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The formation of ternary, surface complexes of copper(ll) with one or two molecules of 
2,2"-bipyridine (bpy) or c~-picolinic acid (Hpic), which were obtained after adsorption on 
the silica surface in different ways, was studied by electronic and ESR spectroscopy. 
Coordination of the ligands, which were preliminarily adsorbed by copper ions, afforded only 
1 : l ternary surface complexes. In both cases, coordinatively more saturated ternary surface 
complexes were formed only when Cu(bpy)~ 2" and Cu(pic) 2 were adsorbed on the SiO 2 
surface from solutions. The compositions and stractures of the ternary surface complexes 
containing bipyridine ligands are temperature independent, whereas in the picolinate- 
containing ternary surface complexes, the coordination spheres of the adsorbed complexes 
are rearranged as the temperature changes. 
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The  f o r m a t i o n  of  t e r na r y  complexes  o f  t rans i t ion  
meta l s  adsorbed  on  the  SiO 2 surface  and  c o n t a i n i n g  
various organic  l igands  has  b e e n  extens ively  s tudied,  t - 6  
Te rna ry  surface c o m p l e x e s  play an  i m p o r t a n t  role in the  
migra t ion  of  me ta l  ions  in na tu ra l  waters ,  he t e rogeneous  
catalysis,  and  na tu ra l  pho t oca t a l y t i c  processes,  and  they 
are also of  in te res t  in p r o b l e m s  of  e n v i r o n m e n t a l  p ro tec-  
t ion.  7 -9  Mos t  works  were devo ted  to s tudies  of  the  
t h e r m o d y n a m i c s  o f  t he  so rp t ion  of  meta l  ions on  the  
SiO 2 surface and  of  the  f u r t h e r  c o o r d i n a t i o n  of  l igand 
molecu le s  to me ta l  ions  f rom aqueous  solut ions ,  whereas  
the  s t ruc tures  of  t e rn a r y  surface  complexes  have re- 
ce ived li t t le a t t en t ion .  

In this  work,  the  c o m p o s i t i o n s  and  s t ruc tures  of  the  
S i O 2 - - C u l I - - 2 , 2 " - b i p y r i d i n e  (bpy)  and  S i O 2 - - C u  I I -  
a - p i c o l i n i c  acid ( H p i c )  t e r n a r y  surface complexes  were 
s tudied  by spec t roscop ic  m e t h o d s .  Two cases were c o n -  
s idered,  name ly ,  a d s o r p t i o n  of  the  complexes ,  wh ich  
were p re l imina r i ly  fo rmed  in so lu t ion ,  on  t he  surface 
and  successive adso rp t ion  of  all c o m p o n e n t s  o f  t e rnary  
surface  c o m p l e x e s  o n  SiO 2. The  c h o i c e  of  the  l igands 
was d e t e r m i n e d  by the  fact  t ha t  the  t h e r m o d y n a m i c s  of  
t he  sorp t ion  of  these  l igands  has  b e e n  well s tudied  and  
the  c o r r e s p o n d i n g  s tabi l i ty  cons t an t s  have b e e n  mea -  
sured.2,3,6,9 

* Presented at the First Moscow Workshop on Highly Orga- 
nized Catalytic Systems (June 19, 1997). 

Exper imenta l  

We used a highly dispersed amorphous  low-porous pyro- 
genie A-300 silica (Kalush Industries, Ukraine) with specific 
surface 300+20 m 2 g - t  2,2"-bipyridine (Fluka), c~-picolinic 
acid (Reanal), and NaC104-H20  (Merck).  A solution of 
copper perchlorate was prepared by neutralizing copper basic 
carbonate (Reakhim, chemical purity grade) with perchloric 
acid (Reakhim, chemical purity grade). The concentrat ion of 
copper in the solution was determined by trilonometric titra- 
tion with murexide. The pH of the solutions was adjusted by 
adding NaOH or HCIO4 solutions. The  concentrat ions of 
2,2'-bipyridine and c~-picolinic acid were determined spectro- 
photometrically. 

