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THE CRYSTAL STRUCTURE AND MAGNETIC BEHAVIOR OF 
[Cu2(dien12C 12] (C lo4) * 

1 S .  K.  HOFFMANN , DEBRA K .  TOWLE, WILLIAM E.  HATFIELD 
Department  of  C h e m i s t r y ,  The U n i v e r s i t y  o f  Nor th  
C a r o l i n a  a t  Chapel  H i l l ,  Chapel  H i l l ,  N. C .  27514 
KARL WIEGHARDT, PHALGUNI CHAUDHURI 
L e h r s t u h l  f g r  Anorhaaisehe Chemie I ,  Ruhr- 
U n i v e r s i t a t  Bochum, D-4630 Bochum, West Germany 
JOHANNES WEISS 
Anorganisch-Chemisches I n s t i t u t  d e r  U n i v e r s i t a t ,  
D-6900 H e i d e l b e r g ,  West Germany 

A b s t r a c t  The compound [ C ~ ~ ( d i e n ) ~ C l ~ ]  (C10412 

c r y s t a l l i z e s  i n  t h e  or thorhombic  s y s t e m ,  s p a c e  group 

PbnZ1, w i t h  u n i t  c e l l  dimens ions :  5 = 7.637(1)  A, 

- b = 13.549(3)  A ,  and 

m o l e c u l e s  i n  t h e  u n i t  c e l l  ( Z  = 4 ) .  The s t r u c t u r e  

c o n s i s t s  o f  d i m e r i c  [Cu ( d i e n )  C 1  ] u n i t s  i n  which 

t h e  c o o r d i n a t i o n  a b o u t  c o p p e r ( I 1 )  i s  h i g h l y  d i s t o r t e d  

s q u a r e - p y r a m i d a l .  Magnet ic  s u s c e p t i b i l i t y  d a t a  shows 

a p a i r  o f  exchanged coupled  S = 112 i o n s  and y i e l d s  

J = +0.4(3)cm when t h e  EPR g - f a c t o r  v a l u e  of  

<g> = 2.104 i s  used .  

= 20.866(4)  A, w i t h  f o u r  

2+ 
2 2 2  

-1 

INTRODUCTION 

S t u d i e s  of m a g n e t i c  p r o p e r t i e s  of b i s ( p - c h l o r o )  b i m e t a l l i c  

c o p p e r  ( 1 1 )  complexes have shown t h a t  t h e  c o p p e r  i o n s  i n  

m o s t  of t h e  complexes a re  a n t i f e r r o m a g n e t i c a l l y  exchange 

c o u p l e d  w i t h  smal l  s i n g l e t - t r i p l e t  (AE ) s p l i t t i n g s ,  

a l t h o u g h  examples  of  t r i p l e t  ground s t a t e ,  ferromag- 

2 -4 
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162 W. E. HATFIELD et al. 

n e t i c a l l y  c o u p l e d  s y s t e m s  a r e  known.3 

s p l i t t i n g s  i n  t h e s e  c h e m i c a l l y  and s t r u c t u r a l l y  r e l a t e d  

compounds e x h i b i t  a s t r o n g  c o r r e l a t i o n  w i t h  t h e  s t r u c t u r a l  

p a r a m e t e r  b / R ,  where 4 i s  t h e  Cu-C1-Cu b r i d g e  a n g l e  and R 

i s  t h e  l o n g e r  b r i d g e  bond d i s t a n c e .  The s h o r t e r  Cu-C1-Cu 

bond l e n g t h  i s  n e a r l y  c o n s t a n t  (2.3A) i n  t h e s e  d i m e r s .  

S i m i l a r  c o r r e l a t i o n s  have been  found f o r  hydroxo-br idged ,  

c h l o r o - b r i d g e d ,  and s u l f u r - b r i d g e d  copper  ( 1 1 )  d i m e r s .  

The s i n g l e t - t r i p l e t  

13  

We have now found t h a t  t h e  compound f o r m u l a t e d  a s  

Cu(dien)Cl(ClO ( d i e n  = d i e t h y l e n e t r i a m i n e )  c o n t a i n s  b i s ( p -  

c h 1 o r o ) - b r i d g e d  d imers  w i t h  a small  AE 

t h e  r e s u l t s  of  s y n t h e t i c ,  s t r u c t u r a l ,  and m a g n e t i c  s t u d i e s  

on [ C u 2 ( d i e n l 2 C  12]  (C l o 4 )  2 .  

