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INFLUENCE OF THE BULK AND DONOR-ACCEPTOR PROPERTIES 

OF SOLVENT ON LIGAND FIELD SPECTRA 

Key Words: e l e c t r o n i c  a b s o r p t i o n  s p e c t r a .  s o l v e n t  

e f f e c t  , bul  k p roper  ti es , donor -accept  or 

p r o p e r t i e s  , chromi um C I I I1 complexes 

Zbigniew S taszak  and Adam B a r t e c k i  

I n s t i t u t e  of I n o r g a n i c  Chemis t ry  and Meta l lu rgy  of  R a r e  
Elements .  Technica l  U n i v e r s i t y  of W r o c a a w .  Wybrzeie 

Wyspianskiego 27, 50-370 W r o c f a w .  POLAND. 

ABSTRACT 

The i n f l u e n c e  of s o l v e n t s  on t h e  e l e c t r o n i c  

a b s o r p t i o n  s p e c t r a  of chromium CIII1 complexes w a s  

i n v e s t i g a t e d .  The dependence of t h e  crystal f i e l d  

parameter  Dq on d i e l e c t r i c  c o n s t a n t  as w e l l  as Gutmann 

donor number DN of s o l v e n t  w a s  found and d e s c r i b e d .  B y  

u s i n g  t h e  proposed model, unknown i n  t h e  l i t e r a t u r e  

donor numbers f o r  a few a l c o h o l s  w e r e  e s t i m a t e d .  

I NTRODUCTI ON 

The i n f l u e n c e  of s o l v e n t  on s o l u t e  molecule  h a s  

been i n t e n s i v e l y  s t u d i e d  b u t  t h e  problem is  y e t  f a r  

from be ing  comple t e ly  unders tood .  A t  p r e s e n t ,  t h e r e  are 

t w o  approches  t o  kquan t i t a t ive  d e s c r i p t i o n  of t h i s  

e f f e c t .  The t h e o r e t i c a l  approach  d e s c r i b e s  s o l v e n t  as 

a n  i s o t r o p i c  environment  of d i s s o l v e d  p a r t i c l e s  and 

1193 
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1194 STASZAK AND BARTECKI 

c h a r a c t e r i z e s  i t  by its bulk p r o p e r t i e s .  U n f o r t u n a t e l y ,  

t h i s  approach  i n v o l v e s  o n l y  t h e  i n f l u e n c e  of t h e  

n o n s p e c i f i c  i n t e r a c t i o n s .  The o t h e r  approach  is  based 

on d e s c r i p t i o n  of t h e  s o l v e n t  e f f e c t  by  s u i t a b l y  chosen  

empi r i cal pa rame te r s  measur i ng s p e c i  f i c and nonspeci  f i c 

i n t e r a c t i o n s .  The drawback of t h i s  appEoach is t h a t  

such  pa rame te r s  are n o t  u n i v e r s a l  and depend on each  

o t h e r .  

The i n t e r a c t i o n s  between s o l v e n t  and s o l u t e  

molecule  are s e p a r a t e d  i n  t h e  l i t e r a t u r e  i n t o  s p e c i f i c  

and n o n s p e c i f i c  . As a r e s u l t ,  l i n e a r  f u n c t i o n s  wi th  

few pa rame te r s  for d e s c r i p t i o n  of t h e  s o l v e n t  effect  

are proposed . One of  t h e  m o s t  i n t e r e s t i n g  is t h a t  

proposed by Svoboda and cowor k er s5: 

I--5 

A = A" + a*fCc> + b*fCn> + c*DN + d*AN 1 

where: 

A 

A" 

fCE1 

fCn> 

DN 

AN 

a .b .c .d  

- a symbol for t h e  physicochemical  p r o p e r t y  

dependent  on s o l v e n t  e f f e c t ,  

- v a l u e  of t h e  s a m e  p r o p e r t y  i n  gas phase .  

- f u n c t i o n  of dielectr ic  c o n s t a n t  E .  

- f u n c t i o n  of refract ive i n d e x  n. 

- donor number of so lven t6 .  

- a c c e p t o r  number of solvent ' .  

- t h e  r e g r e s s i o n  c o e f f i c i e n t s  c h a r a c t e r i z i n g  

s e n s i t i v i t y  of t h e  p r o p e r t y  A t o  t h e  

i nd i  vi dua l  pa rame te r s .  