Adsorption of copper ions on SiOz. A solution of Cu(CIO4) 2 
containing NaC104 (0. i tool L - I )  was added to a slurr3" of 
SiO 2 (10 g L - l )  in a solution of .MaCIO 4 (0.1 mot L - l )  
preliminary, prepared and kept at pH -5 for 2 weeks. The 
values of pH of the solutions were adjusted to 5.8--5.9 by 
adding a solution of NaOH (0.01 tool L - t )  dropwise with 
stirring. The slurry, was stored for 2 h (pH control) and then 
centrifuged. Ttie resulting samples were dried at room tem- 
perature for 2 days. The concentration of  the adsorbed copper 
was determined from the difference in  the concentrat ions of 
copper ions in the initial and equil ibrium solutions and by 
removing copper ions from the silica surface in an acidic 
sohltion. In both cases, trilonometric t i t rat ion was used. Both 
methods gave identical results. 

Adsorption of bpy and Hpic on the surface of silica modified 
with copper ions. Solutions of bipyridine or picolinic acid were 
added to a slurry of silica, which contaixaed Cu II and a solution 
of NaC104 (0.I mot L-t) ,  so that tiac ratio of the concentra-  
tion of copper ions adsorbed on the silica surface and the 
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concentration of organic ligands in the solution was 1 : 1 or 
l : 2. The pH was adjusted to 5.9--6.0. The slurry was stored 
for 2 h. The precipitate was separated by centrifugation and 
dried at room temperature_ 

Simultaneous adsorption of Cu 2+ ions and ligands. A solu- 
tion of copper perchlorate and bipyridine (or picolinie acid) 
taken in the ratio l : 1 or l : 2 in a solution of NaCIO 4 
(0. l tool L -I)  at pH 6.0 (6.5 in the case of picolinic acid) was 
added to a slurry of silica. After storage of the slurry, the 
precipitate was separated by centrifugation and dried at room 
temperature. 

The concentrations of the adsorbed components of the 
ternary surface complexes in samples of both types were 
determined from the difference in the concentrations of cop- 
per ions and organic Iigands in the initial and equilibrium 
solutions. 

The absorption and reflection spectra in the UV and visible 
regions were recorded on a Specord M-40 spectrophotometer. 
The ESR spectra were measured on X-range Varian E-4 and 
gruker ER-200D radiospectrometers at room temperature (298 
K) and 77 K using 4 ram-diameter thin-wailed quartz tubes. 
Precise calibration of the magnetic field was carried out with 
the use of diphenylpicrylhydrazyl (g = 2.0036) and Mn 2+ ions 
in the MgO matrix as the standards. The principal values of the 
g tensor (gl[ and g• the constants of the hyperfine interaction 
between the unpaired electron and the nuclei of copper atoms 
(A!!), and the constants of the hyperfine interaction between 
the unpaired electron and the nuclei of 14N atoms of the 
ligands (a.  y) were determined from the ESR spectra according 
to a procedure reported previously, t~ 

R e s u l t s  and  D i s c u s s i o n  

The  adsorpt ion o f  Cu(H2O)62+ aqua ions on the 
SiO.,, surface at 5.5 < pH  < 6.0 is highly efficient. U n -  
der the exper imenta l  condi t ions ,  up to ~50% of copper  
ions, which were present  in the initial solution, were 
adsorbed. 

The shape o f  the ESR spectrum of  the adsorbed 
copper {(~-SiO)~Cu} (1) (Fig. 1) and the parameters of  
the sp in-Hami l ton ian  (Table 1) are typical of the Cu ll 
complexes,  which are characterized by the axial symme-  
try of  the coordinat ion  sphere (a slightly distorted octa- 
hedron) in the ground state big and by localization of  the 
unpaired electron on the 3dx2_y2-orbital (~1 > g• > 2). 
In all the samples under  study, unlike the samples studied 
previously, 3 CulI ions noncoordinated on the SiO 2 sur- 
face were absent. The  possible types of the polyhedra that 
formed are shown in Scheme 1. 