4 
Here we d e s c r i b e  ST' 

EXPERIMENTAL SECTION 

S y n t h e s i s  

D i e t h y l e n e t r i a m i n e  (1.0 g )  was added w i t h  c o n s t a n t  s t i r r i n g  

t o  a s o l u t i o n  of 1 . 7  g CuC12*2H20 (10 nunole) i n  40 m l  

w a t e r .  

b l u e  s o l u t i o n  and t h e  s o l u t i o n  was f i l t e r e d  t o  remove any 

s o l i d  p a r t i c l e s .  The f i l t r a t e  was l e f t  a t  room t e m p e r a t u r e  

u n t i l  deep  b l u e  c r y s t a l s  formed ( 2 4  h r ) .  The c r y s t a l s  were 

c o l l e c t e d  by f i l t r a t i o n ,  washed w i t h  e t h a n o l  and e t h e r ,  and 

a i r  d r i e d .  Y i e l d  1 .5g .  Anal .  Calcd .  f o r  

C U ~ ( C ~ H , ~ N ~ ) ~ C ~ ~ ( C ~ O ~ ) ~ :  C ,  15.93; H ,  4 .34 ;  N ,  13.93; C 1 ,  

23.51. Found : C ,  15.8;  H ,  4 .4 ;  N ,  13.9; C 1 ,  23.4. U V - V i s  

spec t rum:  A = 614 nm, E = 158 1 mole cm . 

S o l i d  NaC104 ( a p p r o x .  2g)  was added t o  t h i s  deep  

-1 -1 
max 

X-ray Data  C o l l e c t i o n  and R e d u c t i o n  

The c r y s t a l s  were of  low q u a l i t y  f o r  X-ray s t u d y  and 

s e l e c t i o n  of a s u i t a b l e  c r y s t a l  was d i f f i c u l t .  The c r y s t a l  
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PROPERTIES OF [C~,(dien)~C1,1(C10~), 163 

u s e d  f o r  d a t a  c o l l e c t i o n  had t h e  approximate  d imens ions  

0.05 x 0.07 x 0.1 mm. A t o t a l  o f  1072 independent  

r e f l e c t i o n s  w i t h  1 2 2 . 5 ~ ( 1 )  were o b t a i n e d  g i v i n g  a d a t a - t o -  

v a r i a b l e s  r a t i o  of  4.3 .  The u n i t  c e l l  p a r a m e t e r s  were 

o b t a i n e d  a t  295 K by l e a s t - s q u a r e s  r e f i n e m e n t s  of  t h e  

r e s p e c t i v e  a n g u l a r  s e t t i n g  of  25 r e f l e c t i o n s .  The c e l l  

c o n s t a n t s  and o t h e r  c r y s t a l l o g r a p h i c  d a t a  are  g i v e n  i n  

T a b l e  I. I n t e n s i t y  d a t a  were c o l l e c t e d  on a S y n t e x  R3 

d i f f r a c t o m e t e r ,  and were c o r r e c t e d  f o r  L o r e n t z  and 

p o l a r i z a t i o n  e f f e c t s .  

w a s  a l s o  c a r r i e d  o u t . 5  

a toms were c o r r e c t e d  f o r  b o t h  r e a l  and imaginary  components 

o f  anomalous d i s p e r s i o n .  

A n  e m p i r i c a l  a b s o r p t i o n  c o r r e c t i o n  

The s c a t t e r i n g  f a c t o r s  f o r  n e u t r a l  

S o l u t i o n  and Ref inement  o f  S t r u c t u r e  

The s t r u c t u r e  was s o l v e d  v i a  a t h r e e - d i m e n s i o n a l  P a t t e r s o n  

s y n t h e s i s  which y i e l d e d  t h e  p o s i t i o n s  of t h e  copper  and 

c h l o r i n e  atoms.  Subsequent  F o u r i e r  s y n t h e s e s  r e v e a l e d  t h e  

l o c a t i o n s  of a l l  r e m a i n i n g  non-hydrogen atoms.  Ref inements  

were c a r r i e d  o u t  by u s i n g  a n i s o t r o p i c  t h e r m a l  p a r a m e t e r s  

f o r  a l l  non-hydrogen atoms.  Hydrogen atoms bound t o  c a r b o n  

were i n c l u d e d  i n  t h e  r e f i n e m e n t  i n  c a l c u l a t e d ,  i d e a l i z e d  

p o s i t i o n s  w i t h  d(C-H) = 0.96 A and r e g u l a r  t e t r a h e d r a l  

geometry  a round t h e  c a r b o n  atom and a n  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  U. The f u n c t i o n  minimized d u r i n g  l e a s t -  

s q u a r e s  r e f i n e m e n t  was (IF I-IF 1)’ w i t h  f i n a l  convergence  

t o  R = 0.044. The f i n a l  p o s i t i o n a l  p a r a m e t e r s  a r e  g i v e n  i n  

