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Preparation, crystal structure and magnetic properties of a 3,5-dimethylpyrazolate bridged
binuclear copper(II) complex [Cu2(L')(3,5 prz)] (L1 = l,3-Bis(2-hydroxy-l-napthylideneamino)propan-2-ol) (1) are reported. Variable-temperature magnetic susceptibility measure
ments for a powdered sample of the complex were carried out in the temperature range 5 350 K and analysed to obtain values of the parameter J in the exchange Hamiltonian H =
-2JS\ S2 . In the dicopper(II) complex [Cu2(L2)(3,5 prz)], (L2 = l,3-Bis(2-hydroxy-5-chlorosalicylideneamino)propan-2-ol) (2) reported recently the antiferromagnetic interaction is much
less than that of 1 (-27 = 440 cm- ), as result which is difficult to explain in terms of structural
factors on the basis of widely accepted criteria. The differences in the magnetic behaviour now
have been rationalized using the “ligand orbital complementary” concept.

Introduction
Bridged binuclear complexes of the first-row
transition metals have received much attention re
cently because of their condensed-phase magnetic
properties [1,2]. One of the most extensively stud
ied families from an experimental point of view is
that of hydroxo-bridged binuclear Cu(II) complexes
[3,4]. These complexes exhibit ferromagnetic or an
tiferromagnetic ordering depending on their molec
ular geometry. Hatfield and Hodgson found a linear
correlation between the experimentally determined
exchange coupling constant (2J) and the Cu-O-Cu
bond angle (0) [5]. An antiferromagnetic character
is found for the complexes with 9 larger than 98°,
while ferromagnetism appears for smaller values
of 6. McKee and Smith [6 ] have observed an in
crease in the strength of antiferromagnetic exchange
of binuclear complexes in which two copper(II) ions
were bridged by a single alkoxide oxygen atom with
a larger Cu-O-Cu angle (135.3°). This was also sup
ported by the work on the mono-yu-hydroxo-dicopper(II) complexes with large Cu-O-Cu angles [7, 8 ].

Recently the magneto-structural properties of binu
clear copper(II) complexes which contain a second
bridging ligand such as pyrazolate or acetate ions
have received considerable attention. Nishida et al.
[9] reported the preparation and structural character
isation of binuclear copper(II) complexes in which
the copper ions are linked by alkoxide oxygen and
pyrazolate nitrogen atoms. In these complexes, the
Cu-O-Cu bridge angle does not affect the strength
of the exchange interaction. This result seemed to
be inconsistent with Hodgson’s rule, and it is dif
ficult to give a reasonable explanation in terms of
the widely accepted criteria such as the bond angle
of the Cu-O-Cu bridge, the planarity of the bonds
around the bridging oxygen, or the dihedral angle
between the two coordination planes [10]. Accord
ing to Hoffmann’ s theory [ 11 ] the different bridging
ligands can act in a complementary or countercomplementary behaviour to increase or decrease the
strength of the super-exchange interaction as a re
sult of differences in the symmetry of the orbitals.
In this study, preparation, crystal structure and
magnetic properties of a 3,5-dimethylpyrazolate
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Table 1. Summary of crystallographic data for the inves
tigated compound.
Empirical formula
Formula weight (g m o l ~ 1)
Crystal system
Space group
«[A ]
MA]
c [ A]
Z

C 30H 26N 4O 3CU2
617.64
monoclinic
P2\/n (no. 14)
7.782(1)
15.672(2)
20.788(2)
96.144(2)
2520.7(5)
4

T ( K)

200

(g em 3)
H [cm-1]
Index ranges

1.63
24.2

ß

[°.l

V [A

]

D calc

20 Range for data collection
Reflections collected
Independent reflections
Goodness-of-fit on F 2
Final R indices* [I > 2a{I)]
Largest diff peak and hole

- 9 < h < 9 , 0 < k < 19,
0 < I < 25,

3.54 to 74.13
5126
4625 [Ä(int) = 0.000]
1.048
R = 0.048, wR = 0,133
0.36 and -0.45 e-A -3

* / ? = S | I F 0l - I F cl | / X I F 0l;

wR = [ X w ( I F 0l - IFcl)2 / w ( I F 0l ) ] 1/2.