Structure 1 is, apparently,  most probable because this 
complex should possess a high stability constant, t and its 
ESR spectrum should be described by the axially sym- 
metrical sp in-Hamit tonian .  Structures 2 and 3 do not  
meet  this condit ion,  and the manifestation of  the triaxial 
symmetry, should be expected in the ESR spectra of  these 
structures. Moreover ,  complexes  of type 3 should be 
substantially less stable and more  mobile than 1. 

The  in tegra ted  in tens i ty  o f  the E S R  signal o f  
{(---SiO)2Cu} samples increases several t imes after ad- 
sorpt ion of  bipyridine.  This is indicative of  the possibil- 
ity of  format ion o f  po lynuc lear  hydroxo clusters of  cop-  
per with the compensa ted  total  spin, i.e., formally dia- 

Scheme  1 
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magnet ic  complexes ,  as has been  observed previously in 
the case of  many  carboxyl -conta in ing  ca t ion  exchang- 
ers. tt Previously, an analogous  suggestion was made in 
Ref. 4. Our  results agree well with the data on the 
copper  aqua ions adsorbed on the T iO 2 and AIzO 3 
surfaces. 12,13 

The Si02+CuH+bpy system. The samples  conta ining 
copper  ions (f rom 10 -s  to t .6 - 10 -4 mol  g - t  o f  SiO2) in 
the presence  o f  b ipyr id ine  at the init ial  ratios y = 
[Cu n] : [bpy] = 1 : 1 and 1 : 2 were s tudied by ESR 
and optical spectroscopy.  The  typical E S R  spectra are 
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Fig. 1. ESR spectra of the adsorbed complexes: SiO2--Cu It 
(1); SiO2--Cu(bpy)(2 , 3); SiO2--Cu(bpy)? (4) at 77 K (1--3) 
and 298 K (4). [Cull I = 2" 10 -5 (1, 2); 1.2-10 -4 (3); 
5.8" I0 -5 mol g-I of SiO 2 (4). The vertical corresponds 
to g = 1.981. 
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Table 1. Parameters of the ESR spectra of the Cu 1I complexes adsorbed on the SiO 2 surface 

Sample [Cu ll] �9 104 298 K 77 K 

/tool g-~ of SiO 2 A,! '~ gil ~ &b .411 ~ gll b g b 

Cu(ClOa)2 0.002 c l 1.7 2.424 2.092 
SiO2+Cu(C104) ~ 0.5 -- -- -- 12.3 2.389 2.079 
[SiO2+Cu]+bpy (1 : 1) 0.1 15.9 2.279 2.065 
[SiO2+Cu]+bpy (I : I) 0.2 16.1 2.280 2.067 d 16.0 2.280 2.066[ 
[SiO2+Cu]+bpy (1 : 1) 1.2 16.1 2.273 2.062 16.3 2.281 --  
[SiO2-,-Cu]+bpy (1 : 2) 0.2 [6.1 2.273 2.064 16.2 2.280 2.067 
[SiO2+Cu]+bpy (I : 2) t.2 16.3 2.272 2.070 16.3 2.276 --  
SiO2+Cu(bpy) 2~" 0.25 16.0 2.276 2.064 e 16.2 2.282 2.065 
SiO~+Cu(bpy)22* 0.2 14.6 2.255 2.080 

a Ai,+0.3/mT b (gil, g• c tool L - l  in a l : 1 MeOH--D20 mixture, d azN = 1.31+0.02 roT. 
e a ,~  = 1.294-0.02 roT. f a:  N = 1.454-0.03 naT. 

shown in Fig. l. The measured  parameters  are given in 
Table 1. The  ref lect ion spectra are shown in Fig 2. 

