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ABBREVIATIONS 

Table I 

PY 
bipY 
Pb@n 
fJ=PY 
pit 

pyridine 
2,2’-bipyridine 
l,lO-phenonthroline 
2,2’,2”-terpyridine 
picolinate ion 

: 172 173 
. 175 
* 179 
- 180 
* 184 
. 184 
. 186 
. 186 
* 167 
. 187 
. 189 
_ 190 

_ 191 
. 193 
. 193 
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lliC 

isonic 
ipkH* 

cinchHz 
isocinchH, 
IutH, 
dipicH, 
isoquin-l-COO 

PYZ 
pyzcoo 
PPDE and MPDE 

Table 2 

(iso-C3H7 I2 NC.& 
DPME and EPDE 

Table 3 

OEP, TPP and TPPS 

Table 5 

enbisbig 

A. INTRODUCI’ION 

nicotinate ion 
isonicotinate ion 
quinohnic acid 
cinchomeronic acid 
isocinchomeronic acid 
lutidinic acid 
dipicolinic acid 
isoquinoline-1-carboxylate ion 
pyrazine 
pyrazine-Z-carboxylate ion 

see substituted porphyrins in Fig. 8 

N,N-diisopropyl-dithiocarbamate ion 
see Fig. 8 

see Fig. 8 

ethylenebis(biguanide) 

Bi- and trivalent siiver ions are rather unstable due to the powerful oxidizing 
nature of these T!.,ns in solution. This is reflected by the fact that only very 
electronegative groups such es fluorine form simple binary compounds (e.g. 
AgF2) with Ag(I1 i_ Similarly, species such as the periodates bind with Ag(II1) 
to form complex compounds. These unfamiliar oxidation states of silver 
are strongIy stabilized by coordination with organic iigands, most notably 
the nitrogen-containing heterocycles such as the pyridines, polypyridines 
and derivatives, and the macrocycles. Here we review the chemistry of these 
silver(H) and silver(III) complexes with particular emphasis on recent struc- 
tural elucidation and bonding studies on these complexes. Although previous 
review articles [ 1,2] (biblio~aphies incfuded in these reviews are complete 
only to Dec. 1961) gave account of compounds of silver(H) and silver(III), 
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treatment of the subject was limited mostly to methods of preparation and 
magnetic susceptibility measurements. With recent additional structural in- 
formation from X-ray studies and data from electron paramagnetic resonance, 
X-ray photo-electron and UV-visible and diffuse reflectance spectroscopy, 
much more is known about the chemistry of bi- and trivalent silver complexes. 
This review is extended to include complexes of macrocyclic ligands such as 
the porphyrins and tetraaza ligands. 

B. ORGANIC COMPLEXES OF SILVER(II) 

Generally, one of the following procedures can be used to prepare hetero- 
cyclic amine-silver(II) complexes. These complexes normally exhibit four 
coordination. Recently, however, hexa-coordinate complexes have also been 
prepared using method (i) described below_ 

(i) Ammonium or potassium persulfate oxidation of a cold aqueous silver 
nitrate solution with excess ligand present. The low solubility of these salts 
in aqueous solution allows the easy isolation of the compounds usually as the 
persulfate salts. This is perhaps the most common method used for the 
following ligands: pyridines, polypyridines, o-phenanthroline, pyridine-mono- 
carboxylic, dicarboxylic, and tricarboxylic acids. Replacement of the per- 
sulfate ions with nitrate. bisulfate, perchlorate, or chlorate ions has been 
achieved. 

(ii) Anodic oxidation of a solution of silver nitrate containing an excess of 
ligand in a divided cell. 

(iii) Oxidation of the corresponding silver(I)-complex with a powerful oxi- 
dizing agent such as ozone provided the ligand is not attacked by the oxidizing 
agent. In one case, silvex(II) oxide dissolved in concentrated nitric acid mixed 
with a solution containing the ligand (bipy or o-phen) yielded the described 
product. 

(iv) With certain free porphyrin bases [33 and tetraaze ligands [4], the 
silver(II)-complexes could be obtained directly from the silver(I) and the 
macrocyclic amine solution. Apparently a disproportionation reaction occurs 
when silver(l) salts are mixed with the macrocyclic amines. 

2 Ag’ + L = AgL=* + Ago (1) 

The solid compounds of many coordinated silver(II)-complexes Cl] are 
highly crystalline powders and may vary in color from yellow to dark red. 
They are usually hydrated and are sparingly soluble in water. Many of these 
compounds are powerful oxidizing agents and have been employed in organic 
synthesis work in the oxidation of alcohols, aldehydes, amines [ 51, and 
decarboxylation of acids [ 61. Invariably, magnetic susceptibility measurements 
on these 4dg systems show an effective magnetic moment per silver atom near 
-1.8 BM, strongly suggesting quenched orbital angular momentum and spin- 
only paramagnetism. Magnetic data for complexes of silver(E) are listed in 
Table 1. 
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TABLE 1 

Magnetic susceptibilities, effective magnetic moments, and Curie-Weiss constants of 
Ag(TI) complex compounds at - 298 K 

Ag(II) compounds &&KM) Curie-Weiss Ref. 
constant (” K) 

A~Y4@Z08) 

Ag(3-~ww)4(S2Od 

&f4-Me-wf@2W 

~A~~~~)~]~~_ 

NOF~ ’ 

NO; 
Cl05 

CiOZ 
F,C!SO~ 

AgbiPYzfSzCa) * H20 

&2WydS2W2 

&?P~en2(S2Os) 

IAg(terpy)(C103)lC103 
&(tewy)(WAd * JW 
[ Ag( terpy), JSaOa . 3 H20 

Ag(pic), 
A~ztnic)2 

Ag(isonic)a - Hz0 

Ag(quinH), - 2 Hz0 
Ag(cinchHj2 - Hz0 
Ag(isocinhH)z 
Ag(lutH)z - 2 Hz0 
Agjdipic)(dipic&) - 4 Hz0 

. H,O 
Ag(py-2,4,6-(COO)a) biack 

brown 

&!(~~-%4,5-(C00)3) 
Ag(dinic)( terpy) - 4 Ha0 

Ag(dipic)(bipy) a 3 Hz0 
Agfdipic)(phen) - 7/Z f&O 
AB(diPicH)(terPY)(SzOa)o.s * 2 ff20 

Ag(pic)(terpy)(S20a)o.S - 2 x20 

As(suinH)(terpy)(s2oa)o.s 

Ag(lutH)(terpy)(Szo,)o.s - I-W 

Ag(isocinchH)(terpY)(&,Os)a.s 
Ag(isoquin-l-COO)2 

Ag(pyz)zS,Ca 
Ag(PYzCCC)t 
Ag(f)zAg(Irf(pYz-~,3-(COO)2)2 
AgPPDE 

AgMPDE 
(Ia) a 
(lb+) = 
{III) = 

(IV) = 

1.71-1.78 
1.74 
1.74 

1.82 
2.12 

2.12 
2.08 
2.29 

1.94 
2.04 
1.84 
1.85 
1.85 
1.87 
1.83 
1.67, l-7=4 
1.81, 1.60 

1.80, 1.74 
1.79,1.74 
1.78, 1.71 
1.81, 1.64 
1.74 (1.75) 

1.75 
1.82 
1.83 
1.73 
2.14 

1.88 
1.69 
1.82 
2.04 
1.82 
1.89 
1.91 

1.81 
1.61 
1.79 
1.76 
l-87 

.0.8 
2.2 
1.95 

1.81 
1.96 

(26 ?) 