Fig. 1. Structural diagram for the ligand.

bridged binuclear copper(II) complex [Cu2 (L 1 )(3,5prz)] (L 1 = l,3-Bis(2-hydroxy-l-napthylideneamino)propan-2-ol) (1) is reported. In a pre
ceding study we have described the prepara
tion and magnetism of the dicopper(II) com
plex [Cu2 (L2 )( 3 ,5 -prz)], (L 2 = l,3-Bis(2-hydroxy5-chlorosalicylideneamino)propan-2-ol) (2) [12].
Since the antiferromagnetic interaction in 1 (-2J =
440 cm-1 ) was shown to be much stronger than
that of 2 (-2J = 164 cm-1 ) we also carried out
molecular orbital calculations of the 3,5-dimethylpyrazolate by the ab-initio restricted Hartree-Fock
(RHF) method.The interaction between the d or
bitals and the HOMO’s of the 3,5-dimethylpyrazolate was investigated in order to clarify the influ
ence of the second bridging ligand on the super
exchange interaction. We also performed extended
Hückel molecular orbital (EHMO) calculations for
1 and 2 .

Table 2. Atomic coordinates ( xl O4) and equivalent
isotropic displacement parameters (A' x 103). Equiva
lent isotropic U(eq) is defined as one third of the trace of
the orthogonalized Uy tensor.
Atom
Cul
Cu2
01
02

03
N1
N2
N3
N4
Cl
C2
C3
C4
C5
C6
C7
C8
C9
CIO
C ll
C12
C14
C13A
C13B
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30

X

y

z

U(eq)

3684(1)
2136(1)
3792(3)
696(3)
3543(3)
2480(3)
1979(3)
5023(3)
2878(3)
4772(4)
4709(4)
5725(4)
6922(4)
8050(4)
9257(5)
9383(4)
8288(4)
7012(4)
5872(3)
5856(3)
5060(5)
3876(5)
4645(3)
4116(3)
2615(4)
1682(3)
1603(4)
2560(4)
2408(4)
1290(4)
382(4)
548(4)
-293(4)
-150(4)
780(4)
1291(4)
1326(4)
2085(3)
2425(4)
694(6)

4769(1)
4777(1)
4478(1)
4470(1)
5214(1)
3739(1)
3719(2)
5800(1)
5809(2)
4809(2)
4413(2)
4677(2)
5362(2)
5601(2)
6226(2)
6637(2)
6422(2)
5784(2)
5523(2)
6003(2)
6380(2)
6394(2)
5896(2)
6037(2)
6008(2)
5500(2)
5778(2)
6476(2)
6731(2)
6311(2)
5616(2)
5327(2)
4569(2)
4292(2)
4762(2)
2944(2)
2466(2)
2982(2)
2759(2)
2657(2)

1751(1)
176(1)
2644(1)
-594(1)
899(1)
1362(1)
702(1)
1952(1)
-238(1)
3124(1)
3744(1)
4274(1)
4248(1)
4796(1)
4762(2)
4171(2)
3629(1)
3648(1)
3086(1)
2500(1)
1401(1)
209(2)
776(2)
848(2)
-844(1)
-1339(1)
-2006(1)
-2213(1)
-2851(1)
-3319(1)
-3143(1)
-2494(1)
-2321(1)
-1697(1)
-1181(1)
562(2)
1122(2 )
1610(1)
2316(2)
-114(2)