Analysis o f  the  E S R  spectra at 298 and 77 K d e m o n -  
strated that, regardless o f  the  procedure  for the prepara-  
tion of  {(-~SiO)2Cu} + n ' b p y  or  SiO 2 + Cu(bpy)n 2+ 
samples (where n = l or  2), these samples do not 
contain (within the exper imenta l  error  (<5%)) copper  
ions, which have no organic  ligands (bpy) in the coordi-  
nation sphere.  The  n u m b e r  of  paramagnet ic  [SiO,_-- 
CuU--bpy] ternary, su~ace  complexes  adsorbed on SiO 2 
is more than an order  o f  magni tude  higher  than the 
max imum n u m b e r  o f  paramagnet ic  {(~SiO)2Cu} ternary 
surface complexes ,  which  agrees with the  data obtained 
previously. 3 

When a solution containing copper  ions and bipyridine 
in the ratio o f  1 : 1 (in this solut ion in the absence of  
silica at pH  > 3, t he  Cu(bpy)  2+, Cu(bpy)22+, and 

Cu(H20)62+ complexes  occur  in t h e  equi l ibr ium in the 
ratio of  90 : 5 : 5%, respect ive ly  3) was added to a 
slurry of  silica, only Cu(bpy)  2+ c o m p l e x e s  were adsorbed 
on the SiO 2 surface. Absorpt ion f r o m  a solution con-  
ta in ing  Cu II and b i p y r i d i n e  in the  ra t io  o f  
[Cu II ] : [bpy] = 1 : 2 (in the s o l u t i o n ,  ~100% o f  
Cu(bpy)22+ occur)  3 gave a sample w h o s e  E S R  spect rum 
(see Fig. 1) is more typical of  a m ix tu r e  o f  complexes  o f  
several types rather than of  an ind iv idua l  ternary surface 
complex.  A decrease in the c o n c e n t r a t i o n  o f  the ternary, 
surface complex  on the surface to 2 - 10 -5 tool g-I  m a d e  
it possible to de termine  the pa rame te r s  o f  the second 
complex  {(~SiO)2Cu(bpy) 2} (see T a b l e  1). 

A comparison of  the pa ramete r s  of  the  ternary sur- 
face complexes  measured by us wi th  the da ta  reported in 
the literature (Table 2) demons t r a t ed  good  agreement  
within the exper imental  error. T h e  sl ightly lower values 
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Fig. 2. Reflection spectra of the samptes obtained after adsorption of the Cu(bpy) 2+ (1) and Cu(bpy)22~ (2) complexes on the SiOo 
surface (a); bipyridine on the surface of copper-containing silica at the ratios of 7 = 1 (1) and ,v = 2 (2) (b); and the absorption spectra 
of solutions of the Cu(bpy) 2§ (l), Cu(bpy)22+ (2), and Cu(bpy)32+ (3) complexes in a solution of NaCIO4 (0. I tool L -t)  (c). 
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Table 2. Parameters of the ESR spectra of the Cu t! 
complexes with bpy 

Complex A[! a ~i b g ~' 

{(~-SiO)~,Cu} 136.0 2.389 2.079 
{(=-SiO)2Cu(bpy)} 170.0 2.281 2.066 
{(=SiO)2Cu(bpy)2} 152.5 2.255 2.080 
{(-~SiO)2Cu} 4J4  139.0 2.380 2.080 
{(_~SiO)2Cu } 3 128.0 2.380 2.085 
{(~-SiO)2Cu(bpy)} 3 165.0 2.290 2.067 
{(~SiO)2Cu(bpy)2 } 3 150.0 2.259 2.073 
Cu(bpy) 2. 164.0 2.316 2.071 
Cu(bpy)2 ~-+ 156.0 2.275 2.074 
Cu(bpy)32+ 160.4 2.268 2.069 
Cu(bpy)2- t6 165.0 2.315 2.072 
Cu(bpy)22+ 16 !65.0 2.285 2.082 
Cu(bpy)3?+ 16 I61.0 2.271 2.073 

a (Au+3). 104/cm-~. b (g;i, gz )-0"005 

of  A~t and higher values ofgl{ (see Ref. 3) are most likely 
attributable to the inadequate accuracy of measurements 
of  the frequency of  the microwave field or accuracy of  
calibration of  the magnetic field. The substantially lower 
value of ~ in the case o f  the ternary surface complex O 
compared to that of the corresponding bipyridine com- 
plex in a solution is worthy of  note. This is indicative of 
some differences in the structures of these complexes 
affecting the electron density distribution, which is re- 
flected in the parameters  of the spin-Hamiltonian.  