+10 
1-52 (+42) 
+10 

+4 
+4 
+s 

0 

+84 
+8 
+2 

88,31,89,90 
15 
15 

88,SO 
89 

21 

89 
89 
21 
91 
89 
91 
91 
35 
35 
38,36 
38.3645 (43) 
38,36 
38,45 
38,45 

38,45 
50.45 
38,45 
38 

56 
56 
56 
51 
51 
51 
51 
51 

ii: 
51 
50 

52 
52 
52 

92 
66 

4 
4 
4 

4 

a See Fig. 10. 
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(i) Fyridine and polypyridine complexes of Ag(II) 

This was first prepared as a per&fate saft (X = 172 S,Oi-) by Barb&xi [7]. 
The corresponding nitrate salt {X = NO;) can also be prepared by anodic 
oxidation. These compounds are orange or orange-red crystak depending on 

TABLE 2 

Principal values of the g-tensor from EPR studies of Ag(XI) complex compounds 

Ag(H) compound Medium LL gY g.2 Ref. _ 

&w&W Diluted with Cdpy&&Os) 2.04 a 
Diluted with Cdpy&SzOs) 2.06 a 
Solid 2.049 2.098 
Solid 2.044 2.089 

truns-Agpyz(NOs)z Frozen HN03 solution, 77 K 2.050 a 
Solid, 77 K 2.035 2.062 

AgbipY&WW Solid 2.032 a 
Aq. solution 2.045 = 
Frozen HNOJ solution, 77 K 2.047 a 
Solid, 77 K 2.047 a 

AgbipYs(NW2 Solid 2.037 2.047 
Agbiprz(C]O& Solid 2.045 a 
Agbipyz(ClW2 Solid 2.034 2.065 
Ag,biPYs(SzDs)z Solid 2.040 2.056 
&~he~&LW Solid 2.046 
&(pic]p Solid 2.04 a 

Solid 2.044 2.072 
Ag(nic)z Solid (g) = 2.05 
Ag[(iso-CsH,)sNCS2], Frozen C,.& solvent 2.011 a 
(Ia) Polycrystalline sample at 

room temperature 2.058 s 
(Da) Pofycrystalline sample at 

room temperature 2.038 a 
(HI) Polycrystsiline sample at 

room temperature 2.07 a 
Ag(DPDE) CC14 ambient temp. 2.03 a 
Ag(MPDE) Acetone (77 K) or 

Ag( DPDE) 
1-chloronaphthafene (77 K) 2.03 a 
Acetone (77 K) or 2.03 a 
l-chloronaphthalene (77 K) . 

Ag(EPDE) Acetone (77 K) or 2.03 a 
1-chloronaphthalene (77 K) 

Ag(phthaIocyanine) Polycrystalline 2.017 a 
77 K, I-chIoronaphthalene 2.017 a 

2.18 12,8,13 
2.16 9 
2.148 10 
2.158 11 

2.Y.78 
2.187 

2.164 
2.129 
2.210 
2.184 

16 
16 

'10 
21 
29 
29 

2.168 
2.169 
2.172 
2.176 
2.168 
2.13 
2.244 

10 
10 
10 
3.0 
10 
32 
10 
43 
60 2.035 

2.11 _ 4 

2.095 4 

1.997 4 

2.10 68 

2.107 69 
2.106 69 

2.104- 
2.107 
2.093 
2.093 

69 

26 
26 

a Sy~etri~ magnetic compXexgl = gr = gY {only gr value wiU be listed) and gfi = g, _ 
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the anions. EPR studies of diluted and undiluted [ Ag(py), ] S,_ O8 are con- 
flicting. Gijsman et al. [S] found axial symmetry for the diluted salt (Ag : Cd 
= 1 : 20.3) with gL(& = g,) = 2.04 and glf (9,) = 2.18 very close to those re- 
ported by Garif’yanov et al. [9 1, Apparently conflicting results obtained by 
McMillan and Smaller [lo] and Johnston and Hecht [II] on pure solid 
[Ag(py), ]S208 disclosed strong g-anisotropies (Table 2). In all instances 
(except ref. 9) no hyperfine features have been reported. However, Buch’s 
[12] EPR studies at 77” with polycrystalline solid solutions of [Ag(py)4]- 
S,C, and fCd(py)slSZC, at Ag : Cd = 1 : 100 reveal hyperfine structure 
and axial symmetry with earlier quoted g values [8]. With increasing Ag 
concentration the hyperfine structure is obliterated by line broadening and 
gives a spectrum which can be interpreted with a rhombic g-tensor as re- 
ported in ref. 10. Hecht and Frazier Ll3], restudied the system and obtained 
both types of spectra. They offer a tenable explanation that the removal of 
axial symmetry is very likely due to distortions of the complex ions them- 
selves in the particular way they are packed in the lattice. However, in the 
diluted solid solution, it might be argued that Ag(py)g* prefers the square 
planar configuration in a cadmium complex environment, which will likely 
be tetrahedral. The square planar configuration for Ag(py)z+ is supported by 
electronic absorption maximum data, -22.0 [ 131 and 20.4 kK [14], of the 
persulfate salts. The d-d band is at an energy much too large for the cor- 
responding tetrahedral complex which is expected to absorb at lo-12 kK. 
The silver hyperfine coupling constants calculated assuming the pyridine 
ligands in a square planar arrangement are as follows 

AUAg= 42.4 Al,, =19.2X 1Oe4 cm-’ f13] 

Complexes of silver(H) with 3- or 4-methylpyridine have been prepared 
and magnetic moments reported indicate spin-only paramagnetism [15]. 

The EPR spectrum of Ag(py)z’ in frozen nitric acid solution at 77” ex- 
hibits silver hyperfine and nitrogen super-hyperfine structures [ 161. The 
model adopted by the authors is that of a silver ion coordinated to two 
nitrogen atoms opposite to each other along the z axis. The axial symmetry 
determined for the frozen acid solution yielded gL = 2.050 2 0.001 and gn = 

2.178 rt 0.001. However, a slight orthorhombic symmetry with g-anisotropy 
was obtained for the polycrystalline solid (Table 2). The experimental values 
are consistent with the silver d,t orbital occupied by the hole in an oblate 
tetragonal octahedron. The hole is partially transferred to a nitrogen hybrid 
orbital. The C-N-C angle calculated is 131*, in fairly good agreement with 
an Independently estimated value of 126” 1161. 

