Johns Hopk ins  
Univers i ty .  

GdCl3 6 H._,O is monocl in ic  with two molecules in 
a un i t  cell of d imensions  

a =9-651 + 0.00l ,  b=6 .525  + 0-00l,  
c = 7.923 + ().O01 A ; /~ = 93.65 + ().02 °. 

The calcula ted dens i ty  is 2.478 g.em. -a. The only  reg- 
u lar  absences among  the  reflect ions are HOL when 
H + L  is odd, corresponding to space group s y m m e t r y  
P2/n or Pn. 

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

All i n t ens i ty  measurement s  were made  on a General  
Elect r ic  X R])-3 spec t romete r  rebui l t  for single crystal  
work, using a p ropor t iona l  counte r  and  f i l tered Cu Kx 
radia t ion .  All da t a  were t aken  on one crys ta l  which 
had  been ground  in to  a sphere of radius 

2.83 + 0.02 × l() -e cm. 

Since the  crysta ls  are hygroscopic,  the  sphere was 
coated with a solut ion of Canada  balsam in benzene. 
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T a b l e  1. Final parameter.~ 

Atom Position .r y z B in A '~ 
Gd 2e t 0.1521+ 2 } 0.72_+ 3 
CI~ 2f ~ 0"3769__ 4 ] 3.06_+ 11 
C1H 4g 0.0587_+ 4 0-8370_+ 8 0.2601_+ 4 "2.92+ 8 
Or 4g 0.2813 -+ 12 0.0471 -+ i i) 0.5432 -+ i 2 2.94 -+ 21 
Oil 4g 0.1423 _+ 12 0.4254 -+ 20 0.0888 -+ 12 3.24 -+ 22 
()hi 4g 0.4406 -+ 12 0-2988 -+ 20 0.1058 + 12 3.26 -+ 22 

HKL Fo Fe 
010 67 60 
10i 102 96 
101 103 -- 103 
110 80 --  66 
011 77 -- 68 
200 91 - - 9 l  

111 66 64 
111 69 -- 71 
002 114 -- 134 
210 42 -- 35 
211 102 -- l l 4  
211 109 110 
012 52 --50 
020 4O --37 
l l 2  19 16 
20~ 6l 53 
112 40 36 
120 85 -- 82 
30T 40 - 32 
02l 24 9 
202 64 60 
301 58 - - 4 3  

12~ 14 - - 1 5  
310 71 70 
12l 68 64 

T a b l e  2. 

HKL Fo Fc 
212 28 --'2'2 
31i  3g - 41 
22O 29 - 21 
212 21 17 
311 56 50 
2 2 i  8 4  - 81 
1()3 4 8  - -  49 
221 90 84 
054 21 18 
060 52 48 
307 27 28 
154 38 37 
236 33 -- 32 
714 31 31 
160 32 28 
615 23 22 
154 28 28 
061 20 18 
317 31 30 
70~ 29 -- 33 
16T 40 37 
217 42 -- 42 
254 9 5 
822 5 4 
901 39 44 

Observed arul calculated structare .factors 

HKL leo Fc 
161 5 0  - -  46 
12~ S S 
027 18 17 
426 13 14 
823 45 -- 44 
260 23 --21 
526 34 34 
8()4 42 45 
71~, 17 - i s  
910 33 -- 33 
813 61 57 
911- 32 31 
227 47 47 
254 8 --6 
127 17 -- 17 
26/  14 13 
28T 38 --35 
916 27 27 
281 34 32 
082 1 o -- 1 (} 
175 35 - 3 3  

12,1,]- 28 28 
12,1,0 I0 12 

lg'2 23 2:] 
12,0,'2 26 -- 30 

HKL Fo Fc 
91~ 20 --20 
27~ 16 -- 13 

1 0 , 1 , 6  14 14 
239 9 8 
182 22 22 

10,1,5 23 23 
817 33 3l 

12,l,2 II  - - l l  
0,0,10 36 --37 

282 16 13 
80~ 20 25 
158 25 27 

2,0,10 23 25 
12,1,1 28 - 2 7  

058 6 6 
l 1 , 0 , 5  27  - -  30 

61~3 22 --23 
_ _  

1,1,10 I it 20 
0,1,10 20 --21 

167 19 --21 
067 9 -- 10 
158 21 22 
5O9 28 -- 3 l 
083 15 19 

T h e  i n t e n s i t i e s  of  al l  r e f l e c t i o n s  OKL, 1 KL,  2KL,  HOL, 
H I L ,  H 2 L  were  m e a s u r e d .  