25(1)
26(1)
32(1)
33(1)
31(1)
27(1)
28(1)
27(1)
27(1)
27(1)
35(1)
36(1)
32(1)
41(1)
44(1)
38(1)
32(1)
28(1)
26(1)
26(1)
39(1)
41(1)
38(1)
46(2)
28(1)
27(1)
29(1)
33(1)
37(1)
39(1)
37(1)
31(1)
34(1)
32(1)
29(1)
34(1)
36(1)
30(1)
39(1)
54(1)

Experimental
Preparation

Caution: Perchlorate salts of metal complexes with
organic ligands are potentially explosive. Even small
amounts of material should be handled with caution.
The Schiff base ligand was prepared by reaction of 1,3diaminopropan-2 -ol (1 mmol) with 2 -hydroxy-1-naphthaldehyde (2 mmol) in methanol (100 ml). The yellow
Schiff base precipitated from solution on cooling. The
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Fig. 2. View of complex 1 showing the disorder of
C13 (The numbering of the atoms corresponds
to Tab. II). Displacement ellipsoids are plotted
at the 50% probability level and H atoms are
presented as spheres of arbitrary radii.

Table 3. Selected bond lengths [A] and angles [°] char
acterising the inner coordination sphere of the copper(II)
centre (see Fig. 2 for labelling Scheme adopted.)
Cul-Cu2
Cul-N3
Cu2-N4
C u l-0 3
Cu2-03
Cul-03-C u2
03 -C u l-N l
O l-C u l-N l
N 3-Cul-N l
03-Cu2-N2
02-Cu2-N4
N4-Cu2-N2

3.365(1)
1.943(2)
1.949(2)
1.896(2)
1.890(1)
125.7(1)
86.6(1)
99.8(1)
168(1)
85.9(1)
90.8(1)
165.8(6)

C ul-N l
Cu2-N2
C ul-O l
Cu2-02
N1-N2
03-C ul-01
03-Cul-N 3
01-Cul-N 3
03-Cu2-02
03-Cu2-N4
02-Cu2-N2

1.993(2)
1.997(2)
1.904(2)
1.915(1)
1.387(3)
172.2(1)
82.7(1)
91.3(1)
173.2(1)
82.9(1)
100.6(1)

binuclear complex was obtained when a sample of the
ligand (1 mmol) in methanol (50 ml) was added dropwise to a stirred mixture containing 3,5-dimethylpyrazole (1 mmol) and copper(II) perchlorate hexahydrate
(2 mmol) in methanol (25 ml). Triethylamine (3 mmol)
was added to the solution. The mixture was stirred and thin
green crystals collected and washed with methanol. Re
crystallization from acetone afforded single crystals suit
able for X-ray structure determination. C 30H 26N 4O 3CU2
(617.64): calcd. C 58.29, H 4.21; found: C 58.17,
H 4.20.

Fig. 3. View of the unit cell packing.
some features of the structure refinement are listed in Ta
ble 1. Data reduction was achieved using the RC93 pro
gram [14]. Intensity data were corrected for Lorentz and
Polarisation effects. The structure was solved by direct
methods SHELXS-97 [15] and refined with SHELXL97 [16]. The C13 atom was split into C l3a and Cl3b.
H atoms were refined using a riding model, and H atom
displacement parameters were restricted to 1.2 Ueq of
the parent atom. The final positional parameters are pre
sented in Table 2. A perspective drawing of the molecule
is shown in Fig. 2 [17], Selected bond lengths and an
gles are summarised in Table 3. A list of atomic pa
rameters and structure factor tables have been deposited
with the Cambridge Crystallographic Data Centre as sup
plementary publication no. CCDC-157857 [18], E-mail:
deposit@ccdc.cam.ac.uk
Susceptibility measurements