Red-brown crystals of bis(2,2’-bipyridyl) silver(H) salts have been pre- 
pared by persulfate, anodic and ozone oxidation with X = l/2 f&O;-, 
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HSOi, NO;, ClO;, or ClO, [17--201. The nitrate salt decomposes at 174”) 
whereas the recent!y reported F,CSO$ salt decomposes at 200-210”. 
Thorpe and Kochi [Zl] have confirmed that these complexes contain 
two bipyridine hgands and not three. A powerful oxidant, the redox poten- 
tial for Ag(bipy)~~/Ag(bipy)~ h as b een reported to be 1.453 V 1221 with a 
temperature coefficient of 0.0012 V deg-’ [ 231. Bulk magnetic susceptibih- 
ty measurements for compounds with X = NO;, ClO;, CIO,, and [Agz(bipy),] - 
(Sa08)2 have revealed magnetic moments at 2.04-2.29 BM, higher than the 
orbitally quenched spin-only value for the dg system. Ah of these sohds 
show strong g-anisotiopies (Table 2). The electronic spectrum of aqueous 
Ag(bipy)z* shows an absorption maximum at 22 kR with several values 
reported for the extinction coefficients; 2160 f 40 [24],1980 2141 and 
1600 1251 1 mar’ cm’. Banejee and Basu [143 report the d-d band for this 
complex composed of three transitions expected from a dg square plane 
structure. 

EPE of an aqueous solution of [Ag(bipy)z ] (NO, )2 shows a partially m- 
soived hyperfine structure of eleven lines equally spaced in an almost iso- 
tropic spectrum [21]. This allows a direct comparison with Ag(I1) constrained 
in the cavity of porphyrin [26] and does suggest that in aqueous solution the 
Ag(bipy)%’ must be coordinated to the four pyridyl nitrogen atoms of the 
two bipyridine ligands. 

A recent X-ray diffraction study on a [Ag(bipy)z] (NO,), - Hz0 single 
crystal has shown that the silver atom is strongly coordinated to all four nitro- 
gen atoms of the bipyridines with two bridging NO; groups at 2.78 and 2.82 
i% completing the coordination [ 27 J (Fig. 1). One of the bipyridine ligands 
is planar and the other non-planar. A dihedral angle of 7” between planar 
individual pyridine groups is observed. The plane described by the silver 
nuclei and the nitrogen atoms of the non-planer unit makes a dihedral angle 
of 28” with the planar unit. The N-Ag-N bond angles are -77”. Nitrate 
bridging has also been shown in the dinitratobipyridyl-silver(I1) [ 281. 

Fig. 1. Structure of b~(2,~-b~pyridyl)silver(II) nitrate monohydrate. 
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EPR studies of Halpem et al. [29] of solid and frozen nitric acid solution 
of [Ag(bipy),‘f (NO,), have been interpreted with Ag(l1) coordinated to four 
nitrogen atoms in the solid. Meanwhile, the solution’s hyperfine and supar- 
hyperfine structures also show quite conclusively Ag(f1) coordination with 
only two N atoms. The square planar model adopted involves coordination 
with two pyridyl nitrogens and two solvent oxygens in alternate sequence. 
This alternate arrangement on the square plane is quite different from the 
tram arrangement along the z axis of the [ Ag(py 1, ] (NO3 jz . The square planar 
configuration is supported by the silver hyperfine coupling constants 
lAa(Ag)l = 42.2 r-t 0.1 G, IAl( = 26.0 * 0.16 G. The lowest energy level 
for the hole in the d shell is ~!~2-~2 and not in the d,2 orbital as in an ablate 
octahedron. The hole has been determined to be quite highly delocalized. 

The EPR spectrum of [Ag(bipy)2] (NO,& in aqueous solution shows coor- 
dination with four nitrogen atoms 1213, whereas in frozen HNO, at 77 IC 
only two N atoms are bonded [29]. This discrepancy could be due to proto- 
nation of a bipyridine and dissociation of the ligand. 

Ag”(bipy)g’ + II’ = Agn(bipy)2’ + bipyH+ (2) 
However, such reaction would produce an Ag(II)(bipyj2” complex of two 
nitrogens at cis positions in the square plane, contrary to the trans model 
adopted by Halpem et al. [29]. A recent kinetic study on the reduction 
of Ag(bipy)s’ by H202 in aqueous solution shows a sigmoidal pH kinetic 
dependence which can be explained with the incorporation of the following 
reaction [24]. 

Ag(II)(bipy),7’ 4 2 lF = Ag(II)(Hbipy)~’ (3) 
The protonated complex subsequently undergoes reduction by H202. Such 
a species would probably account for the model proposed for the complex 
in the frozen acid solution with coordination to two nitrogen atoms alternate 
with two solvent oxygens 1291. 

Several methods have been used to prepare this complex with X = If 2 
SzC& NO;, ClO;, or HSO,’ [30,31]_ The red-brown salt is very insoluble 
in water, much more so than the bis(bipyridyl)silver(IX). EPR studies in- 
dicate axial symmetry with gu = 2.168 and g, = 2.04 [32]. It seems likely 
that the hole in the 4d. subshell is delocalized to the surrounding N atoms. 
Electronic spectra show strong absorption at 350-400 nm, an indication of 
a dg square planer structure 1333. We have examined the W spectrum of an 
aqueous solution of Ag(phen)i+ in excess Kz Sz 0s and found two shoulders 
at 322 and 306 nm. The redox potential has been reported to be 65 mV less 
than the corresponding Ag(bipy)$‘/Ag(bipy)g couple [34]. 

Previous preparation always yielded the mono-2,2’,2”-terpyridine com- 
plex of silver( II), Ag( terpy)Sz 0s - Hz0 or [ Ag(terpy)X] X, where X I= 
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NO;, ClO;, ClO; 1201. Recently, the dark brown b&complex, the titled 
compound, has been prepared with excess iigand concentration (molar ratio 
L ; Ag = 2.5 : 1) f35f. The IR spectra of Ag(terpy)SzOs - Hz0 and the 
bis-complex show characteristic water bands centered at 3360 and 3250 cm-’ 
for the menu and broad water band at -3480 cm-’ for the bis. The bis-com- 
plex electronic absorption spectrum also shows a broad ligand field band at 
15.6 kK in addition to the -21.6 kK charge transfer band, whereas the mono- 
complex possesses only the -21.6 kK band. This difference suggests that the 
bis-complex is hexacoordinated, whereas the mono-complex has a tetracoor- 
dinated square planar configuration. Further evidence is provided by the X-ray 
photoelectron spectra; the binding energies of the silver 3d,,,,5,z levels move 
to lower energies in the bis-complex. 

3d,,2 374.5 eV 
373.4 

3&/z 368.4 eV 
361.2 

A hexacoordinated Ag(N, ) type would have negative charge build-up at the 
metal center, resulting in a decrease in metal core binding energies compared 
to the tetracoordinated Ag(NJO) type. 

fii) Pyridine ~onocar~oxylic acid complexes of Agfil;) 

Agfpic),, Ag(nic)z and Ag@sonic), l Hz0 
The positions of the carboxylate groups in the pyridine rings for picolin- 

ate, nicotinate and isonicotinate ions are 2-, 3-, and 4-, respectively. These 
neutral complexes have been prepared by the method of persulfate oxida- 
tion f&36--381. B~(picolinato)s~ver(II~ is orange-red, whereas bis(nico- 
tinato~s~ver(II) and bis(~o~cot~ato)s~ver(II) are cinnamon-red or orange- 
brown powders. Infrared absorption spectra of these complexes show the 
-1700 cm-” asymmetric carbonyl stretch of the free -COOH group shift- 
ed to -1630 cm-l in the complexes characterizing the silver-carboxylate 
bonding of the following structure 138,391. These compounds are of neutral 

charge and are insoluble in most solvents, suggesting that the -COO- group 
serves both to neutralize the charge on the silver ion and to fit1 in the coordi- 
nation space. Par-IR spectra have also confirmed the presence of silver-ni- 
trogen bonds 1401. 