O r i g i n a l l y .  i n  f u n c t i o n  1. i n s t e a d  of DN. Kagiya AD 
v a l u e  w a s  t a k e n  i n t o  c o n s i d e r a t i o n  b u t  because  of h i g h  

c o r r e l a t i o n  of t h e s e  t w o  empirical parameters Ccorr. 

coeff . = 0.984 and because  t h e  donor number is much 

more o f t e n  used.  w e  decided to  t a k e  i n t o  accoun t  t h e  
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LIGAND FIELD SPECTRA 1195 

l a t t e r  one. I n  t h e  r e l a t i o n  p r e s e n t e d  above  dielectr ic  

c o n s t a n t  and r e f r a c t i v e  i n d e x  co r re spond  t o  t h e  

nonspeci  f i c i n t e r  ac t i  ons  whi 1 e donor and a c c e p t o r  

number t o  t h e  s p e c i f i c  ones .  T h i s  four -parameter  

f u n c t i o n  w a s  de te rmined  on t h e  basis of factor a n a l y s i s  

of d a t a  matrices c o n t a i n i n g  35 e m p i r i c a l  and  

nonempir ica l  pa rame te r s  for 85 s o l v e n t s  . The chosen  

pa rame te r s  be ing  t h e  m o s t  o r t o g o n a l  t o  e a c h  o t h e r  

appear  t o  be t h e  m o s t  s u i t a b l e  for d e s c r i p t i o n  of t h e  

effects d i s c u s s e d .  

5 

The s o l v e n t  effect on d-d t r a n s i t i o n s  of complex 

compounds h a s  been usua l  1 y assumed t o  be i n s i g n i f i c a n t .  

However, o n e  can  observe t h a t  s o l v e n t  affects t h e  s h i f t  

of d-d a b s o r p t i o n  bands as w e l l  as changes  of  t h e i r  

oscil lator s t r e n g t h s  . The fo rmula  for d e s c r i p t i o n  

of t h e  i n f l u e n c e  of t h e  n o n s p e c i f i c  i n t e r a c t i o n s  on 

crystal f i e l d  parameter  Dq CO,, symmetry> is as 

f 0 1  1 ows: 

10-12 

I0 

2 

where: 

Dqo - e x t r a p o l a t e d  v a l u e  of Dq parameter  for 

complex m o l  e c u l  e i n vacuum, 

r - d i s t a n c e  between t h e  c e n t r a l  i o n  and l i g a n d .  

r - r a d i u s  of cavity i n  which t h e  s o l u t e  
0 

molecule  is supposed t o  lie. 

c - dielectric c o n s t a n t  of s o l v e n t .  

The r e l a t i o n  w a s  s u c c e s f u l l y  a p p l i e d  i n  t h e  s t u d y  

of t h e  n o n s p e c i f i c  i n t e r a c t i o n s  between protic s o l v e n t s  

C w a t e r  and a l c o h o l s >  and C r C I I I >  as well as N i C I I >  

complexes . I t  is shown i n  t h i s  paper t h a t  t o  
e x t e n d  t h e  class of s o l v e n t s  d e s c r i b e d  by t h e  model. i t  

LO-I2 
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1196 STASZAK AND BARTECKI 

is  n e c e s s a r y  t o  t a k e  i n t o  account  a d d i t i o n a l l y  donor 

number of sol ven t .  

EXPERIMENTAL 

E l  ec t r on i  c abso r  p t  i on s p e c t r a  of C C r  C H 2 0 1  C NO3) 

and KSCCrCNCS61  '4H20 i n  w a t e r  C W I .  d imethyl  s u l f o x i d e  

CDMSOI , N. N-dimethylforrnamide CDMFI , methanol C M I .  

e t hano l  CEI, a c e t o n e  Cp3, t e t r a h y d r o f u r a n e  CTHFI and 

nex t  i n  hexyl CHI, n-amyl ( N U ,  isoarnyl C I A ) ,  i s o b u t y l  

C I B I .  i s o p r o p y l  CIPI ,  benzyl CBEI.  and t - b u t y l  CBI 

a l c o h o l s  w e r e  r eco rded  i n  t h e  r a n g e  of 12000-28000 cm-i 

wi th  a Hi t ach i  356 W/VIS spec t ropho tomete r .  

Due t o  s l i g h t  changes of  t h e  complex band 

pa rame te r s  i n  s o l v e n t s  s t u d i e d .  i t  w a s  n e c e s s a r y  t o  u s e  

t h e  computer r e s o l u t i o n  t e c h n i q u e  f o r  a n a l y s i s  of t h e  

measured s p e c t r a  . The bands co r re spond ing  t o  t h e  

sp in-a l lowed as w e l l  as sp in - fo rb idden  t r a n s i t i o n s  w e r e  

t a k e n  i n t o  account  i n  t h e  computer r e s o l u t i o n  p rocess .  