X-ray structure determination

X-ray data collection was carried out on an EnrafNonius CAD-4 diffractometer [13] using a single crys
tal with dimensions 0.1x0.15x0.60 mm3 with graphite
monochromatized Cu-Kr> radiation (A = 1.5418 A) by
using cj — 20 scan technique. Precise unit cell dimen
sions were determined by least-squares refinement on the
setting angles of 25 reflections (2.15° < 9 < 12.35°) care
fully centered on the diffractometer. The crystallographic
data, conditions used for the intensity data collection and

Magnetic susceptibility measurements of the powdered
sample were performed over the temperature range 5 350 K with a MPMS Quantum Design SQUID mag
netometer. Details of the apparatus have already been
described [19]. A magnetic field strength of 1 kG was
used during the data acquisition. A diamagnetic correc
tion of the molar magnetic susceptibility of the com
pound was estimated from Pascal’s constants [20]. Mag
netic moments were obtained from the relation /ieff =
2.828 (xT )1/2.
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T [K]

Fig. 4. Plot of the molar sus
ceptibility \M (top) and the
effective magnetic moment
Meff (bottom) versus temper
ature. The solid lines repre
sent the least squares fitting
of the data.

T[K]

Molecular orbital calculations

Ab-initio restricted Hartree-Fock (RHF) calculations
for 3,5-dimethylpyrazolate were carried out by using the
GAUSSIAN-98 program [21]. STO-3G [221 minimal ba
sis sets were adopted for carbon and nitrogen atoms. The
structural parameters obtained by X-ray analysis were
employed. Extended Hiickel molecular orbital (EHMO)
calculations [23, 24] were done for the dinuclear com
plexes using the CACAO program [25].

Results and Discussion
X -ra y cr ysta l structure

The complex consists of binuclear molecules in
which each copper ion is surrounded by two O and
two N atoms in a square planar coordination. The
Cu-N and Cu-0 bond lengths are comparable with
the bond lengths reported in other binuclear copper(II) complexes [26 - 29]. The distance between
the two copper(II) centers is 3.365(1) A and the
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Table 4. Structural and magnetic data for a series of related compounds.
Comp.

Cu...Cu [A]

Cu-O-Cu [°]

(Cu-O) [A ]a

0[°]b

ec

- 2J [cm ’]

1
2
3
4
5
6

3.365
3.355
3.359
3.349
3.360
3.644

125.6
124.7
125.1
121.7
121.8
137.7

1.901
1.898
1.897
1.894
1.916
1.940

165.0
166.8
176.2
172.6
164.2
164.7

359.0
355.3
359.9
343.0
359.6
353.8

444
164
240
310
540
635

1: Present work; 2: [Cu2(L2)(3,5,prz)] (Kara etal. [ 12]); 3: [Cu?(L')(prz)]. H?0 (M azureketal. [10]); 4: [Cu2(L')(prz)]
(Nishida and Kida [9]); 5: [Cu2(L)(prz)] (Doman et al. [31]); 6: [Cu2(L‘)ÖCH3 (CH3OH)] (Nishida and Kida[41]);
a (Cu-O) is the average distance between the copper and the bridging O atom s;b dihedral angle between coordination
planes; sum of angles around the oxygen atom.

Cu-O-Cu bridging angle is 125.7 (1)° which is in the
range of similar binuclear copper(II) complexes [10,
11, 30, 31]. The dihedral angle formed by the two
coordination planes is 165°, and the whole molecule
therefore is nearly planar (Fig. 3). The sum of the
bond angles around the bridging oxygen atom is
359.9°, indicating that the three bonds are essen
tially planar.
Two molecules are partially stacked in the crystal
as illustrated in Fig. 3. The shortest intermolecular
Cu . . . Cu1 distance is 3.399(1) A, and the Cu-O 1
distance is 2.722(1) A (i = -jc, -y , 1 - z).
Magnetic properties
The magnetic susceptibility of the complex is
shown as a function of temperature in Fig. 4 (top)
and the magnetic moment as function of temper
ature in Fig. 4 (bottom). The variable-temperature
data were fitted to the modified Bleaney-Bowers
equation [32]:

N g 2i 4

4kT

Xp + N a

(1)

using the isotropic Heisenberg - Dirac - Van Vleck
Hamiltonian
H = -2JS\ S 2
for two interacting S = 1/2 centers, where -2 J is the
energy difference between spin-singlet and -triplet
states. N a is the temperature-independent paramag
netism, x p is the fraction of a monomeric impurity,

0 is a Weiss-like correction for intermolecular in
teractions. Least squares fitting of the data leads to
J = -220 cm- 1,g = 2.02, x p = \% and 0 = - 6 K. The
non-zero value of 0 may be due to the intermolecu
lar interaction between the binuclear complex. Fig.
4 shows a broad maximum at a temperature of ca.
300 K indicative of an antiferromagnetically cou
pled system. A small amount of monomeric impu
rity is responsible for the increases in susceptibility
below 15 K. The magnetic moments were obtained
from the relation /ieff = 2.828 (xT )1/ 2. From Fig. 4
it is clear that the observed and calculated magnetic
moments /ieff decrease from 2.75 p^ at 300 K to
0.3
at 5 K.
Magneto-Structural Correlation
Some interesting correlations between structural
and magnetic parameters emerge from the data in
Table 4.
The dihedral angle between the two coordination
planes is considered to be a key factor in deter
mining the spin-exchange interaction between the
two copper ions. The larger the dihedral angle, the
greater the strength of the exchange coupling. The
dihedral angle decreases in the order 3 > 4 > 2 >
1 > 6 > 5 while -2J decreases in the order 6 > 5 >
1 > 4 > 3 > 2. This indicates that the dihedral an
gle of unsymmetrically doubly bridged complexes
plays only a minor role in determining the exchange
interaction. The planarity of the bonds around the
bridging oxygen atom has also been considered as
the determining factor for the antiferromagnetic in
teraction. In fact there is considerable variation in
the configuration. However, no systematic correla
tion between the planarity of the molecule and the
J value could be found. For instance, in the case
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da"

da'
1T i
! / d/ \\
ds, d a

’M's
>t

Px, py

-V.

dx2 -v2

(a)

(b)

Fig. 6. Orbital Energy diagrams illustrating the interact
ing between bridging-group orbitals and metal magnetic
orbitals, (a) Single alkoxide bridged system, (b) further in
teraction due to the additional of 3,5-dimethylpyrazolate
bridge to (a). ds = symmetric orbitals on C u(l) and Cu(2)
(symmetric with respect to the plane perpendicular to the
N-N bond). da = antisymmetric combination, pwx and py,
orbitals of the bridging oxygen atom, and ips and ipa, sym
metric and antisymmetric orbitals of the bridging ligand,
respectively.

Fig. 5. Metal - 3,5-dimethylpyrazolate orbital symmetry
combinations.

of 3 the sum of the three bond angles around the
oxygen atom is 359.9° but the -2J value is the low
est among the complexes. Perhaps the most widely
accepted criterion for correlating structure and mag
netism is the Cu-O-Cu bridging angle [33 - 38].
According to Hatfield the antiferromagnetic inter
action becomes stronger with increasing Cu-O-Cu
angle in bis(/x-hydroxo) and bis(/i-alkoxo)-bridged
copper(II) complexes [5]. Although the Cu-O-Cu
angle of the title compound is almost identical with
that in complex 3, the antiferromagnetic super-exchange interaction is stronger. It is clear that there is
no simple correlation of the Cu-O-Cu bridge angle
with the strength of the exchange interaction. Thus,
all the criteria so far widely accepted have failed to
account for the experimental results. Accordingly,
we have examined the orbitals contributing to the
superexchange interaction in more detail.
Orbitals Contributing to Superexchange
Interaction
The difference in magnitude of the coupling con
stant of the single alkoxide bridged and doubly