T a b l e  I1 and r e l e v a n t  bond d i s t a n c e s  and a n g l e s  are  g i v e n  

i n  T a b l e  111. 

o c  

Magnet ic  Su s c  e p  t i b i  1 i t y  

Magnet ic  s u s c e p t i b i l i t y  d a t a  were c o l l e c t e d  i n  t h e  
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164 W. E. HATFIELD et al. 

TABLE I Crystal Data and Intensity Collection for 

Cu2 (d ienI2C 121 (C lo4) 

& , A  7.637(1) 2 = 4  

1 (c;v b,A 13.549(3) space group Pbn2 

& , A  20.866(4) mol. form. [ C U ~ C ~ H ~ ~ N ~ C ~ ~ O ~ ]  

V,A3 2159 form. weight 603.2 

p (MOKU), cm-l 25.2 

radiation MoKa (X = 0.7107 A) 

data collcn. 8 - 28 mode; 28 range 3-60 

std. reflcn. 2 every 100 reflections 
obs .  data 1072 (122.50(1)) 

temperature range 2-60 K on a powdered sample by using a 

PAR Model 155 vibrating-sample magnetometer which was 

operated at 10 kG. 

HgCo(NCS ) 4 .  8’9 A calibrated GaAs diode was used to monitor 

the sample temperature. The data were corrected for  

diamagnetism of constituent atoms and for 

temperature-independent paramagnetism of the copper(I1) ion 

(60 x loT6 cgsu). 

The magnetometer was calibrated with 

DESCRIPTION OF THE STRUCTURE 

The crystal structure consists of the binuclear cations 
2+ [Cu2(dien)2C12] and essentially uncoordinated perchlorate 

ions. The nearest distances between oxygens of perchlorate 

ions and copper ions are 

(3.15 A ) .  These distances are considerably longer than 

those found for the perchlorate ions coordinated to 

CU(II).~” The overall dimer geometry, as shown in Figure 

1, may be described as two distorted square-pyramids which 

Cul-02 (3.03 A )  and Cu2-07 
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PROPERTIES OF [Cu2(dien),C1,](C10,), 165 

4 TABLE I1 P o s i t i o n a l  Parameters  (x10 ) f o r  

Cup( d i e n  1 2C 121 (C lo4 )  

atom X Y z 
c u  1 810(2)  -2002( 1 )  0000 
c u  2 
c1  1 
c1 2 
c1 3 
c1 4 
N 11 
N 12 
N 1 3  
N 21 
N 22 
N 23 
c 11 
c 12 
C 1 3  
C 14  
c 21 
c 22 
C 23 
C 24 
0 1  
0 2  
0 3  
0 4  
0 5  
0 6  

925 2 ( 2 )  
1378(6)  
6336(6) 
5874(7)  

824(7)  
5840( 16)  
2305 ( 14) 
2395 (20 )  

-2544(14) 
-2648( 17)  

923(20) 
223(24) 

81 70( 36) 
4064( 28) 
4331 (23)  
4223( 3 1 ) 
4029 (21 ) 
2004(28) 

- 171(25)  
5985 (20)  
4310(20) 
7320( 20) 
5 982 (20)  
4223(24) 
4035 (20)  

5 8 i i i j  
242 (3 )  

-2668(3) 
- 603(3)  
-1894(3) 
-3548( 8) 
-3424(8) 
-2141( 15)  
- 321(15) 

903( 8) 
1087(10) 

867( 11 1 
1032(18) 
2417(14) 
2653( 13)  

103( 12) 
203( 12) 

1374( 16) 
1607( 15) 

- 126(10) 
-1154( 12) 
-1279(11) 

104( 8) 
2422 ( 10)  
2571(9) 

0 7  5690(24) 3651(15) 

1368( 1 )  
642(2)  
753(2) 

9111(2)  
2202(2) 
9337(5) 
9414( 5)  
465(11) 
1015(7)  
2019(6) 
2037(6) 
8922 ( 8) 

2648( 11 ) 
9421(9) 

95(9)  
1266 (10) 

1981 ( 7 )  
8768( 11) 

2541 (8) 
8526 ( 5  1 
9179(8) 
9109(8) 
9611(6) 
1690(6)  
2766(5) 
2210(9) 

0 8  265 7( 21 ) 3648(13) 2080(7) 

s h a r e  a common base-to-apex edge v i a  t h e  p-chloro b r idges .  