All t h e  c a l c u l a t i o n s  w e r e  c a r r i e d  o u t  on a 

microcomputer compa t ib l e  w i t h  I BM PC/XT. 

is 

The f ol 1 owing va l  u e s  of dielectr ic  c o n s t a n t s  E ,  

donor numbers DN. and a c c e p t o r  numbers AN w e r e  used  i n  

t h e  a n a l y s i s  of  t h e  s o l v e n t  effect:  

E :  

DN: 

AN: 

W - 78.5, 
E - 24 .3 .  

NA - 13.9. 
BE - 13.1, 

W - 18.0, 
E - 20.0. 

W - 54.8, 
E - 37.1, 

DMSO - 46.4 .  DMF - 38.3. 
A - 20.7. THF - 7.6. 

I A  - 14.7, I B  - 17.7, 
B - 12.5 

DMSO - 29.8, DMF - 26.6. 

A - 17.0, THF - 20.0 

DMSO - 19.3, DMF - 16.0, 
A - 12.5. THF - 18.3 

M - 32.6. 
H - 13.3. 

I P  - 18.3. 

M - 19.0. 

M - 41.3. 
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LIGAND FIELD SPECTRA 1197 

RESULTS AND DISCUSSION 

The a n a l y s i s  based  on t h e  model 2 had g i v e n  good 

r e s u l t s  o n l y  for p r o t i c  s o l v e n t s  such  as a l c o h o l s  

and w a t e r .  As one  can  n o t i c e ,  t h i s  approach  i n v o l v e s  

o n l y  t h e  i n f l u e n c e  of t h e  n o n s p e c i f i c  i n t e r a c t i o n s .  The 

q u e s t i o n  w a s  if t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  s p e c i f i c  

i n t e r a c t i o n s  would ex tend  t h e  class of s o l v e n t s  

d e s c r i b e d  by  t h e  model. Seven s o l v e n t s  C w a t e r .  DMSO. 

DMF. methanol ,  e thano l  , a c e t o n e .  THF) and t w o  chromium 

CIII) compounds C C C r C H 2 0 > 6 1 C N 0 s > 3 .  KsCCrCNCS161 * 4H20 3 

w e r e  t a k e n  i n t o  account  i n  t h i s  test. All t h e  measured 

spectra w e r e  r esol ved i n t o  component bands and t h e  

crystal f i e l d  pa rame te r s  w e r e  c a l c u l a t e d .  On t h e  basis 

of t h e  e q u a t i o n  1 t w o  a d d i t i o n a l  l i n e a r  terms Cc*DN and  

d*AN> w e r e  t a k e n  i n t o  c o n s i d e r a t i o n  i n  t h e  model 2 and  

t h e  r e g r e s s i o n  a n a l y s i s  w a s  carried o u t .  The 

c o e f f i c i e n t  d for aquo as w e l l  as for t h i o c y a n i n e  

complex t u r n e d  o u t  t o  be p r a c t i c a l l y  equa l  t o  zero 

(-0.154 f 0.129 and -0.050 f 0.025 r e s p e c t i v e l y )  and  

w a s  rejected. Th i s  r e s u l t  w a s  s u r p r i s i n g  s i n c e  for 

t h i o c y a n i n e  complex, as a n  a n i o n .  one  c o u l d  r a t h e r  

expect dependence on acceptor number. T h i s  effect is 

probab ly  connec ted  w i t h  t h e  s p e c i f i c  i n t e r a c t i o n s  

s o l v e n t  - c e n t r a l  i o n  Cwhich is c a t i o n  f o r  bo th  

complexes) where donor p r o p e r t i e s  of  sol v e n t  appear  t o  

b e  i m p o r t a n t .  F i n a l l y .  t h e  f o l l o w i n g  semiempi r i ca l  

r e l a t i o n s h i p  w a s  tested: 

10-12 

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

to  t h e  e q u a t i o n  3, for complexes and s o l v e n t s  s t u d i e d ,  

a r e  l i s t e d  i n  Tab le  1. The a n a l y s i s  gave  v e r y  good 

- e s u l t s  and confirmed t h e  s i g n i f i c a n c e  of  i n f l u e n c e  o f  
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11 98 STASZAK AND BARTECKI 

TABLE 1 
The Resul t s  of t h e  Regression Analysis  According t o  t h e  

Eq. 3 f o r  t h e  Following Complexes: 1: CCrCH~0161CNOs1s, 

2: Ka[CrCNCS63 *4Hz0. 