The .X-ray powder patterns have been obtained with all three compounds 
(38,41,42], but the structures cannot be completely elucidated based on 
these patterns. Single crystals could not be prepared by these authors. 
A square planar configuration for Ag(picjz has been assigned based on the iso- 
morphism of Ag(II) and Cu(II) bis(picolinato) complexes [42]. Additional 



180 

support comes from the diffuse reflectance spectra of these complexes. All 
have absorption .maxima at values -25 kK and higher in agreement with 
other known square planar Ag(I1) complexes f36f (Table 3). The structure 
of Ag(pic& is shown in Fig. 2. X-ray powder data on Ag(nie), and 
Ag(isonic)z lead to several proposed polymeric structures for these square 
planar complexes and none appear to be very conclusive [36,38,41]. 

Magnetic moment measurements as a function of temperature show that 
with the exception of Ag(nic)lL, the compounds obey Curie-Weiss behavior 
from 83 to 309 K with a Weiss constant 8 f 10 K. Only Ag(nicjz shows evi- 
dence of antiferromagnetic interaction with 8 = 52 K 1381. Eckberg and Hat- 
field [ 431, however, reported a @ of 42 K. Since only one compound 
[Ag(py)g ] &OS has been known to follow Curie law down to 1.6 K [ 8 1, 
the magnetic susceptibility of Ag(nic), was reinvestigated as a function of 
temperature from 2’75 K to 4.2 K 1441. The low temperature-susceptibility 
data shows a maximum of susceptibility at 40 K. This behavior is evidence 
of an exchange interaction in a silverfI1) complex. Several models were used 
to fit the susceptibility-temperature data, such as the Bleany-Bowers’ 
dimer model, isotropic Heisenberg mode1 and the Ising model. However, only 
the anisotropic Ising model of the simplest polymeric system of a one-di- 
mensional chain-type structure fits the data. The Hamiltonian describing mag- 
netic interaction along a chain of metal ions is 

H= -J $I [St * S<i + ~)a + rfS& * S(i + 1)x + Siy * s(i + l)Y 13 

where J = -30.8 I 1.0 cm-’ is the exchange ener,oy, S = l/2 and 7 varies 
from 0 to 1. This result is of in&rest, since few chains (none of silver(I1)) 
aTe known to show Ising behavior. The structure of Ag(niclz in the Ising 
model suggests that a chain-like pathway magnetic interaction between 
silver(II! must be allowed for. 

The g-tensor values showing anisotropy (from EPR) are listed in Table 2. 

(iii) Pyridine dicarboxylic acid complexes of Ag(if) 

Ag(quirJi), - 2 Hz 0, Ag(isocinchH), , AgfcinchH)p . 2 E&O, Ag{lutH;)z 
and Agfdipicj(dipicH2) - xHz0 (x = 4 or I) 
Silver(II) forms complexes with pyridine-dicarboxylic acids such as 

-; 

Q-ig :,, --N/ ’ 

: 
-0 

0 
Fig. 2. R‘~(pyridine-2-carboxyfato)siivei(II). 



TABLE 3 

Electronic absorption maxima of Ag(I1) and Ag(II1) complex compounds 

Ag compound Absorption Max_ (kK)(c, 1 mol” cm? f Ref. 

I&(phenMWA 
Ag(pich 
Ag(nich 
Ag(isonic)l? . IIs0 
AgfquinH), - 2 Hz0 

Ag(isocinehHfz 
Ag(dipicf(dipicH2) - 4 I-i20 

Ag(cinchH)z + Hz0 
Ag(pyz)zSz% 
Ag(pyzCOO)z 
Ag(dipic)( terpy) - 4 H@ 

Ag(diPic)(terpY)(S?Os)as 
Ag(dipic)(terpy)(C104) * 2 Hz0 
Ag(dipic)(bipy) - 3 Hz0 
Ag(terpy)SzOs + Hz0 
Ag(terPY)2S208 * 3 H20 

AgOEP 
AgTPP 
Na,[&‘=PSl 
Ag(PPDE) 

Ag(&LPDE) 

Ag( phthalocyanine) 
(Ia) 
iI& 
(W 
(W 
Ag(III)OEP(CI04) 
Ag(III)TPPS3- 

-22= 13 
20.4" 14 
26.3 15 
27.0 15 
22 (1600) c 1C 
34.1,22(1900)= 25 
22f2160+ 40)= 24 
31.0&h), 32.6&sh)= 62 
44.2, 38.4, 30.0, -24.5(~)~ 38 
44.6, 38.2, 33.0, -25.0, -21.0(~)~ 38 
44.8. 37.4, 35-24 vbr (s) a 38 
45.1, 37.3, - 30.2 vbr, 22.8 a 38 

18.0b 14 
45.0,36.2, - 29.3 br 38 
44.8, 3?.0,-30 vbr, -24.0 br,15.6a 38 
37.0, 29.0 br, 25.5 br, 16.7 48 
17.4 (8@o),11.0(500)c 48 
44.5, -36.8s, -31.2 br, -23.4 br(s\ a 38 
37.4, 32.7, 25.8,19.0a 52 
37.4,29.6,20.6= 52 
14.4a 50 
15.2-(240-250)= 51 
15.2(240-250)' 51 
15.2(240-250)= 51 
13.1vbrC 51 
21.6 = 35 
21.6(1380), 15.6 = 35 
24.4(219,000~,19~0(12,500),17.9(18,000)~ 72 
22.32(19,500),18.5~(17,000),17.36 @ 74,75 
18.5 f 62 
23.92(246,800),18.7 (15,800),17.5(24,100)e 67 
23.g5 18.73 17.54 gcc14 67 
19.0,17.69h 66 
19.12 (14080~,17_99~19,590~~ 67 
28.73, 16.37, 15.41, 14.77 ’ 26 
35.71 (3600), 28.74 (7,700) k 4 
36.36sh(3000),29.24(13300)k 4 
33.33(2000),26.2(8600)k 
33.33(6200),2959(6200)" :: 
24.75 (131,000), 19.38 (9800f, 18.11 (25,200) d 72 
19.2 f 62 