hetero-bridged dinuclear copper complexes may
be explained by the metal-ligand orbital overlap.
The single /i-alkoxo-bridged dinuclear copper com
plexes are antiferromagnetically coupled [7, 8 ].
When the Cu-O-Cu angle is larger than 90° (120
- 135.5°) the da overlap with px is larger than of ds
with py, so da and ds split as illustrated in Fig
ure 6 a to give the d^ and d' molecular orbitals.
A large energy separation of d^ and d' leads to a
stronger antiferromagnetic interaction. In the pres
ence of a second bridging ligand (Fig. 6 b), either a
complementary or countercomplementary effect on
the spin exchange interaction may arise due to fur
ther interactions of the ligand symmetric
and
antisymmetric (ipa) combinations with the d^ and
d' MO’s. This interaction results in the formations
of d" and d". The magnitude of the magnetic ex
change parameter, J, may be determined according
to Hoffmann’s expression [11],
[E(d") - E(d")]:
J = Jp + Jaf = —2 K j2 +

Jll — J 12

(2)

In this expression, Jn, J12 and K 12 are Coulomb
and exchange integrals, respectively, and E(d") and
E(d") are the energy levels of the HOMO and
LUMO. J can be written as the sum of two terms:
Jf, being the term defined by the exchange inte-
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gral between the two localised molecular orbitals,
which is always ferromagnetic, and Jaf, comprising
the difference in energy between the two molecu
lar orbitals [E(d") —E(d")]2- The interaction of the
metal-ligand orbitals thus affects the d" —d" energy
and determines whether the magnetic exchange pro
cess results in overall antiferromagnetism or ferro
magnetism.
Nishida et al. [9] have shown that the energies
of dg and d'' depend on two factors, (i) the energy
differences between the interacting orbitals, E(da)
and E ^ a ), E(ds) and E (^s), (ii) the overlap inte
grals between the interacting orbitals, S(da, ^ a) and
S(ds, ^ s). Molecular orbitals of the 3,5-dimethyl
pyrazolate ion have been calculated by the ab -in itio
restricted Hartree-Fock method. Since the orbital
energy of
is higher than that of !^a by 0.15 eV,
factor (i) of the above discussion should be decreas
ing for the energy gap of d" and d '\ hence working
countercomplementary with the alkoxide bridge to
diminishing antiferromagnetic interaction. In addi
tion, overlap integrals of interacting orbitals are an
important factor to increase or decrease the energy
separation of d" and d'\ If
overlaps more ef
fectively with da than xps with ds, the overlap in
tegrals of the interacting orbitals may affect the
3,5-dimethylpyrazolate bridge to act in a comple
mentary fashion with the alkoxide bridge. We de
termined approximate values for S(da, xpa) and S(ds,
ips) and calculated the difference between S(da, ^ a)
and S(ds, ^ s) for our compounds 1 and 2. The rig
orous definition and the process of the calculation
are cited in the Appendix.
We found from the calculations that
S(a - s)(l) > S(a - s)(2)

(3)

This clearly indicates that the effect of factor ii for
2 is weak compared with that for 1. As the result,
the energy separation of d" and d" for 1 is reduced
as compared with that for 2 ; in other words, in the
case of 2 the 3,5-dimethylpyrazolate bridge exerts a
countercomplementary effect on the antiferromag
netic interaction caused by the alkoxide bridge. This
effect may be ascribed as the main factor for the
smaller - 2 J value of 2 compared with that of 1 .
In addition to above calculation, we also have
done Extended Htickel Molecular Orbital (EHMO)
calculations for 1 and 2 , which have shown that
the HOMO and LUMO are separated by 0.22 and

