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Abstract—Covalent bonding in a number of copper(Il) complexes with hetarylformazans that have pseudotet-
rahedral or square-planar symmetry of the nearest metal environment was analyzed from EPR spectra. The
dependence of the unpaired electron delocalization on the pseudotetrahedral distortion of the coordination poly-
hedron was determined. A change in the Zeeman coupling parameters was interpreted. Various contributions to
the components of the hyperfine coupling (HFC) and ligand hyperfine coupling (LHFC) tensors were calcu-
lated. pd-Mixing of the AO of the copper ion was found to have a slight effect on the HFC parameters. In the
components of the LHFC tensor, the contribution from isotronic LHFC is decisive.
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A study of the properties of complexes of transition
metals with formazans is of considerable practical
interest because they can be employed as analytical
reagents and because ion-exchange polymers contain-
ing formazans are more selective toward metal ions to
be sorbed [1]. Vishnevskaya et al. have examined a
wide range of copper(Il) complexes with hetarylforma-
zans (HFs) by EPR spectroscopy, revealed the ways of
coordinating the ligands by the metal ion, and found
that the nearest environment of the copper ion in such
complexes has pseudotetrahedral or square-planar sym-
metry [2]. At the same time, the nature of covalent
bonding in copper(Il) complexes with HFs has not been
studied thoroughly. In addition, it remains unclear how
this bonding influences the parameters of the EPR spec-
tra of complexes. Here we analyzed the character of
covalent bonding from EPR spectra and discussed the
behavior of the Zeeman coupling parameters, the
hyperfine coupling (HFC), and the ligand hyperfine
coupling (LHFC) of the copper(Il) complexes with HFs
that have pseudotetrahedral (D,,) or square-planar sym-

metry (Dyy,).

PARAMETERS OF THE ZEEMAN, HYPERFINE,
AND LIGAND HYPERFINE COUPLINGS

For the pseudotetrahedral copper(Il) complex CuL,
(D) (S = 1/2, ground-state term B,), let us set off the
following shells from its electronic configuration:

[b1(d 2 DV Ters(dy T [h2(d )] = "By (D)

where the antibonding states of the complex are consid-
ered. The molecular orbitals (MOs) for the electrons in
the corresponding shell are enclosed in parentheses and
d; (i = x> —y?, xz, yz, xy) is the 3d-AO of the copper ion.

The sequence of the shells is written in accordance with
optical data and quantum-chemical calculations of
pseudotetrahedral copper(Il) complexes [3, 4]. The
general and local systems of coordinates and the angle
of pseudotetrahedral distortion y are shown in figure.
The MO has the form:

by = xy(d,,) + x5 (p.)

. (2)
+ xf((pbf"sin(p + @), cOs ) + xé(p’b’z’”.
d
by = yo(d o ) +yi0p, 3)
d P L, poz .
€1,2= 20(dy; ) +20(Py, ) + 2/ (@, sin@ @

G L pnx L pmy
+(PelﬁchS(p) +Z2(pely2 +Z3(Pe|125

Principal and local coordinate systems for complex Cul,4
(D,,). @ is copper ion; @ is L atom.
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where p, (i = x, v, 7) is the 4p-AO of the copper ion; @,
(r = by, by, ey ,; t = 50, poz, prix, pmy) is the LCAO for

L; x4, x5, 5, zo, 2! are the MO coefficients in front of
. L L L.

the AO of the copper ion; x;,y;,z; (j=1-3), are the MO

coefficients in front of the LCAO for L; n = tan 2(p is

the degree of sp”-hybridization of the AOs for L; b, is

the ground-state MO (MO of the unpaired electron). In
MO (2), the LCAO for L can be written as follows:

s 1
(ij = 5(51—52—53"‘34)
1
O = 3P+ Pt Py D) )
x 1
(pg; _E(p)(|+px2+px3+px4) s

where s, p. (., (i = 1-4) are the AOs in L that partici-

pate in 6- and m-bonding to the AO of the copper ion.
MGOs (2) and (4) describe mixed 6—n-bonding and MO
(3) describes the metal-ligand t-bonding.