a Diffuse reflectance; b crystal; c aqueous solution; d CHCiJ/methanol; e benzene; 
f methanol; g CC&; h CHC13;i dioxane; j 1-chloronaphthalene; k lo-’ M complex, 
10” M (C~&)~NCIO.J in WI&N. 
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quinolinic (2,3-), isocinchomeronic (2,5-), dipicolinic (2,6-), cinchomeronic 
(3,4-), and Iutidinic (2,4-) acids [2,38,44-491. These compounds are dark 
red in color and sparingly soluble in water. Earlier, X-ray diffraction studies 
on polycrystalline samples of these compounds did not lead to the inter- 
pretation of the structures, although it was suggested that the cinchomeronic 
acidi;ilver(II) complex could be related to Ag(nic)s, due to the dicarboxyl 
groups location at 3,4-positions [2,41 J. The magnetic susceptibility values 
at room temperature for the mono- and dicarboxylic acid complexes are 
slightly lower than usual (Table I). Curie-Weiss behavior with 8 d 10 K is 
obeyed except for Ag(dipi~)(dipicH~) - 4 H,O, which has 8 = 0”. This is 
thought to arise from a structural difference in the latter complex, a fact 
supported by the electronic absorption maximum at -17 kK. Infrared data 
shows the presence of free -COOK groups and coordinated COO- groups 
in the complexes. In addition, there exists a weak Y(C)-H) band corre- 
sponding to hydrogen bonding in carboxylic acid groups. Water molecules 
in hydration are apparently involved in H-bonding. With the exception 
cf Ag(dipic)(dipicH,) * 4 H20, the other pyridine dicarboxylate complexes 
appear to have square planar structures as indicated by their electronic ab- 
sorption spectra above -21 kK (Table 3). Although the dihydrate of the 
dipicolinate complex has been reported, only the mono- and tetrahydrate 
wera obtained in a recent study 1481. 

Recently an X-ray crystal diffraction study of the pyridine 2,6-dicarboxylic 
acid complex, Ag(dipic)(dipic& ) * Hz0 has revealed a hexacoordinated 
complex with a very highly distorted octahedral structure 147,481 (Fig. 3). 
The two ligands coordinated to the silver atom are different. One can be 
described as dianionic (dipic) and the other a neutral ligand dipicH* . With 
the dianionic ligand, Ag forms strong single bonds to N (2.09 W) and to the 
two negatively charged 0 atoms (2.20 A), but with the neutral ligand, Ag is 
bonded less strongly to N (2.20 A.> and the two ketonic 0 atoms (2.54 A). 
The 0-Ag-N bond angles in the dianionic-Ag unit (right in Fig. 3) and 
neutral ligand-Ag (left in Fig. 3) are respectively 76.6” and 71.6”) indicative 
of the very highly distorted octahedral structure. The two ligands are approx- 
imately planar and intersect at 83.4”. The complex molecule can be assigned 
C2 symmetry. 

Fig. 3. Ristorted octahedrai structure of hexacoordinated Ag(dipic)(dipicH~) - HZO. 
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Fig. 4. Structure of Ag(quinH)Z - 2 H20. 

The structure of the silver{ II)-pyridine 2,3-dicarboxylic complex, 
Ag(quinH)~ - 2 Hz0 is shown in Fig. 4. The silver atom is strongly bonded 
to a N atom (2.12 A) and to an 0 atom (2.13 A) of the -COO- at the 2-posi- 
tion. The pyridine rings are planar, but the five-membered rings formed 
by the chelation of Ag by pyridine N and 2.carboxylate oxygen are non- 
planar with an O-Ag-N bond angle of 78.0”. The structure is a tetragonally 

TABLE 4 

Structural information of Ag(II) complexes 

Parameters Compound 

AgWpyhS208 Ag(quinH)l - 2 ii20 Ag(dip~c)(d~pic~~) - Hz0 

&z--N (A) 2.14-2.18 2.12 
Ag--O (& 2.13 
Bond angle 77” (N-A-N) 78” (N-Ag-0) 

Complex configuration Square planar Square planar 
approximate approximate 

2.09 
2.20 
76.6’ (N-Ag-0, dipic) 
71.6’ (N-Ag-0, dipicH,) 
Diitorted octahedral 



distorted octahedron, if one takes into consideration the weak interaction 
(2.97 a) between the silver atom and the ketonic oxygens at the 3-position 
of -two adjacent molecules stacked in axial direction. 

The X-ray crystal diffraction data provide importat bond length informa- 
tion on Ag(I1) complexes, listed in Table 4. 

(iv) Mixed ligarid complexes of Ag(II) [50,51] 

The crystal structure determination of Ag(dipic)(dipic& ) - H, 0 shows 
~ambi~ously a hexacoordinated complex. The tridentate dipicH, figand 
being weakly coordinated to the silver ion can be expected to be replaced 
by other ligands in substitution reactions. When it is allowed to react in 
aqueous solution with bipy, phen, or terpy, mixed ligand complexes of the 
general formula Ag(dipic)(L) - XI-&O are produced. Other complexes of 
the type Ag(py~dine-c~boxylato)~S~Os )1/Z - xH,O are also synthesized 
by mixing Ag(II)(p~d~e-c~boxylato) complexes, terpy and an excess of 
(NH4)2Sz08. All told, nine compounds of silver(I1) with mixed ligands are 
prepared. They are listed in Table 1 (those with ref. 51). Magnetic moments 
obtained on these new series of compounds confll the silver(U) oxidation 
state. X-ray powder data and IR spectra measurements from 4000-600 cni’ 
on Ag(pic)(terpy)(SzOs)rfz - 2 Hz0 when compared with data from 
[AgLz] X, (L = pie, terpy, or l&H) confirm discrete mixed ligand existence. 

The IR spectra of Ag(dipic)(L) - xH,O show the definite disappearance of 
the dipicH2 (vCOOH) absorption bands in the region 1750-1700 cm-’ . The 
strong YaNm COO- bands remain near 1650-1600 cm-’ , suggesting RCOO-Ag 
bonding. 

Similar electronic spectra with maximum at -15.2 kK (E MO-250), have 
been obtained when Ag(dipic)(terpy) - 4H,O, Ag(dipicH)(terpy)(%Og)1/2 * 
2 HZ0 and Ag(dipicH)(terpy)(ClO,+) - 2 Hz0 are placed in aqueous solution. 
Apparently, a common species in water is produced. The diffuse reflectance 
measurements on several of these mixed ligand complexes of silver(I1) 
(Table 3) indicate higher coordination numbers of 5 or 6, rather than square 
planar geometry- These compounds all show limited solubili~ in water to 
form brown solutions. Remarkably, the species in aqueous solution are 
rather stable toward reduction to silver(I). This enhanced solubility and stabil- 
ity have also been reported in the case of Ag(terpy),S108 - 3 Hz0 [35 1. This 
could be attributed to the strong complexing influence of terpy and the in- 
crease in coordination number. The hexacoordinated species are found to be 
the most soluble and stable in aqueous solution. 

(v) Pyrazine and pyrazine carboxylic acid complexes of Ag(II) [52J 

The conventional method of persulfate oxidation has been employed to 
prepare three new silver(H) pyr~~ine and pyrazine carboxylic acid complexes. 
Elemental analysis and magnetic studies confirm the silver(f1) ions and the 



185 

t 

Fig. 5. Square planar structure of fAg(py~)~]S~O~_ 

following formulae for the compounds 

Agfpyz),Sz% t &(pyz-~-C~O)z and Ag2tI)Ag(II)(pyz-2,3-(C00)2 12 

The diffuse reflectance spectrum of Ag(pyz)zS,Os shows d-d transition at 
19 kK (TabIe 3) consistent with a square planar configuration. This might 
be expected by analogy with the pyridine complex Ag(py),&Os . However, 
the appearance of weak pyrazine bands in the 950-1000 cm-’ region in- 
dicates bridging pyrazine molecules arising from polymeric chain (Fig, 5). 
This is further supported by ~t~ferroma~~tic behavior from the magnetic 
susceptibility versus temperature (83-299 R) dependence data revealing a 
Curie-Weiss constant of 84 K. An analogous situation occurs with Ag(nic)2 
whose structure is believed to be polymeric. Magnetic interactions across 
pyrazine and quinoxaline bridges have been established in compounds 
Cu(pyz)(NOs)z and Cu(quinox)(NOs fz [53,54]. 