0.19 eV for 1 and 2, respectively. The smaller value

of 2 compared with that of 1 is entirely consistent
with the magnetic properties.
Conclusion
In dinuclear copper(II) complexes which contain
two different bridging ligands, the bridging units
may act in a complementary or countercomplemen
tary fashion to increase or decrease the strength of
the super-exchange process. When two copper ions
are doubly bridged with alkoxide oxygen and ppyrazolate nitrogen atoms, as in the cases of 1 , 2 ,
3, 4 and 5, the /z-pyrazolate bridge will increase
or decrease the energy separation between da and
ds depending on the relative degree of interaction
between da and
and between ds and ^ s.
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Appendix
D eterm in ation o f the o rien ta tio n o f m a g n etic
d o rb ita ls

Fig. 7. shows the projection of C u l and the donor
atoms onto the coordination plane together with the
axes of the magnetic d orbital (broken lines). The
angles formed by the coordination bonds and the
axes of the d orbital are denoted as a, ß , 7 and
y

X

Fig. 7. Projection of Cul and the donor atoms in in the
best plane formed by these atoms. (The broken lines are
the axes of the d orbitals).
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6. In order to fulfil the requirement of maximum
overlapping, the following function was minimised:
F(a) = o r + P2 +

7 2

+ Ö2

S(ds, # s) = 0.019 (cos(2a))S(3d, 2s)
+ 0.249 (sin(2a))S(3d7r, 2pn).

(1)

= a 2 + (a + 90 - 99.78)2

(6 )

+ 0.302 (cos(2a))S(3da ,2 p (J)

In a similar way, S(da, -0a) is obtained:

+ (q + 1 8 0 - 9 9 .7 8 -9 1 .2 7 )2

S(da, # a) = 0.00404 (cos(2a))S(3d, 2s)

+ (a + 270 - 99.78 - 91.27 - 82.62)2

(7)

+ 0.540 (cos(2a))S(3dcr, 2pCT)

= 4 a 2 - 4 9 a + 232.

- 0.3066 (sin(2ct))S(3d7r, 2px).

If dF(a)/da; = 0, then a = 6.125°. The same value
was obtained for the a about the coordination plane
Cu2.

In the case of 2, overlap integrals are also obtained
by the same principle:
S(ds, $ s) = 0.017 (cos(2a))S(3d, 2s)

D eterm in a tio n o f o ve rla p in tegrals betw een ds an d
2p s a n d b etw een da an d

According to Nishida, when the x and y axes in
Fig. 7 are rotated by a , the di orbital is expressed
in terms of the new coordinate system as

(8 )

+ 0.429 (cos(2a))S(3dCT, 2pa)
+ 0.140 (sin(2a))S(3d 7r,2 p 7r),
S(da,

a) = 0.0039 (cos(2a))S(3d, 2s)

(9)

+ 0.543 (cos(2a))S(3dcr, 2Pc7)
-0.304 (sin(2a))S(3d 7r,2 p 7r).

di = (cos( 2 o:))dx2 _ y 2 + (sin(2 a))dxy.

(2 )

The ips and ipa orbitals of 3,5-dimethylpyrazolate
ion can be expressed as the sum of the orbitals on
NI and N2 and the neighbouring carbon atoms:
V’s = 0sl + 0s2 + 0 sC>

(3)

= </>a1 + 0a2 + 0aC-

(4)

These orbitals can be expressed in terms of the new
coordinate system in which the y-axis is on the CulN 1 bond:
0si = 0.01352 s + 0.09765 ((cos 30)px + (sin 30) py)
+ 0.26118 (-(cos 60)px + (sin 60)py),
0si = 0.01352 s + 0.1765 px + 0.214 py.

(5)

From (2) and (5) we obtain:
S(di, 0si) = 0.01352 (cos(2a))S(3d, 2s)
+ 0.214 (cos(2a))S(3dcr, 2pa)
+ 0.1765 (sin(2a))S(3d7r, 2pn).
Further, since ds = (di - d2 ) / 2 1 / 2 and S(d2 , 0 S2 ) =
-S (d i, 0si):
S(ds, V’s) = 2 S (d ,, 0 sl)/2‘/ 2,
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