Expressions for the parameters of the EPR spectra
of the pseudotetrahedral copper(Il) complex were
obtained according to a standard procedure [5] using
MOs (2)—(4). In the calculations, we ignored bond
covalence and pd-mixing of the AO of the copper ion in

MOs (3) and (4); i.e., we believed that y(‘f = zf)l =1 and

that y]f =z = z]f = zlz“ = zlg = 0. The expression for the
MO of the unpaired electron was left unchanged. The
correctness of these approximations is discussed below.

The components of the Zeeman coupling tensor (g
tensor) can be written in the form:

2.0023 + s%ug(xg +xX7S+ 5801, (6)
Il

20023+2@[x0(x0+x1S +sz )1, ()

8

81

where &, is the parameter of the spin—orbital coupling
(SOC) for the 3d-electron of the copper ion, A
=AE(b,— b,) and A, = AE(e, , — b,) are the energy
differences for the electron transitions in configuration
(1), and S , are the group overlap integrals (GOls),
which are

Ss = §,68INQ + S ;08¢

S,e = +/38(po, do)sin’® )
S.. = «/35(s0, do)sin’®

S, = -S(pm, dm)sin29 |,
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where S(po, do), S(so, do), and S(pm, dr) are the two-
centered overlap integrals (TOIs); the angle ¥ is shown
in figure. In (6) and (7), the bracketed expression is the
Mulliken population of the 3d,,-AO of the copper ion
(Q). In [4, 6], the components of the g tensor of the
complex CuL, (D,,) were considered while neglecting
the density of the unpaired electron on the atoms of L;
in this approximation, their expressions follow from (6)

and (7) for x% = xg =0.

For the components of the HFC tensor (A tensor),
we have

4 2
A= —Agy ‘Psd(Xg)
)
2 §3d 6534 P2
# P (822 224 )4 2P, (D)’
WA\ TR TA, )T 5 e
2 2
AL =~ A+ ZPa(x))
(10)
25_, 2 2
P3d( 0) - §P4p(x€) .

where the first term is the contribution from the isotro-
pic HFC (IHFC), the second term is the contribution
from the anisotropic HFC (AHFC), the third term is the
orbital contribution, the fourth term is the contribution
from the mixing of the 4p-AO in the MO of the
unpaired electron, Ay is the IHFC parameter, and P4,
is the AHFC parameter for the 3d(4p)-electron of the
free copper ion. In [4], simplified forms of (9) and (10)
have been used for quantum-chemical calculations of
the parameters of the EPR spectra of pseudotetrahedral
copper(Il) complexes.

Under the assumption that the principal axes of the
LHFC tensor (A" tensor) coincide with the axes of the
local systems of coordinates, the expressions for the
components of the A" tensor can be written in the form
(with the first atom of L as an example):

L

2

AL = Ay +24,. A,

L
X1

A (11)

Ay +24,, -A,,

L
A)’] = ASLI— Apxl - APZI

B

where A;; is the contribution (parameter) of the ligand

IHFC (LIHFC) and the second and third terms are the
contributions from the ligand AHFC (LAHFC). The
following relations are true:

A, = JALGH cos’, (12)

1 L2 . 2 1 L2
A, = F)PL(xl) sin“@; A, = EPL(XZ) . (13)
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where A?L and P, are the LIHFC and LAHFC parame-
ters for the free atom of L.
The average of the components of the A" tensor is
<A5:%&mL:Am. (14)
In [3], the expressions similar to (11) have been
employed for estimation of the unpaired electron den-

sity on the ligands from experimental values of the
LHEC parameters.

Formulas (2)—(4) for x, =z0 = x5 =zy = 25 =0are
the MOs of the square-planar complex Cul, (D) (S =
1/2, ground-state term 2B2g, Y= 0, % =m/2), where the
MO of the unpaired electron describes the in-plane o-
bond and MOs (3) and (4) correspond to the in-plane
and out-of-plane metal-ligand m-bonds. Expressions
(6), (7), and (9)—(11) for the parameters of the EPR
spectra of the pseudotetrahedral copper(Il) complex is
directly transformed into the respective expressions for
the components of the g-, A-, and A" tensors in the case
of the complex Cul, (D,;,) [5], which ignore the cova-

lence of the in-plane and out-of-plane mt-bonds ( yg =

zg =1; y% = zé = (). The aforesaid expressions for the

parameters of the EPR spectra of a pseudotetrahedral
(or square-planar) complex are true for any copper(Il)
complex with this symmetry in the context of the
approximations used.