Based on the data in Tables 1 and 2, three conclu- 
sions can be made. First, the parameters of the ESR 
spectra of the {(~SiO)2Cu(bpy). } complexes measured at 
298 and 77 K coincide within the experimental error. 
Second,  the shape  of  the ESR spect rum of  the 
{(---SiO)2Cu(bpy)} ternary, surface complex and, conse- 
quently, its structure are independent of the way of its 
formation on the surface. Third, the ESR spectrum of 
the sample obtained after adsorption of bipyridine on 
the silica surface from a solution containing a twofold 
excess of bipyridine with respect to copper ions demon- 
strated that in this case no noticeable amount of the 
{(-=SiO)2Cu(bpy)2} terna D' surface complex was observed. 

Therefore, the two different methods of preparation 
of ternary surface complexes  of  copper  ions with 
bipyridine fbrmed on the SiO 2 surface (when -f = 1) 
gave samples with identical structures (Scheme 2). 

Scheme 2 

SiO 2 

SiO 2 + (Cu 2+ .+ bpy) 

4- OH2+ ..--.-,~ ((~SO)2CiJ} + b p y / ~  
{(~SiO)2Cu(bpy) } 

This is also confirmed by the fact that the UV reflection 
spectra of the ternary surface complexes prepared by the 
two procedures are identical (see Fig. 2). 

Adsorption of the Cu(bpy)22+ complex on the silica 
surface from a solution gave the ternary surface com- 
plexes of  two types,  t (~SiO)2Cu(bpy)} (4) and 
{(=-SiO)2Cu(bpy)2} (5). In this case, the amount  of  the 
second complex is substantially smaller, as was men-  
tioned previously. 3 [n the case of adsorption of bipyridine 
on the surface o fS iO 2 modified with copper ions (at :, = 
2), we failed to detect the ternary surface complex of 
type 5. The formation of  this ternary, surface complex 
after adsorption of bipyridine on the copper-conta ining 
silica surface from a solution is hindered, which is 
confirmed by optical spectroscopy. Figure 2 shows the 
reflection spectra of the ternary, surface complexes ob- 
tained after adsorption of  the available Cu(bpy) 2+ and 
Cu(bpy)22+ complexes from solutions (see Fig. 2, a). 
the reflection spectra of the terna~' surface complexes 
obtained after adsorption of  bipyridine on the surface of  
copper-containing SiO 2 at "t = 1 and 2 (see Fig. 2, b), 
and, lbr comparison, the absorption spectra of  the 
Cu(bpy),  2+ complexes in a solution (see Fig. 2, c). As 
can be seen from Fig. 2, an increase in the number  of 
the coordinated bipyridine molecules is accompanied by 
a decrease in the intensity of  the long-wavelength band 
(k = 310 nm). The analogous decrease in the intensity 
of this band is also observed in going from one sample to 
another, which were prepared by the adsorption of 
Cu(bpy) 2+ and Cu(bpy)22", respectively, on the SiO 2 
surface. The change in the intensity of the long-wave- 
length band of the samples obtained after adsorption of 
bipyridine on the copper-containing silica surface is 
substantially smaller. 

Apparently, adsorption of the Cu(bpy)? 2+ complex,  
which was preliminarily synthesized, on the silica sur- 
face proceeds more readily than introduction of  the 
second bipyridine molecule into the coordinat ion sphere 
of the {(~SiO)2Cu(bpy)} complex, which requires the 
substantial rearrangement of  the structure of  the ternary 
surface complex from 4 to 5 (Scheme 3). The most 
probable structures of the resulting ternary surface com- 
plexes can be represented as follows: 

Scheme 3 

r 
~ 

4 5 

Structure 4 for the {(-=SiO)2Cu(bpy)} ternary, surface 
complex is additionally supported by the presence of the 
hyperfine splitting of  the high-field components  of  the 
ESR spectra of  this complex due to the interaction 
between the unpaired electron and the 14N atoms of  the 
bipyridine molecule (see Table I) since it is known 17 
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that the hyperfine structure manifests itself only when N 
atoms are located in the equatorial plane of the coordi- 
nation polyhedron about CuII, and it is absent when 
N-containing ligands occupy axial positions. Structure 5 
was first suggested for the {(~-SiO)2Cu(bpy)2} complex in 
Ref. 3. 