The bisfpyrazine-2tarboxyfato)silver(H) complex has intense IR absorp- 
tion at 1620 and 1334 cm-’ characteristic of a -COO--Ag bond. The mag- 
netic behavior is normal with 8 = 8 K and a square planar structure for the 
magnetically dilute species is proposed based on the electronic absorption 
at 20.6 kK. The structure wouId be analogous to Ag(pic)l. 

The X-ray powder pattern of Ag, ~I)Ag(II)(py~-2,3-~COO)~ f2, a mixed 
silver(l) and silverfIL) complex of pyrazine-2,3dicarboxyiate, shows the 
existence of a discrete silver(I) and silver(I1) complex, rather than a mixture. 
Infrared examination leads to the proposed structure shown in Fig. 6. Recent 
EPR, PMR, and IR studies of the complex by Berenblym et al. 155) have 
supported the proposed structure in which the spin density is being trans- 
ferred from the paramagnetic silver nuclei to the pyrazine ring. The prepara- 
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Fig. 6, Proposed polymeric structure of A&(I)A&II) (PYZ-2.3-(COO)&. 

tion of a pyrazine-2,3,5-tricarboxylic acid silver(U) complex failed to give 

a stoichiometric product. 

(vi) Other complexes of Ag(II) 

Complexation with pyridine tricarboxylic acids (Z&6-, 2,4,5-, and 2,4,6-) 
has been reported [56]. They have magnetic moments of 1.73--1.82 BM, and 
appear to be the least stable among the complexes of pyridine carboxylic 
acids. Oxine (8-hydroxyquinoline) does not form complexes with silver(U) 
[ 571. The earlier reported Ag(oxine)z is erroneous [ 581. 

Bidentate anion ligands containing sulfur atoms, such as N,IV-di&kyl-di- 
th~oc~b~a~s, can stabilize divalent cations such as Cu and Ag 159,603. 
The stable Agf(iso-C3H,)1_NCSg f 2 has been prepared and EPR data show iso- 
tropic anisotropy with g-values listed in Table 2. The apparent structure is 
shown in Fig. 7. 

Recently, bis(isoquinoline-l-carboxylato) silver(U) has been prepared 
from hot solution (75”) as an orange precipitate. Tne physical data for this 
complex are listed in Tables 1 and 5. 

C. KINETIC! STUDIES ON SILVER(I1) COMPLEXES 

The kinetics on the oxidation of Ag(bipy)* by SiOZg- have been studied 
in 50% acetone solution [ 611. The observed rate law is 

Rate = h[S1OZs-1 [Ag(bipy),‘l (4) 



Fig. 7. Square planar structure of bisfisopropyidithiocarbamate)silverf11). 

The stoichiometry determined is [Ag(bipy);] : (S,Ob-) = 2 : 1. The Arrhenius 
activation energy obtained is 9.5 +_ 1-O kcal mole-’ and the value of log, ,,A 
is 7.6, A one-electron exchange mechanism has been postulated with SO,, 
further oxidizing the Ag( bipy )f . 

The poor solubility of silver(I1) complexes and their instability in aqueous 
solution limits kinetic studies where they could be employed as square 
planar one-electron oxidants. The slow rate of decomposition of Ag(bipy)$+ 
and Ag(phen)$+ in aqueous solution have been reported earlier [25] with 
possible three parallel paths. However, we have re-examineti the kinetics of * 
Ag(bipy):’ in aqueous solution 1621 and it appears to be more complicated 
with sigmoidal pH-kinetic behavior and second-order dependence in [Ag(bipy)z”]. 
The hydrogen peroxide reduction of Ag(bipy)$+ has been studied in the stopped- 
flow apparatus [ 241. The sigmoidal pH-kinetic dependence is explained by 
a mechanism involving Ag(Hbipy)z*. The derived rate law conforms to the 
observed rate law, 

The activation parameters obtained are ARI = 11.9 kcal mole-’ and AS = 3.1 
eu with k(25O) = 1.30 X lo3 M-’ s-’ at apH of 5.7. 

In 0.5 M H2S04, Ag(phen)$+ and Ag(bipy)z+ oxidize Fe2’ following the 
second-order rate law, the k values at 25.0” are 1.7 X lo6 and 1.4 X lo6 M-’ 
s-’ , respectively [ 631. 

Seebach [ 64 ] has carried out a series of silver(I1) reactions with various 
quinoline derivatives at O-5”. Several silver(II)-quinoline intermediates have 
been observed with absorption bands at 16.5 kK_ The quinolines that form 
intermediates with Ag(II) a.re &hydroxyquinoline, S-hydroxyquinoline& 
sulfonate, 5-chloro-8-hydroxy-quinoline, and 5,7-dichloro-8-hydroxyquinoline. 

Exchange reactions of the Ag ‘I ’ ion between AgN03 and Ag(bipy)i+ and 
AgWen);+ compounds show that total exchange occurred after two minutes 
1651. 

D. MACROCYCLIC AMINE COMPLEXES OF SILVER(U) AND SILVER(Ii1) 

(i) Porphinato complexes of Ag(II) and Ag(III) 

f Several porphyrin complexes of Ag(II) and Ag(III) have been prepared [ 31. 
These are the mesoporphyrin IX dimethyf ester 1661, protoporphyrin IX 
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Fig. 8. Porphinata complex of silver(I1) and silver(II1). 
Abbreviation = substituted porphyrin. TPP = a,& y, ~-tetraphenyI-porphyrin; TITS = Q, 
0, y. ~-tetra-~-s~lfonatophenyl)-porphyrin; DPDE = deuteroporphyrin IX dimethyl ester; 
EPDE = etioporpbyrin II dimethyl ester; PPDE = protoporphyrin IX dimathyl ester; 
MI’DE = mesoporphyrin IX dimethyl ester; OEP = octaethylporphyrin. 
Substituents on porphyrin ring 

1 2 3 4 5 6 7 8 
DPDE MHMHMPPM 
PPDE M V hiI V M P P M 
MPDE M E M E M P P M 
EPDE M E E M M E E M 
OEP M M M M M M M M 

M = CH,; E = CH$H,; P = CH,CH,COOCH3; V = CH==CIQ. 