PARAMETERS OF COVALENT BONDS

From formulas (9) and (10), we obtain the following
equation:

2 C 2
(%)=E+Du®, (15)
where
_ 7({A) - Ap
C= ‘_'-P——jd’ (16)
2885, . 5E54 7 Py
B=1-20323d, 23 o L4 1
37, 64, sgp, (7
For the IHFC parameter, we have
4 2(2& €
Aw= =W+ 3P (FE4 3] 09)

where (A) = 1/3 (A, + 2A)) is the average of the com-
ponents of the A tensor.

By equating the expressions for the EPR parameters
to their experimental values with regard to the normal-
ization conditions for MOs, we obtain a system of
equations for the parameters of covalent bonds
(squared MO coefficients). When substituted into the
expressions for the EPR parameters, the calculated
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parameters (covalence parameters) reproduce experi-
mental data and can be used, apart from analysis of the
covalent bonding character, to calculate the contribu-
tions to the expressions for the components of the g-,
A-, and A" tensors (inverse problem of EPR spectros-

copy [7D.

For the complex CuL, (D,,), the system includes five
equations. By solving this system, we obtain four
unknown MO coefficients of the unpaired electron and
the parameter A,. The system consists of Egs. (6), (9),
(10), and (14) and the MO normalization conditions
(2). The solution of this system is based on Egs. (6),
(12), and (14)—(18). Then, using formulas (11)—(13),
one should the components of the A" tensor. For the
complex Cul, (D,;,), the system consists of three equa-
tions in two unknown MO coefficients of the unpaired
electron and the IHFC parameter (Egs. (9) and (10) and
the normalization conditions of MOs for the unpaired
electron). The solution of this system is based on
Egs. (15) and (18).

If neglecting all coefficients in MOs (2) but that in
front of the 3d,-AO, we obtain from Eq. (15) with con-
sideration of Egs. (6), (7), (9), and (10) the following
formula for the ground-state covalence parameter of the
complex CuL, (D,,):

d\2 _ 7 <A>—A|| 2 5 )
(x9) = 4(P—3d+3Ag”_21AgL 5

(19)
where Ag | = g . — 2.0023. For the IHFC parameter,
the equation is

A = —(A) + (Ag) Py,

where (Ag ) = (g) — 2.0023 and (g) = 1/3(g; + 2g,) is the
average of the components of the g tensor. In the same
approximation, formulas (19) and (20) are valid for the
square-planar complex Cul, (Dy;,). They are the known
Kuska—Rogers formula for the ground-state covalence
parameter [8] and the known McGarvey formula for the
IHFC parameter [9].

(20)

RESULTS AND DISCUSSION

Experimental parameters of the EPR spectra of cop-
per(Il) complexes with HF(I) and HF(II) are given in
Table 1. The complexes were obtained for metal :
ligand ratios of 1 : 2 and 1 : 1 [2]. Table 1 also contains
the compositions and symmetry of the coordination
polyhedra, pseudotetrahedral angles, IHFC parameters,
covalence parameters, and the Mulliken populations of
the 3d,,-AO of the copper ion. The structures of the
ligands and their copper(II) complexes with Cu : HF =
1:2and 1: 1 were considered as described in [2].
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Table 1. Experimental EPR parameters, the compositions and symmetries of the coordination polyhedra, pseudotetrahedral
angles, IHFC parameters, covalence parameters, and the populations of the 3d,,-AOs of the copper(Il) complexes with HF

Parameter| Coordination L N
polyhedron A AL (A7) A i pol Lol Lo
, Y.deg| g | &1L (x )7|(x )7 (x 7| ()7 @
composi- _
Complex tign symmetry x 10* cm™
Cu:HFID)=1:2| CuNy Dy, 0 |2215]2.055|183.0| 144 118.1 | 0.76 0.49 0.63
(111.8)| (0.73)
Cu:HF{D)=1:2 CuNy D,, ~15 1224 |2.063| 1485 | 125 ~12 | 111.7| 0.75 [0.03]0.33|0.1 |0.65
(104.5)| (0.66)
Cu:HFI)=1:1| CuN;O D,, ~25 12276 |2.05 | 1254 |~13*%%*| ~12 | 102.6 | 0.83 |0.05|0.33|0.05|0.73
(91.0)| (0.70)
Notes: *The value in parentheses was calculated by formula (20).