.~Ma increase in the concentration of complex 4 on the 
surface leads to a noticeable broadening of the compo- 
nents of its ESR spectrum (see Fig. 1) owing to mag- 
netic dipole-dipole interactions between the paramag- 
netic centers. The average distance <r> between the 
complexes can be determined from the value of this 
broadening 5H measured at 77 K (when the complexes 
are immobile) using the known equations for the case of 
the equally probable (random) distribution of paramag- 
rlets: 15 

5H = ~ H -  '~Ho = A. c; <r> = c -'/3, 

where AH is the width of the individual uniform ESR 
line, zXH 0 is the width of the line in the absence of the 
dipole-dipole interaction, c is the local concentration of 
the paramagnet, and A is the coefficient, which depends 
on the character of the spatial distribution of the para- 
magnetic centers in the sample and on the shape of the 
individual line. The numerical values of A were reported 
in the literature for many cases t5 and are confirmed by 
the abundant experimental data. For the Lorentz shape 
of the lines (random distribution) for nonequivalent 
spins, A = 5.4" I0 -2~ Gs cm -3 in the case of the line 
width between the points of the maximum slope. 

The estimations made demonstrated that the average 
distance <r> between the adsorbed complexes decreases 
from 3.5_+0.4 to 1.4+0.I nm as the concentration of 
Cu II changes from 2" 10 .5 to 1.2" 10 .4 mol g-I of 
SiO 2. The obtained values seem to be quite reasonable. 
Actually, the surface area of silica used is ~300 m 2" g- l ,  
i.e., at the above-mentioned concentration of copper, an 
average area of 25.0 and 4.17 nm 2, respectively, corre- 
sponds to each ion, and the average distance between 
ions should be no more than 5.0 and 2.0 rim, respec- 
tively. 

The SiO2+CuH+~-picol in ic  acid  system. The  study 
of this system was of great interest because the main 
difference between c~-picolinic acid and electroneutrat 
bidentate ligands (for example, bipyridine) is its negative 
charge at pH > 2. 

In aqueous solutions (pH > 2) of NaC104 (0.1 M) 
containing Cu II and picolinate ions in the ratio of ;, = 
1 : 1 in a wide concentration range in the absence of 
silica, the Cu(pic) + (65%, logK l = 7.95), Cu(pic) 2 
(17.5%, log~2 = 14.95), and Cu(H~O)62+ (17.5%) com- 
plexes (K 1 and [3~ are the corresponding stability constants 
of the complexes 3 and of the picolinate anion of 
~-picolinic acid) occur in equilibrium. In a solution con- 
taining Cu(C104)2 and picolinic acid in the ratio of 1 : 2, 
the concentration of Cu(pic)~. is ~100% at pH > 4. 

The UV reflection spectra of the samples obtained 
after adsorption from solutions with the ratios v = 1 

and y = 2 are virtually identical (as well as in the case 
of individual complexes in solutions),  whereas the vis- 
ible regions of these spectra are different. The d - - d  
transition band occurs at 720 and 690 nm for the 
{(-=SiO)mCu(pic) } and {(-=SiO)mCu(pic)2} samples, re- 
spectively. This indicates that the coordination sphere 
about the copper ion in the second complex contains a 
larger number of N atoms than in  the first complex, is 
The total amount of the copper complexes adsorbed 
from a solution with ~, = 2 is several times smaller than 
that in the case of adsorption from a solution with the 
ratio of 1 : 1 at equal initial concentrat ions of copper 
perchlorate and picoIinic acid. We failed to obtain 
samples of picolinate anions adsorbed on the surface of 
SiO 2 containing copper ions. When a solution of picotinic 
acid at pH 6.5 was added to a slurry of the copper- 
containing silica, the samples virtually did not contain 
picolinate anions on the SiO 2 surface. Analysis of equi- 
librium solutions demonstrated that  Cu It ions were vir- 
tually completely desorbed (>80%) from the silica sur- 
face to the solution with picolinate anions. Apparently, 
this is associated with the fact that  the Cu II complexes 
with a picolinate anion in solutions are thermodynami- 
cally more stable than the corresponding ternary surface 
complexes because the "formation of  the latter complexes 
is determined by competition for metal  ions between the 
ligands in a solution and the surface groups of the oxide 
carrier. 9 