Water 78.5 18.0 1 738 

JMso 46.4 2Q.8 1687 

DMF 38.3 26.6 1700 

Methanol 32.6 19.0 1731 

Ethanol 24.3 20.0 1724 

Acetone 20.7 17.0 

THF 7.6 20.0 16- 

1773 

1 776 

1783 

1777 

1780 

1748 

QO t c m - ' ~  1630C 28) 1607C 251 

a 1QO. 7Cf8.51 211.0C+6.3) 

C -4.24C fO. 121 -1.22C +0.08> 

c c m - ' ~  1821 C 21 0)  181 8C 21 1) 

0.998 0.997 b 
Dqmw a 
corr. coef f .  

Dqma = l i m  Dq when E ->=a , DN -> 0 a 

c o r r e l a t i o n  between t h e o r e t i c a l  and experimental  

values  of t h e  f u n c t i o n  3 

t h e  donor p r o p e r t i e s  of s o l v e n t  on l i g a n d  f i e l d  

s p e c t r a .  Due t o  t h e  n e g a t i v e  va lue  of t h e  r e g r e s s i o n  

c o e f f i c i e n t  c such p r o p e r t i e s  cause  t h e  r e d  s h i f t  of 

d-d bands c o n t r a r y  t o  t h e  bulk p r o p e r t i e s .  Such a 

d i r e c t i o n  of s h i f t s  i n d i c a t e s  t h a t  va lue  of Dqo 

parameter is not t h e  l o w e s t  p o s s i b l e  one of t h e  Dq 

parameter. I t  is v i s i b l e ,  for i n s t a n c e .  f o r  small 

d i  el ec t r  i c cons tan t  and high donor number of sol vent .  
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LIGAND FIELD SPECTRA 1199 

TABLE 2 
Donor Numbers and  Values  of t h e  Other  

Elec t ron-Donat ing  Scales for a Few Alcoho l s  CEst imated 

on t h e  B a s i s  of R e l a t i o n  3>. 1: Data C a l c u l a t e d  from 

Spectrum of CCrCH20>61CN03>9.  2: D a t a  C a l c u l a t e d  f r o m  

Spectrum of KgCCrCNCS361 9 4H20. 

~~ 

cq [ c m - ' ~  DN 
Sol v e n t  D N ~  AD D c I I . I >  

1 2 1 2 

H 1723 17.2 17.2 70.8 2.9 

NA 1730 1773 15.8 15.6 15.7 63.3 2.8 

I A  1728 16. 8 16.8 68. 8 2. 9 

I2 1724 1775 18.4 18.9 18.6 77.8 3.0 

IP 1720 1774 19.6 19.7 19.6 82.8 3.1 

BE 1729 15.8 15.0 63.8 2.8 

B 1698 1762 22.7 22.4 22.5 97.3 3.4 

a proposed V a l  ue f o r  t h e  sol vent  

I t  is i n t e r e s t i n g  t h a t  Dqo as  w e l l  

v e r y  s i m i l a r  f o r  t h e  complexes i n v e s t i g a t e d .  

as Dqmax v a l u e s  are 

The r e l a t i o n  3 also g i v e s  a p o s s i b i l i t y  t o  

c a l c u l a t e  unknown v a l u e s  of  donor numbers. As a n  

example,  t h e  a l c o h o l s  w e r e  chosen .  I n  t h i s  g roup  of 

s o l v e n t s  DN is  known o n l y  for e t h a n o l  and methanol .  I n  

T a b l e  2, v a l u e s  of donor numbers c a l c u l a t e d  f rom 

r e l a t i o n  3 f o r  a f e w  a l c o h o l s  are l i s t e d .  A d d i t i o n a l l y .  

on  t h e  b a s i s  of t h e  h igh  c o r r e l a t i o n  of Kagiya A ' as 

w e l l  as S e l b i n  IXII.11 s o l v e n t  scale w i t h  DN v a l u e P  

t h e  v a l u e s  of A and IXI I .1 )  f o r  a l c o h o l s  s t u d i e d  w e r e  

c a l c u l a t e d  CTable 2). I n  t h e  l i t e r a t u r e ,  t h e  v a l u e s  of 

DN w e r e  de te rmined  a lso from A or DCI1,II  P. I n  t h e  

D 
14 

D 

D 
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1200 STASZAK AND BARTECKI 

case of a l c o h o l s  t h e s e  v a l u e s  Cfrom DCII , I1 : e t h a n o l  - 

30.9, methanol 32.5 O ;  t r u e  v a l u e s :  19.0 and 20.0 

r e s p e c t i v e l y )  are  too h igh .  The v a l u e s  c a l c u l a t e d  i n  

t h i s  paper  appear t o  b e  m o r e  r e a s o n a b l e .  
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