The copper i ons  a r e  f ive -coord ina ted .  The b a s a l  p lane  i s  

formed by a t r i d e n t a t e  d i e t h y l e n e t r i a m i n e  l i gand  and one 

b r i d g i n g  c h l o r i d e  ion .  The i n d i v i d u a l  complex geometry i s  

s t r o n g l y  d i s t o r t e d  from a r e g u l a r  t e t r a g o n a l  pyramid. The 

d imer i c  u n i t  has  unsymmetrical  Cu-C1 b r idg ing  d i s t a n c e s  of 

2 .770(5)  A,  2.735(5) A ,  2.313(5) A ,  and 2.266(5) A,  a 

Cu-Cu s e p a r a t i o n  of 3.643(2) A and b r i d g i n g  Cu-C1-Cu 

a n g l e s  of 92.0" and 92.1" and C1-Cu-C1 of 88.8" and 87.0". 
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166 W. E. HATFIELD et al. 

TABLE 111 Bond Distances ( A )  and Angles (deg) in 
the Cat ion [Cu2(dien) 2C 12] 2i 

cu 1 - Cu 2 3.643(2) 
cu 1 - C1 1 2.770(5) cu 2 - C1 2 2.735(5) 
cu 1 - Cl 2 2.313(5) cu 2 - C1 1 2.266(5) 
Cu 1 - N 11 2.015(12) Cu 2 - N 23 2.012(14) 
Cu 1 - N 12 1.975(11) Cu 2 - N 22 2.036(13) 
Cu 1 - N 13 2.041(20) Cu 2 - N 21 1.979(16) 

c1 2-Cu 1-C1 1 87.0(1) 
N 11-Cu 1-C1 1 96.4(3) 
N 11-Cu 1-C1 2 95.4(4) 
N 12-Cu 1-Cl 1 86.2(3) 
N 12-Cu 1-C1 2 173.2(3) 
N 12-CU 1-N 11 85.6(5) 
N 13-CU l-C1 1 98.9(6) 
N 13-Cu I-C1 2 92.5(6) 

MAGNETIC PROPERTIES 

c1 1-cu 2-c1 2 
N 23-CU 2-C1 2 
N 23-CU 2-C1 1 
N 22-CU 2-C1 2 
N 22-CU 2-C1 1 
N 22-CU 2-N 23 
N 21-CU 2-C1 2 
N 21-CU 2-C1 1 

88.8(2) 
97.7(4) 
94.5(4) 
90.6(3) 
179.3 (3) 
85.1 (5) 
104.3 (5) 
97.1(4) 

The molar magnetic susceptibility of a powdered sample is 

plotted as a function of temperature in Figure 2. The 
excellent fitting of  the inverse susceptibility to a 

straight line in the temperature range 2-60 K indicates a 
very small singlet-triplet splitting. Thus, an application 
of  the magnetic susceptibility expression for a pair of 

exchanged coupled S = 1/2 ions" is inappropriate since the 
singlet-triplet splitting is smaller than the Zeeman energy 

gpBB, which is about 1.2 cm 
general magnetization expression for a pair of s = 1/2 

ions'' was used : 

-1 at B = 10 kG. The more 

NguBsinh (guBB/kT) 

exp (-2 J / kT) +2cosh ( gpBB/ kT) M =  

Equation (1) was fitted to the experimental magnetization 
1 L  

data by using a Simplex fitting routine, with g = 2.104 
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PROPERTIES OF [C~~(dien)~CI~](C10,), 167 

c11 

22 

C13 

C24 

FIGURE 1 MOLECULAR STRUCTURE OF [ C ~ ~ ( d i e n ) ~ C ! ~ ]  

a s  a c o n s t a n t  p a r a m e t e r .  T h i s  g-va lue  i s  e q u a l  t o  t h e  

a v e r a g e  v a l u e  of t h e  g - t e n s o r  p r i n c i p a l  components 

d e t e r m i n e d  from EPR s p e c t r a .  The b e s t  f i t  was found w i t h  

25 = +0.4(3)crn-l and i s  r e p r e s e n t e d  by t h e  s o l i d  l i n e s  i n  