The major data on the structures of the ternary 
surface complexes of Cu II ions wi th  picolinate anions 
were obtained by ESR spectroscopy. Figure 3 shows the 

20 mT 

i I 

I 
z I ,  / / _ 

4 2 

Fig. 3. ESR spectra of the adsorbed SiO1--Cu(pic)* ( l, 3) and 
SiO2--Cu(pic)2 (2, 4) complexes at 298 K. [Cu If] = 10 .4 (1, 
3) and 10 -s mol g-I of SiO 2 (2, 4); (3, 4) are the low-field 
components of spectra I and 2 at the large amplification. The 
verticals belong to the Mn 2+ in MgO used as the standard. 
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Table 3. Parameters of the ESR spectra of the Cu II 
complexes with Hpic at 298 K 

Complex A!la ~! b g , fl 

{(~-SiO),Cu(pic)} 159.0 2.304 - -  

180.0 2.245 - -  

{(~SiO),Cu(pic)} c 155.0 2.304 2.065 
{(~SiO)nCu(pic)} d 165.0 2.308 2.065 
{(zSiO),Cu(pic)2 } 179.4 2.243 2.066 
{(~SiO),Cu(pic)7}c 179.0 2.240 2.061 
{(-~SiO),Cu(pic)} 3 155.0 2.318 -- 
{(~SiO)~Cu(pic)21 3 180.0 2.255 - -  

Cu(pic)+ 19 160.5 2.332 2.070 
Cu(pic)2 19 178.0 2.259 2.059 
Cu(pic)3- 19 165.0 2.284 2.059 
Cu(pic)+ z0 162.0 2.332 
Cu(pic), z0 175.0 2.261 -- 

,, (All+__3) . 104/cm-i. b ~,,I, g• c Another silica 
series, a At 77 K. 

ESR spectra of the samples obtained after adsorption of 
the complexes on SiO 2 from solutions containing Cu II 
and picolinic acid in tile ratios of 1 : 1 and 1 : 2. It can 
be seen that, in both cases, ternary surface complexes of 
two types occur on the surface, whereas the {(-SiO)2Cu II} 
complexes, which do not contain picolinate anions, are 
absent. It is interesting that the distribution of the 
ternary surface complexes containing one and two 
picolinate anions remained unchanged as the concentra- 
tion of the adsorbed C u  II ions changed by an order of 
magnitude (from 0.2 to 2.0- 10 -4 tool g-I). The data in 
Table 3 demonstrated that the ternary, surface com- 
plexes observed are actually adsorbed complexes of the 
above-mentioned composition. As in the case of the 
copper complexes with bipyridine, the adsorption of the 
Cu(pic), complexes on SiO 2 leads to a substantial de- 
crease in the value of gl with a fixed value of Ail com- 
pared to the corresponding complexes in solutions 
(Table 3). 

Analysis of the components of the ESR spectrum, 
which correspond to the parallel orientation of the Z axis 
of the complexes in the magnetic field (see Fig. 3), 
made it possible to determine the portion of ternary 
surface complexes of each type with an accuracy of 
_+ 10%. At 298 K, the sample obtained at the initial ratio 
of I : I contained 59% of the {(=SiO)~Cu(pic)} com- 
plex and 41% of the {(=-SiO),~Cu(pic)2} complex (74% 
and 26%, respectively, for another analogous series). 
The samples obtained at the ratio of 1 : 2 contained 
38% and 62% of these complexes, respectively (27% and 
73% for another series). 