** The value in parentheses was calculated by formula (19).

*#** The presumed value.

R2
( I % R’
(T'P) \
lgl
HF(I): R! = CH,Br, R? = OH, R* = NO,;
HF(I): R' = C,Hs, R? = SO;H;
HF(III): R' = CH,Br.
CHzBI‘
N
o~ )
og Cu OH
A
| N NO,
S | I
Ny N
CHzBI‘

Cu:HFI)=1:2

Sen

N—Cu N
s N
\ N
N— N_
CHzBl”
Cu:HFID)=1:1

The complex with Cu : HF(II) = 1 : 2 is similar to the
complex with Cu : HF(I) = 1 : 2. Experimental param-
eters of the EPR spectra of the complex with Cu : HF(I) =

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 35

1 : 2 are characteristic of copper(Il) complexes with the
square-planar coordination polygon CuN, (Dy;,) [5, 10,
11]. The coordination polyhedra of the complexes with
Cu: HF{I)=1:2and Cu: HFI) =1 : 1 should be
regarded as distorted in a pseudotetrahedral manner
(i.e., CuN,(D,,) and CuN;0(D,,), respectively). This is
suggested by experimental parameters of their EPR
spectra (rotational isomerism effect [12, 13]). The coor-
dination polyhedra in these complexes cannot be
regarded as square-planar polygons because the exper-
imental parameters of their EPR spectra do not obey the
additivity rule, which is valid for the EPR parameters
for copper(Il) complexes with square-planar coordina-
tion polygons and identical compositions [6, 12]. The y
values were taken from the calculations of bi- and tricy-
clic copper(Il) chelates with the coordination polyhe-
dron CuN,O,(D,,) [12]. The covalence parameters and
the IHFC parameters were determined from experi-
mental EPR parameters by numerical solution of the
corresponding systems of equations for the complexes
Cul, (D) and Cul, (D,,) via iterative approximations.
In the calculations, we used the sp-hybridization of the
AOs in nitrogen and oxygen and the following atomic
parameters: &;; = 829 cm™!, Py, =390 X 10* cm™! for
CuN, (Dy,) and CuN, (D,,), Ps; = 330 x10* cm™ for
CuN;O (D,), Py, =420 x 10*, and P =43.6 X 10* cm™!
[5, 14, 15]. The Cu—L distance was taken to be 2 A. In
the calculation of TOI, the AO of the copper ion was
taken from [16, 17] and the AOs of nitrogen and oxygen
were taken from [18]. In the case of CuN;0 (D,,), the
TOI values were averaged. In the calculation of GOI,

the ratio tany X tan¥ = J2 was employed. We
believe that the components of the A tensor are nega-
tive. The energy differences for electron transitions in
the complex with Cu : HF(I) = 1 : 2 were taken to be the

same as in the complex Cu(NH;);" with an identical

coordination polyhedron (i.e., Ay = A, = 20 700 cm™
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Table 2. Components of the g tensor and the contributions to the components of the A and A" tensors for the copper(I) com-

plexes with HF
Parameter| A, * A ¥ AsLl AZL]* Ai;lk A;*
8| 81

Complex x 10* cm™!

Cu:HFD)=1:2 |2207|2.052| -118.1-1694+ -118.1+84.7+ |[185| 185+32=| 185-1.6=| 185-1.6=
+105.1=-1824 +18.6=-14.8 =21.7 =169 =169

Cu:HF(I)=1:2 | 2243|2062 -111.7-167.1+ -111.7+83.6+ |12 | 12+22 - 12+08- [12-04-1.1
+1193+10.1= [+212 -5.1=-120 -04=138 | -1.1=117 ==10.5

=-1494
Cu:HFD=1:1 |2279|2071| -102.6—156.5+ -1026+783+ |12 | 12+22 - 12+04- [12-02-1.1
+115.0+16.8=-127.3|+204 —84=-123 -02=140| -1.1=113 ==10.7

* The sequence of the contributions is the same as in formulas (9)—(11).