F i g u r e  2. The i n t r a d i m e r  exchange H a m i l t o n i a n  i s  of t h e  

form H 

c a n  be d e r i v e d .  The r e l a t i v e  a c c u r a c y  of t h e  s i n g l e t -  

t r i p l e t  s p l i t t i n g  i s  n o t  v e r y  h i g h ,  b u t  t h e  m a g n e t i c  d a t a  

c l e a r l y  i n d i c a t e  weak f e r r o m a g n e t i c  i n t r a d i m e r  c o u p l i n g .  A 

more a c c u r a t e  s i n g l e t - t r i p l e t  s p l i t t i n g  v a l u e  c o u l d  be  

o b t a i n e d  by c o l l e c t i n g  d a t a  below 2 K .  

= -25 S1.S2 from which t h e  r e l a t i o n s h i p  AE 
ex ST 

= -25 

A s t r o n g  c o r r e l a t i o n  h a s  been  found between t h e  

s i n g l e t - t r i p l e t  s p l i t t i n g  and t h e  q u o t i e n t  b / R  i n  

s y m m e t r i c a l  b i s ( p - c h l o r o )  c o p p e r ( I 1 )  b i m e t a l l i c  

complexes .  3’4’13 

p r e s e n t e d  i n  T a b l e  I V ,  and t h e  r e l a t i o n s h i p  i s  p l o t t e d  i n  

F i g u r e  3 .  The d i m e r i c  u n i t  i n  [Cu ( d i e n )  C 1  ] ( C l O  ) 

n o t  s y m m e t r i c a l ,  so  a v a l u e  f o r  6 / R  = 33.5 deg/A was 

c a l c u l a t e d  by a v e r a g i n g  bond d i s t a n c e s  and a n g l e s .  The new 

A summary of  t h e  a v a i l a b l e  d a t a  i s  

2 2 2  4 2 is 
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FIGURE 2 MAGNETIC DATA FOR [ C ~ ~ ( d i e n ) ~ C l ~ ]  (C104) 

(AEST=2J,b/R) d a t a  p o i n t  i s  marked by t h e  f i l l e d  c i r c l e  i n  

F i g u r e  3 ,  where i t  may be s e e n  t h a t  t h e  m a g n e t i c  and 

s t r u c t u r a l  d a t a  f o r  [Cu2dien2C12](C104)2  a d h e r e  t o  t h e  

m a g n e t o - s t r u c t u r a l  c o r r e l a t i o n  t h a t  h a s  been  found f o r  all 

known b i s ( p - c h l o r o )  b r i d g e d  c o p p e r ( I 1 )  complexes.  

* O t  

\ 

FIGURE 3 MAGNETO-STRUCTURAL CORRELATION FOR 

CHLORO-BRIDGED COPPER (11) DIMERS 
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TABLE IV Structural and Magnetic Properties of 
Bis (p-chloro) -Br idged Copper ( 11) Dimersa 

Compound 6/R 25 ref. 
-1 deg/A cm 

1 [Cu(dmg)Cl21 32.6 +6.3 14-16 

2 [Cu(Me3en)C12] 31.4 -2.1 17,18 

3 [ C U ( ~ - M ~ O X ) ~ C ~ ~ ] ~  34.4 -2.6 4 

5 [Cu(Et3en)C12] 34.8 +0.1 3 

6 [Cu(4-Metz)(DMF)Cl2I2 35.0 -3.4 3 

7 [C0(en)~]~[Cu~Cl~]C1~ 35.2 -14.6 21,22 

4 [Cu(Guan)C13] 2.2H20 40.0 -82.6 19,20 

8 [Cu(TMSO)C12] 29.3 -17.0 23 

9 [~u(tmen)~l~] 30.7 -5.6 18,24 

10 [CU( 2-pic I2cl2] 29.9 -7.4 25-27 

11 [Cu(dien)ClI 2(C10,:)2 33.5 +0.4 this work 
aAbbreviations: dmg = dimethylglyoxime; Me en = 
N,N,N'-trimethylethylenediamine; 4-Meox =4-methyl- 
oxazole; Guan = guaninium; Et en = N,N,N'-tri- 3 e t h y le thy 1 ened i am ine ; 4 -Me t z = 4-me t h y 1 t h iaz o 1 e ; 
en = ethylenediamine; TMSO = tetramethylene sulf- 
oxide ; tmen = N , N, N I , N -tetrame thylethylenediamine; 
2-pic = 2-methylpyridine; dien = diethylenetriamine. 
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