I t  was  i m m e d i a t e l y  e v i d e n t  f r o m  t h e  e x p e r i m e n t a l  
s t r u c t u r e  f a c t o r s  t h a t  t h e  t w o  g a d o l i n i u m  a t o m s  p e r  
u n i t  (:ell a r e  in  p o s i t i o n s  + ( ~ ,  y, ~) w i t h  y ~ 0 .153.  
T h e s e  p o s i t i o n s  a r e  c o m p a t i b l e  w i t h  e i t h e r  P2/n or Pn. 
P r e l i m i n a r y  v a l u e s  fo r  t h e  c h h ) r i n e  a n d  o x y g e n  p a r a -  
m e t e r s  w e r e  foun ( t  w i t h  t h e  a id  of  o r d i n a r y  a n d  g e n e r -  
a l i z ed  F o u r i e r  d i f f e r e m , e  p r o j e c t i o n s  on  t h e  (10(~) a n d  
(010) p l a n e .  I n  m a k i n g  t h e s e  p r o j e c t i o n s  t h e  s p a c e  
g r o u p  s y m m e t r y  P2/n w a s  a s sunaed .  W e r e  t h e  s y m -  
m e t r y  i n s t e a d  P n ,  t h e n  t h e  n u m b e r  of  p e a k s  d u e  to  
c h l o r i n e  a n d  o x y g m l  a t o m s  w o u l d  h a v e  b e e n  t w i c e  
t h e  n u m b e r  a c t u a l l y  o b s e r v e d .  A c c o r d i n g l y  i t  was  
c o n c l u d e d  t h a t  P 2 : n  w a s  i n d e e d  t h e  e o r r e e t  s p a c e  
g r o u p .  

T h e  f ina l  p a r a . m e t e r  v a l u e s ,  for  al l  b u t  t h e  h y d r o g e n  
a t o m s ,  w e r e  o b t a i n e d  by  l e a s t - s q u a r e s  r e f i r m m e n t  
u s i n g  t h e  B u s i n g - L e v i  (1959) p r o g r a m  for  I B M - 7 0 4 ,  
a n d  all  794 e x p e r i m e n t a l  s t r u c t u r e  f a c t o r s .  T h e  
T h o m a s - U m e d a  ( 1 9 5 7 ) f - c u r v e ,  c o r r e c t e d  fo r  a n o m -  
a l o u s  d i s i ) e r s ion  ( D a u b e n  & T e m p l e t o n ,  1955),  w a s  
u s e d  fo r  g a d o l i n i u m .  F o r  c h l o r i n e  a n d  o x y g e n  t h e  
f - c u r v e s  of  B e r g h u i s  et al. (1955) w e r e  a s s u m e d .  
I s o t r o p i c  t e m p e r a t u r e  f a c t o r s  w e r e  u s e d  in t h e  re f ine -  
m e n t .  T h e  c a l c u l a t i o n s  g a v e  a n  R f a c t o r  of  0 .06  a n d  
t h e  p a r a m e t e r  v a l u e s  s h o w n  in  T a b l e  1. T h e  d e g r e e  of  

a g r e e m e n t  I )e tween  o b s e r v e d  a n d  c a l c u l a t e d  s t ruc t . u r e  
f a c t o r s  is s h o w n  in T a b l e  2, w h i c h  i n c l u d e s  s m a l l  
g r ( )ups  of r e f l e c t i o n s  w i t h  c o n s e c u t i v e  v a l u e s  of s in  0 /2  
t a k e n  f r o m  t h e  b e g i n n i n g ,  t h e  m i d d l e  a n d  t h e  e n d  ()f 
t h e  c o m p l e t e  t a b l e  of  d a t a .  

Ta l ) le  3. Hydrogen positiow¢ 

. \ tom x y z 
H ~ O.272 0.920 0.605 
H~ t 0.364 0.082 0.{}08 
HHI 0.174 0.484 0-987 
Hiv 0. 117 0.548 0.140 
H v 0.534 0.322 0.149 
Hv~ 0.476 0.258 0.002 

A d i r ee l  d e t e r m i n a t i o n  of  t h e  h y d r o g e n  p a r a m e t e r s  
was  no t  a t t e m p t e d .  As wil l  be d i s c u s s e d  ill t h e  n e x l  
s e c t i o n  each  o x y g e n  a t o m  has  t w o  c h l o r i n e  n e i g h b o r s  
a t  t h e  d i s t a n e e  of 3.16-3.24 3,, t h e  a n g l e  b e t w e e n  t h e  
t w o  d i r e c t i o n s  b e i n g  8 9 - 9 7  ~'. T h e s e  o b s e r v a t i o n s  ind i -  
c a t e  strongly t h a t  t h e  s h o r t  o x y g e n  to  c h l o r i n e  dis-  
t a n e e s  r e p r e s e n t  b o n d s  O - H . . - C I .  I f  t h e  h y d r o g e n  
a t o m s  a r e  p l a c e d  on  t h e s e  o x y g e n  to  c h l o r i n e  e o n n e v -  
t i o n  l ines  a n d  a t  a d i s t a n c e  of  0 .96 .-~ f r o m  t h e  o x y g e n  
a t o m ,  t h e  h y d r o g e n  p a r a m e t e r  v a l u e s  of  T a b l e  3 r e s u l t .  
T h e  i n c l u s i o n  of  t h e  h y d r o g e n  a t o m s  in t h e  c a l c u l a t i o n  
d o e s  on  t h e  w h o l e  i m p r o v e  t h e  a g r e e m e n t  fo r  ref lec-  
t i o n s  a t  s m a l l  s c a t t e r i n g  ang le s .  
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D i s c u s s i o n  of the  r e s u l t s  

i t  is an unexpected feature ()f the s tructurc tha t  one 
third of the chlorine atoms (the Cl~-atoms) form no 
bonds with gadolinium atoms. Indeed, the shortest  
Gd-Cll distance is greater than  ,5 A. 