Fig. 9. phth~ocyanine~ilver(II) complex. 

dimethyl ester 1671, deuteroporphyrin IX dimethyl ester [ 681, etioporphyrin 
II dimethyl ester [ 691, octaethylporphyrin [ 70-731, tetraphenyIporphyrin 
[74,75 J, t&r&+sulfonatophenyl) porphyrin [ 623, and phthalocyanine 1261 
(Figs. 8 and 9). The method of preparation generally followed the dispropor- 
tionation reaction described in Sect. B. Magnetic measurements show that 
the paramagnetic silver(H) is in the cavity of the porphyrins 126,681. EPR 
studies on the deuteroporphyrin IX dimethyl ester, and phthalocyanine 
complexes of silver(II) species show isotropic g values consistent with the 
planar structure. In one case, the fit derivative in the EPR spectrum shows 
a symmetric hyperfine pattern consisting of eleven lines, explained by the 
overlap of two sets of nine nitrogen hyperfine lines. The odd electron can 
be found for the two systems to be in the ~!,2~~2 orbital about 58% and 54% 
of the time for Ag(DFDE) and Ag(phthalocyanine) respectively. These values 
suggest the much greater covalent character in the B,, molecular orbital for 
the silver complexes than the copper complexes. 

The typical electronic absorption spectra of silver(H) and silver(If1) por- 
phyrins are characterized by a two-banded visible absorption pattern (500- 
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600 nm) and an intense Soret band below 450 nm f66,67,72]. 
Ag(II) OEP and Ag(II) TTPS are easily oxidized to the corresponding 

Ag(II1) complexes by chemical or electrochemical means. Cyclic voltammeky 
with AgOEP has shown that the oxidation step occurred at the central 
metal, and not at the porphyrin ring. The measured Ag(IH~OEP/Ag(II)OEP 
couple is 0.44 V [71,72]. The EPR and X-ray photoelectron studies on 
Ag(II)OEP and Ag(III)OEP (CIO,) have shown that both are planar and fur- 
ther establish that Ag(III)L is formed by removing an electron [73] from 
the Ag(If) and not the porphyrin ring as in the cases of Zn*’ and Mg*+ OEP 
complexes. 

(ii) Tetraaza complexes of Ag(II) and Ag(III) 

The perchlorate salt of several tetraaza complexes of silver(II) ((Ia), (Ha), 
(III) and (IV) in Fig. 10) have been prepared by the disporportionation method 
]4]. The colors of the salts vary from yellow to dark orange-brown. (Ia) and 
(IIa) can be oxidized to the corresponding Ag(III) complexes, (Ib) and (IIb) 
with NOClOd * Hz0 in acetonitrile. The +3 complexes are soluble in water 
forming violet solutions which eventually fade to yellow color. EPR studies 
indicate formation of Ag(II)-L. A probable mechanism analogous to the 
decomposition of the corresponding Ni(III)-tetraaza complexes has been 
postulated. 

The tetraaza complexes are stable in many solvents (acetonitrile, water, 
and ethanol) in which they are soluble. EPR studies show axial systems 
typical of planar complexes for (Ia) and (IIa). In the case of (III), gu < gl 
which could be due to strong interaction with ClO, in the solid state. 

Ia : R,=H,R2=CHS; n=2 

tl: n=3 

TLa : R,=H; R2=H; n=2 

b: n=3 

m : R =CHB ; R2=li; n=2 

Fig. IO_ Tetraaza complexes of silver(II) and silver(II1) pezrhlorate. 
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In nitric acid, (Ia) and (IIa) form orange solutions which are diamagnet- 
ic, suggesting that nitric acid also oxidizes the silver(I1) to the 3+ state. 
It appears that these strong tetraaza Iigands raise the antibonding d orbitafs 
in the low oxidation state species to such a high level that electrons are easily 
removed. 

E. AMINE COMPLEXES OF SILVER(II1) 

Biguanides, substituted biguanides [ 761, ethylenebis~bi~~ide~ f 77-791, 
and piperazine dibiguanide f$O] have been found to complex and stabilize 
silver(II1). Less certain has been the report of the preparation of a Ag(III)- 
oxine compound [ 811. Persulfate oxidation of silver nitrate in the presence 
of these ligands for the first three cases required pH 2 6.5 solution. The 
colors of the silver(II1) complexes vary from red to dark brown. From 
oxidimetric titrations, conductometric measurements and the diamagnetic 
(4d8 ) nature of the compounds the oxidation state of the silver ion is definitely 
three. Apparently, the silver(I1) complexes of these ligands cannot be pre- 
pared [ 21. 

The piperazine dibiguanide siiver(II1) compounds prepared are [ Ag(III)- 
pipz(bigH)* ] X3 where X = OH-, NOj, or 3/Z SO:- - l/Z HZ0 f80]. These 
compounds are sparingly soluble in water but insoluble in alcohol, chloro- 
form, acetone, ether, DMF and diacetone alcohol. The biguanide and sub- 
stituted biguanide-silver(II) complexes prepared have the general formula 
[Ag(bigH),] X, and [Ag(mebigH),] X, where X = NO;, OH-, 3/Z SOi- or 
mixed anions [ 763 _ Generally, some water of hydration is incorporated in the 
compounds. 

The ethylenebis(biguanide) complex of silver(lI1) of composition Ag(enbis- 
big)X3 where X = HSO,, NO;, OH-, CIO,, or mixed anions were the first to 
be prepared [2,77-79]_ Recent X-ray crystal structures [ 523 and photo- 

H2N 
H 

\/\J 
WZJ 

il \I 

H2iyN ‘+ c$yNH 

% Ag 
HQC\$yjj y> 

II 
NH 

lI 
f_j NAc\,,c 

2 
H \ 

NH2 

Fig. 11. Ethylenebis(biguanide)silver(KII) perchlorate. 
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electron spectroscopy [SS] studies on the perchlorate crystal by Zatko and 
Rather have revealed that the silver atom lies in a plane coordinated strongly 
to fo*ur N atoms (Ag(III)-N = l-97-1.99 A_ This is -0.18 a less than Ag(II )-- 
N) and weakly bonded to a perchlorate oxygen at 2.82 A above the plane, 
(Fig. 11). The biguanide units are essentially planar and the enbisbig frame- 
work is bowed away from the ClO,. Photo-electron spectra further establish 
that little charge delocdlization takes place from the silver to the ligand. This 
leaves the silver with a high positive charge. A similar situation is observed in 
the case of NaSH2Ag(106)2 1841. 

Complicated decomposition kinetics of ethylenebis(bi~~ide~s~ver(~I~) 
nitrate in water has been reported [85]. The complex solution has a wide 
band from 300-370 nm ((s 2325-2522) at 32”. A pK of 54.16 (32”) has been 
reported for the instability constant of reaction (6) [86]. 

Ag(III)(enbisb;g)3’ = Ag”* f enbisbig (6) 

Reinvestigation of the hydrolysis of e~yleneb~(bi~~id~)s~ver(III) in 
aqueous solution shows the oxidation of water to hydrogen peroxide or 
hydroxyl radical [ 871. The kinetics in various pH solutions and temperatures 
(25-40” C) yield first-order in complex concentration, inverse H* effect, 
and Ag+ catalysis. At constant pH, the observed rate law is 

--d(complex)/dt = (k, + ke[Ag’] )[complexl (7) 

E, values of 3.7 and 15.2 heal mole-’ have been reported for the hydrolysis 
of the complexes, [Ag(enbisbig)] (NOs)s and [Ag(enbisbig)(HSO, )I (NO3 )2 , 
respectively. 