When the temperature at which the spectra were 
recorded was decreased from 298 to 77 K, the ESR 
spectrum changed substantially. These changes are asso- 
ciated with a decrease in the amount of the ternary. 
surface complex containing Cu(pic) 2 and an increase in 
the amount of the {(-~SiO)~Cu(pic)} ternary, surface corn- 

plex. This is is indicative of deep stru~ural rearrange- 
ments in the system. Studies of the mechanism and 
thermodynamics of this process are in progress. 

The probable structures of the ternary surface 
complexes containing pieolinate anions is shown in 
Scheme 4. 

S ch eme  4 
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Structure 10 of the Cu(pic)2 complex determined by 
X-ray structural analysis zl is shown in Scheme 4 for 
comparison. This structure is characterized by the trans 
arrangement of the O and N atoms of two ligands in the 
equatorial plane of the complex. 

Structure 6, which corresponds to the electroneutral 
complex, scems to be the most probable for the 
{(---SiO),Cu(pic)} complex because this ternary surface 
complex is most stable although its stability should be 
substantially lower than that of the {(-SiO)2Cu(bpy)} 
complex (4) due to the smaller contribution of the 
Coulomb interaction between the Cu(pic) § cation and 
dissociated silanol =-SiO- groups of the surface com- 
pared to that of Cu(bpy) 2.. 

In the ESR spectrum of structure 7, the triaxial 
anisotropy of the parameters of the spin-Hamil tonian 
should be observed, and the values of NI and A!I should 
differ noticeably from those of the vitrified solutions of 
Cu(pic)~ due to the substantial deviation from the struc- 
ture of a slightly elongated octahedron 10. This is not 
the case with the {(-=SiO)~Cu(pic):} complex (see 
Table 3). Therefore, the formation of the structure of 
type 7 is unlikely for the last-mentioned complex. Struc- 
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ture 8 seems to be most probable for this ternary surface 
complex. In principle, structure 9 is also possible for 
silica with the developed surface used in this work. The 
possibility of the formation of ternary surface complexes 
in which Cu(pic)? are bonded to the surface only through 
H bonds between donor atoms of the ligands and undis- 
sociated --SiOH groups of the surface must not be ruled 
out. This structure has been proposed previously for the 
Cu(pic) 2 complex 3 and for the amino acid (Aa) com- 
plexes of copper, Cu(Aa) 2, on the AI20 3 surface, z2 This 
suggestion accounts also for the close values of the 
parameters of the {(-=SiO).Cu(pic) 2} ternary surface com- 
plex and the Cu(pic) 2 complex in a vitrified solution 
(see Table 3). 

Therefore, the systems with a-picolinic acid are 
substantially tess stable than the ternary surface com- 
plexes with bipyridine. Actually, in the SiO2--CulI--bpy 
system, 90--95% of complex copper ions Cu(bpy)n ~-+ 
were adsorbed at pH > 6, whereas in the case of the 
SiO~--CuH--Hpic system, the adsorption of the copper 
complexes under these conditions was no more than 
30%. Apparently, the Coulomb factor plays a role due to 
the difference in the charges of the ~"- Cu(bpy)n- ,  Cu(pic) +, 
and Cu(pic) 2 complexes. 

When ligands were coordinated by copper ions 
{(~SiO)2Cu} that have been preliminarily adsorbed, only 
the I : I ternary surface complexes formed. In both 
cases (with both ligands), the coordinatively more satu- 
rated ternary surface complexes are formed only in the 
case of adsorption of the Cu(bpy)2 2- and Cu(pic)~ com- 
plexes from solutions on the SiO 2 surface. The composi- 
tions and the structures of the {(-=SiO)2Cu(bpy)n} com- 
plexes are temperature independent,  whereas in the 
{(--=SiO),~Cu(pic)~} complexes, the coordination spheres 
of the adsorbed complexes undergo rearrangement as 
the temperature decreases. 
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