In  the s t ructure there are complexes [CbGd(OH2)8], 
each Clli a tom and each oxygen atom being bonded 
to one gadolinium atom. These complexes are held 
together by O - H - . .  CII and O - H . - .  Clii bonds. 

The configuration about  gadolinium is shown in 
Fig. 1. The only symmet ry  element of the complex is 
a two-fold axis. The bond lengths within the complex 

are" Gd-2 Clll 2"768 + 0"008 .~ 
- 2 0 i  2-42 _+0.002 
-2 Oii 2.39 +_0-02 
- 2 0 m  2.42 +0.02 

The closest oxygen and chlorine approaches in the 
complex are 

OI -0H=2"80 ,  C I i , - 0 ~ = 3 " 2 0 ,  Clu-Cl , ,=3"71 ~ .  

Each oxygen atom has a Cl~ atom at  a distance of 
3.17-3.24 A and a CIH a tom of an adjacent  complex 
at 3.14-3.18.~. These short distances suggest the 
presence of bonds O-H . . -  Cl, and this in tcrpre ta t ion  
is given further  support  by the fact tha t  the angle 
betwecn the two O - H - . .  CI bonds is 89-97 ° . 

Conversely each C]t a tom forms six C l t . . .  H-O 
bonds and each CIII a tom three C l ~ . . .  H-O 1)onds 
in addi t ion to the CIH-Gd bond. The individual  bond 
distances for oxygen and chh)rine atoms are listed 
t)elow. 

! t , .06 i f - " , ~  

'i - ~'46 _,,if, . . .  

:: / u i 
+ ~1"95 ~ I  ,+ h'" ~ , " - ~  

'-'~.o6 . . . .  : ~ . .  } ' - -~ 's .~ ~ '  / 

= ,~_/ i~ ~ 4 ~ i i 0  "," ! 
, ~.~,~ ~~,-~ ~,, i 

/ " 4 58 ./ 

1.06 
• .../ 

Fig. 1 shows the s t ruc ture  projected on the (010) plane. 
Large filled circles represent  gadol inimn a toms  and small 
filled circles hydrogen  atoms. The very  large <)pen circles 
are chlorine a toms  and  the o ther  open circles oxygen atoms.  
Numbers  a t t ached  to the <.ircles give height in ,~ above 
the  project ion plane. "['he bond lengths  in A within the 
(.ornplex about  gadol inium are also given. Only some of 
~he hydrogen  a toms  have been included. 

O,-Gd (1) 2.42+0"02 .~ 
O ~ - H , ' " "  CII (l) 3.24_+0-02 
O I - H I I " " "  CIi i  (1) 3"18 + 0"02 

L Oi-Hl"  O,-H,I  92 ° 
O n- G d  (1) 2"39 _+ 0"02 .~ 
0 H - H I I r ' " C I I  (l) 3"21 +0"02 
OII-H,x . . . .  Cll[ (1) 3"14_+ 0-02 

L O[ I -HILI  " O i i - H i v  (,)7 ° 
On t -Gd  2.42 _+ 0-()2 ~£~ 
Oil l -Hx . . . .  Cli 3.17 + 0.()2 
Ot[mHvl  • • • Cll[ 3-16 +_0.02 

/ O i i i - H v ' O l i i - H v t  89 ° 

CII" • • Ht-O~ (2) 3-24 + 0.02 :~ 
C I I ' "  Hi l l -Oi l  (2) 3.21 + 0.()2 
C l l " - H v - O n l  (2) 3.17+_0.02 
Cli i -Gd ( l ) 2.768 + ().0~18 
C I l I ' "  Hl l -OI  (1) 3-18+_0"02 
C l l i " ' H i v - O i !  (1) 3.14+0"02 
C i , , " ' '  Hvi -Ol l l  (1) 3.16+0"02 

The observed bond lengths Gd-C,I and Gd-O are 
about  0.06-(t.07 .~ larger than ant ic ipated on the basis 
of published ionic radii (Zachariasen, 1954). The sum 
of the ionic radii of chlorine and oxygen (3.27/~) is 
only sl ightly larger than  the experimental  values of 
3-21 A for the O - H . - - C I I  and of 3.16/~ for the 
O-H ... Cl,, bonds. The Cli a tom forms six C1 .-- H-O 
bonds, the C!II a tom three C1 • • • H-O bonds and one 
CI-Gd b o n d  The larger value for CIT-."  H-O bond 
is probably  a t t r ibu tab le  to the larger coordinat ion 
number  for the Cli atom. 

Detailed balance of valence requires a s t rength of 
at)out 0-8 for the O - H  and (1.2 for the H • • • CI bond. 
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crystals used in the invest igat ions and to Messrs. 
J. W. Bagby and N. J.  Purcell  for valuable assistance 
in carrying out the calculations on the IBM 650 and 
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