The kinetics of the oxidation of Ag(enbibig)’ to Ag(II1) by S1OzS- con- 
sits of two consecutive pseudo-first-order reactions in Ag(enbibig)+ at 
excess [S,Oj-] E61]. The orders of reaction in f&0$-] for the two reac- 
tants are both 1.0. The activation energies for the two consecutive reactions 
(8) and (9) are 13.1* 0.7 and 14.3 * 3.8 kcal mole-’ ; the corresponding 
values for loglOA are 7.7 and 9.6, respectively. The mechanism which con- 
forms to the rate law is 

Agfenbisbig)’ + S2028- + Ag(enbisbig)‘* + X 
Ag(enbisbig)‘+ + S20$- -+ Ag(enbisbig)3+ + X 

where X may be SpOz- or both SCr, and SOf-. X does not react with 
Ag(enbisbig)+, but could probably oxidize H20. 

(8) 
(9) 

F. X-RAY PHOTO-ELECTRON SPECTROSCOPY STUDIES ON SIWER(II) AND 
SiLVER(II1) COMPLEX COMPOUNDS 

Recently, X-ray photo-electron spectroscopy [35,50,73,83] has been used 
to show the following trends: (a} an increase in the core electron binding 
energies of metal core electrons with increase in metal oxidation state; (b) 
a dependence of binding energies on ligand electronegativity and ?r-accep- 
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TABLE 5 

X-ray photo-electron information on 3d binding energies of Ag(O), Ag(I), Ag(II), and 
Ag(IU) compIex compounds 

Compound 3d3/2 (ev) 3&,:! (ev) Ref. 

Silver(O) 
Ag deposited on Pt foil 
Ag(0) evaporated on gold foil 

Siiver(l) complexes 

A& 
AaS% 
AgBr 
Ag(terpy)NOs - 2 &O 
Ag(bipy)zNOs - 2 Hz0 
Ag(phen)zNOz + I-I20 
“Ag(pic)“, low pH form 
“Ag(pic)“, high pH form 
Agz(dipic) - Hz0 
Ag(pYzCOO)z 
&,(PY~*~.~-(COO)~) 

Ag3(~~~-2,3,5-(Ci)0)3) * H20 

Silver(l)siluer{ZZj complexes 

Afi(I)zAg(Ir)(pyz*2,3-(COO)z)2 

Silver~ZZ) complexes 

Ae(phenh(NW2 
Ag(biPY)&Os - Hz0 
&@im’MNW, - WI 
&(pich 
Ag(isonic)2 - Hz0 
Ag(isoquin-l-COO)2 
Ag(quinH)2 - 2 Hz0 
Ag( isocinchH)2 
Ag(lutH)? - 2 H20 
Ag(cinchH), - Hz0 
Ag(dipi~)(dipi~~~) - 4 H,O 
Ag(dipic)(dipy) - 3 Hz0 
Ag(dipic)(phen) - 712 Hz0 
Ag(dipic)(terpy) - 4 Hz0 

[Ag(dipicWterpy) IC%OS)O.S - 2 Hz0 
[Xg(quinH)(terpy)l(SzO~)~.s 
[Agt~utH)(terpy)l(SzOs)~,s - Hz0 
f-9gfisocinfiHfjterpy)IIS2O~l0.5 
fAg(pic)(terpy)I(Sz08)0.5 - 2 %O 
Ag(terpy)S,Os - Hz0 
[&(~erw)2lS@~ . 3 Hz0 
AgOEP 
AgTPP 

Silue~~~Ir~ complexes 

fAg(enbisbig)]#&& 
Na5HzAg(106) - 16 Hz0 
AgOBP(ClO‘,) 

372.4 366.6 83 
374.0 367.9 73 

374.1 368.6 83 
374.0 368.6 83 
373.8 368.2 83 
374.0 368.0 35 
374.1 368.1 50 
374.1 368.1 50 
374.1 366.1 50 
374.4 368.2 50 
374.5 368.5 50 
374.1 368.0 50 
374.1 368.2 50 
374.2 368.2 50 

374.3. 368.1 50 

373.9 368.2 83 
373.9 368.0 50 
374.0 368.5 83 
374.2 368.0 50 
373.9 367.9 50 
374.1 368.0 50 
373.6 367.6 50 
375.1 369.0 50 
374.1 368.2 50 
374.5 368.5 50 
372.9 366.9 50 
373.6 367.7 50 
373.7 367.6 50 
373.6 367.6 50 
373.8 367.7 50 
373.9 367.7 50 
373.8 367.8 50 
374.0 368.1 50 
373.7 367.7 50 
374.5 368.4 35 
373.4 367.2 35 
374.3 368.3 73 
373.7 367.6 73 

377.3 371.4 83 
377.0 371.0 83 
377.1 371.0 73 
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tor ability. Another possible useful trend in silver(II) complexes is a 
decrease in biding energies for complexes with apparently higher coordina- 
tion numbers_ 

The 3&2 and 3&I, biding energies for Ag(O), Ag(I), Ag(II), and Ag(IfI) 

are Listed in Table 5. Carbon Is binding energy at 284.0 eV is used as ref- 
erence for ah cases. The silver(I) complexes exhibit narrower and more sym- 
metric peaks with relatively low half-widths (FWI-IM =I 1.12 0.1 eV) than 
the Ag(I1) and Ag(III) complexes_ The average FWHM values for Ag(II) is 
2.4 f 0.5 eV. However, in Ag(dipic)(dipicH2) - 4 I&O and [Ag(q&nH)(terpy)]- 
(S,O,)O., the peaks are relatively narrow with FWHM values of X3-1.6 eV. 
The Ag(II1) complexes exhibit radiation bleaching, whereas the Ag(II) and 
and Ag(I) complexes are stable to irradiation. Multiplet splitting patterns 
have been reported by Mu&ha and Walton [ 501. The core bonding energies 
for the Ag(I1) complexes 3d,l, 372.9-375.1 eV and 3dsj2 366.9-369 eV 
are very close to the silver(I) complexes 3d binding energies (373.8-374.5 and 
368-368.6 eV) and do not permit a sensitive method of distinguishing siiver- 
(II) from silver(I). The complex Ag(dipic)(dipicH, ) - 4 Hz0 which is con- 
firmed to be a distorted octahedron has the lowest 3d binding energies when 
compared directly to square planar Ag(bipyLS208 - Hz0 and Ag(pic), . 
Possibly, in the higher coordinated species there is an increase of negative 
charge at the silver nuclei resulting in a decrease in metal electron binding 
energies and chemical shift. 

The binding energy chemical shifts for Ag(III) complexes ]73,83] 377- 
377.3 eV (3d,/, ) and 371-371.4 eV (3dsj2 ) are substantial, indicative of 
the +3 oxidation state. These chemical shifts are some 3.0 eV greater than 
those for AgfI) and AgfII) complexes. In the Ag(III)OEP (CI04) spectrum 
the nitrogens are shifted to higher energies creating a partial positive charge, 
This is consistent with the greater electronegativity of Ag(III), causing an 
electron density shift from the N via a oi bond, which is not replaced by the 
poorly coupled 7~ system. 

The author wishes to acknowledge Mr. Keith D. Chen for discussion and 
assistance in preparing the manuscript. 
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