[19]). For the complexes with Cu : HF(II) = 1 : 2 and
Cu:HFI) =1:1, we take Ay =A, = 18 000 cm™! and
Ay=A=17 500 cm™, respectively, with regard to an
energy difference reduction caused by pseudotetrahe-
dral distortion of the complex [20]. The Q values were
calculated by using the bracketed expression in Eq. (6).

An analysis of the covalence parameters leads to the

. . d
following conclusions. The covalence parameters ( x, )?

and (x],“ )? of the complex with Cu : HF(I) = 1 : 2 corre-

spond to their values for copper(Il) complexes with a
square-planar coordination polygon made up of nitro-
gen atoms [21, 22]; the unpaired electron is noticeably
delocalized. In the complexes with Cu : HF(II) =1 : 2
and Cu : HF(I) = 1 : 1 (pseudotetrahedral distortion of
the coordination polyhedra), the delocalization is
lower, which is evident from the total densities of the
unpaired electron in the AO of the copper ion and the
AOs of nitrogen. This suggests weakening of the
ground-state covalent bonding with an increase in y. A
similar dependence was found by quantum-chemical
calculations of the electron density in copper(Il) com-
plexes with square-planar and pseudotetrahedral struc-
tures [4, 20]. A contamination of the 4p_-AO of the cop-
per ion in the MO of the unpaired electron is several
percent, increasing in more strongly distorted com-

plexes. The covalence parameter (xg )? indicates the

presence of a weak m-component in the mixed ground-
state 6—m-bond. The increase in Q with y confirms the
conclusion about weakening of the covalent bonding as
the result of distortion of the coordination polyhedron.
Replacement of the strong electron-withdrawing group
R3=NO, by weaker SO;H in the benzene rings of HF(I)
and HF(II) and simultaneous distortion result in virtu-
ally the same character of the unpaired electron delo-
calization in the complexes with Cu : HF(II) =1 : 2 and
Cu : HF(I) =1 : 2. The covalence parameters calculated
by formula (19) overestimate the unpaired electron
delocalization and do not correlate with its change in a
number of copper(Il) complexes with HF according to
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more thorough calculations. In [22], it has been noted
that the use of expressions of the type (19) for calcula-
tion of the ground-state covalence parameter can give a
wrong trend of changes in the unpaired electron delo-
calization in the complexes. It can also be seen in
Table 1 that Ay, decreases in some copper(Il) com-
plexes with HF. Formula (20) reflects these changes in
the IHFC parameter.

Calculations of the covalence parameter of cop-
per(Il) complexes with the coordination polygon CulN,
(Dy;,) from the EPR spectra with consideration of the in-
plane and out-of-plane m-bonds show that the unpaired
electron delocalization over these bonds are insignifi-
cant and the m-bonds are of distinct ionic character [21,
22]. Therefore, neglect of m-bonds in calculations of the
covalence and EPR parameters for copper(Il) com-
plexes with HF having the same coordination polygon
can be regarded as a “good” fit. For pseudotetrahedral
copper(Il) complexes, a similar approximation at rela-
tively small y angles (< 7/6) is equivalent to neglect of
the pd-mixing of the AO of the copper ion and the bond
covalence in MOs (3) and (4). Thus, the approxima-
tions used to derive Eqgs. (6), (7), and (9)—(11) are quite
acceptable for copper(Il) complexes with HF that have
both the square-planar and pseudotetrahedral symme-
try of the nearest metal environment.

The components of the g tensor and the contribu-
tions to the components of the A- and A" tensors calcu-
lated by formulas (6), (7), and (9)—(11) with the cova-
lence parameters taken from Table 1. Based on the data
in Table 2, one can conclude that an increase in the Zee-
man coupling parameter g, in some copper(Il) com-
plexes with HF correlates with an increase in the
unpaired electron density on the copper ion, its
decrease on nitrogen atoms, and an increase in Q.
Therefore, a change in this parameter can be associated
with weakening of the ground-state covalent bonding in
more strongly distorted complexes. For all complexes,
the IHFC, AHFC, and orbital contributions to the com-
ponents A are nearly equal in absolute value. In the
complexes with the distorted coordination polyhedron,
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pd-mixing of the AO of the copper ion virtually does
not influence the components of the A tensor. It is very
difficult to identify a particular contribution that is deci-
sive for the behavior of the HFC parameter Ay. It should
only be noted that the decrease in this parameter in
complexes with distorted coordination polyhedra corre-
lates with the decrease in the IHFC parameter. The neg-
ative sign of the component A, is due to the sign of the
sum of the IHFC and AHFC contributions; the negative
sign of the component A, corresponds to the sign of the
IHFC contribution. In the components of the A" tensor,
the contribution from LIHFC is dominant, which
results in insignificant anisotropy of the LHFC tensor
characteristic of copper(ll) complexes with nitrogen
atoms as the nearest environment.

The compositions and symmetries of the coordina-
tion polyhedra of copper(Il) complexes with HF(III)
were not determined reliably because their EPR spectra
are poorly informative. A copper(Il) complex with
HF(III) is interesting in the matrix of an ion-exchange
polymer with the following EPR parameters: g, =
2215, g, =2.055, Ay =124.1 x 10* ecm™, and A, =
11.5x 10* cm™ [2]. The components of the g tensor
indicate that this complex is identical with the complex
with Cu : HE(I) = 1 : 2, while the component A} sug-
gests its similarity with the complex with Cu : HF(I) =
1 : 1. The contradiction is eliminated under the assump-
tion that the coordination polyhedron of this complex,
as well as that of the complex with Cu : HF(I) =1 : 2,
is made up of four nitrogen atoms and is distorted in a
non-pseudotetrahedral fashion (CuN, symmetry C,,).
In this case, the ground-state term is %A, and the MO of
the unpaired electron is modified as follows:

d, s
ar=xo(d s 2)+x0'(d2) +x6(p) +xp(s), (21

where the “metal” part of the MO is written. When the
3dZ2 character in (21) is suppressed by the 4s character

of the AO of the copper ion, this modification of the
MO corresponds to the same value of the parameter g
as for the complex with a square-planar coordination
polygon. sd-Mixing of the AO of the copper ion lowers
the IHFC parameter and hence decreases the compo-
nent Ajin absolute value. In [2], it has been noted that
the ligand HF(III) is less stable than the ligands HF(I)
and HF(II). Apparently, this can be responsible for the
non-pseudotetrahedral distortion of the coordination
polyhedron in copper(Il) complexes with HF(III).

The performed analysis of the covalent bonding and
the EPR parameters for copper(Il) complexes with HF
leads to the following conclusions. The unpaired elec-
tron in the complexes with the square-planar coordina-
tion polygon is distinctly delocalized and the covalence
of the in-plane and out-of-plane m-bonds in them is
insignificant. When the coordination polygon is dis-
torted in a pseudotetrahedral manner, the ground-state
covalent bonding weakens, which increases the compo-
nent g, in distorted complexes. This reflects the influ-
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ence of the unpaired electron delocalization on the Zee-
man coupling parameters in copper(Il) complexes with
HF. The MO of the mixed 6—r ground state of the com-
plexes with a pseudotetrahedral coordination polyhe-
dron has a small m-component. A contamination of the
4p.-AO of the copper ion in the ground-state MO is
insignificant and pd-mixing virtually does not influence
the HFC parameters. The covalence parameters calcu-
lated by the Kuska—Rogers formula overestimate the
unpaired electron delocalization and provide a wrong
pattern of its changes. In some copper(Il) complexes
with HF, the IHFC parameter decreases. Among the
components of the Al tensor, the main contribution is
made by LIHFC, which makes the LHFC tensor only
slightly anisotropic. In copper(Il) complexes with
HF(II), the coordination polygon can undergo non-
pseudotetrahedral distortions.
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