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A Comparative Molecular Orbital Study and Vibrational
Analysis of Bis(Diethyldithiophosphato) Nickel(IT)
and its Pyridine Adduct
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Unlike the coordinatively unsaturated NiS, core of bis(diethyl-
dithiocaramato) nickel(II), bis(diethyldithiophosphato) nickel(II)
readily forms bis-pyridine (Py) adduct with distortion of chelate
rings but maintaining their coplanarity. The adduct formation is
facilitated by donation of electrons from the highest occupied mo-
lecular orbital, HOMO [N(p,)] of pg'ndme to the lowest unoccupied
molecular orbital, LUMO (Ni(dz)] of nickel(II) diethyldithio-
phosphate. As a result of adduct formation and concomitant coor-
dination expansion, the Ni-S bond length and S—P—S bond angle
are increased while the S—Ni—S bond angle is decreased. These
changes are attributed to the decrease of net positive charge on the
nickel atom with a simultaneous increase of net negative charges
on the sulfur atoms.

The former effect increases the Ni—S bond length resulting in
a decrease of S—Ni—S bond angle while the latter effect increases
the S—P—S bond angle. These structural changes cause a consid-
erable change in the properties of the resulting adduct. A compar-
ative Extended Huckel Molecular Orbital (EHMO) study of
[Ni{S,P(OC;Hs),},] and its pyridine adduct is, therefore, made to
elucidate the effect of adduct formation on the bonding character-
istics of the parent complex by calculating the net charges (Q) on
individual atoms, reduced overlap populations (ROP) between dif-
ferent atom pairs as well as by fragment molecular orbital (FMO)
analysis. The EHMO results, thus obtained, have been correlated
to the relevant force constants (f) and IR frequencies determined
by normal coordinate analysis (NCA). There is good agreement
between the calculated and the observed frequencies which are
assigned by the potential energy distribution (PED) calculation.

Key Words: EHMO, NCA, Bis-pyridine adduct, Bis(di-
ethyl dithiophosphato)nickel(II).

INTRODUCTION

Diamagnetic, square-planar dithiophosphato, dithiophosphinato and xanthato
complexes of nickel(I[) with coordinatively unsaturated NiS, cores easily expand
their coordination spheres by forming paramagnetic, octahedral adducts with
suitable N-donors, while dithiocarbamato analogues rarely form such adducts'. In
an earlier communication from this laboratory the reasons for such different
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behaviours exhibited by these systems towards adduct formation were analyzed in
detail®.

The formation of pyridine-type base adducts of dithiophosphato, dithio-
phosphinato and xanthato complexes of nickel(II) has becn extensively studied*™®.

" The properties of the resulting adducts were often different from those of the
parent complexes’. For metal B-ketoenolate complexes are a well-studied class
exhibiting such behaviours. For example, the planar, diamagnetic bis(dipivaloyl-
methane) nickel(II) became paramagnetic, trans-octahedral adduct of pyridines.
The C—O stretching frequencies of nickel(IT) xanthates shifted considerably (ca.
50 cm™) on adduct formation indicating the change of C—O bond order’. This
was due to the donation of base electrons to the metal making the complex more .
ionic in character.

It was observed'® that the formation of trans-bis-pyridine adduct of bis(0,0’-
diethyl dithiophosphato) nickel(II), [Ni{S,P(OC,Hs),},] distorted the chelate
rings without affecting their coplanarity. The Ni—S bond length and the S—P—S
bond angle were increased while the S—Ni—S bond angle was decreased. The
increase of P—S bond length was, however, negligible. These structural changes
which cause the changes in the properties of the resulting adduct were attributed
to the decrease of net positive charge on the nickel atom and the increase of net
negative charges on the sulfur atoms. The present paper deals with a comparative
EHMO and NCA studies of [Ni{S,P(OC,Hs),},] and its pyridine adduct describ-
ing the effect of adduct formation on the bonding characteristics of these systems.
The results of the EHMO calculations are correlated by relevant force constants
calculated from NCA.

EXPERIMENTAL

The adduct [Ni{S,P(OC,Hs),},-2Py] was prepared by the method reported
elsewhere'®. The IR spectrum (Fig. 1) of the complex as KBr pellets was recorded
in the range 4000-200 cm™' on a Perkin-Elmer 883 IR spectrometer.

The EHMO calculations were carried out by successively operating CACAO
and ICON8 computer programs'! '2, The Wilson GF matrix method'® was used
to carry out the NCA using “QCMPO067 General Vibrational Analysis” program'.
The potential energy matrix (F) was constructed by Urey-Bradley force field'?.
The initial assumed set of force constants were refined by the procedure of Nelder
and Mead's. The observed frequencies were assigned by potential energy
distribution (PED) calculations (Table-1)!".

EHMO calculations: The structural parameters (Table-2) of
[Ni{S,P(OC;Hs),},] and [Ni{S,P(OC,Hs),},-2Py] (Fig. 2 a and b) were taken
from published literature'®'®, The mean values of the bond lengths and bond
angles of similar kinds were considered. The H atoms of the pyridine molecules
and the C,Hs groups of the dithiophosphate fragments were ignored to simplify
the calculations.The cartesian coordinates of the atoms required for the calcula-
tions were determined by a preliminary run of CACAO and then used as input
data in the ICON8 program.
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TABLE-1
POTENTIAL ENERGY DISTRIBUTION (PED) OF [Ni{S,P(OC,Hs), },-2Py]
. Symmetry . -1
Species coordinates Observed frequencics (cm™)
810 540 340 328
Ay Si= f?(drl +dry) 0.000 0.000 0.862 0.006
Sy = 722- (dr3 + dryg) 0.226 0.750 0.000 0.000
S3= 715 (drs + drg) ‘ 0740 0174 0000  0.000
S = 715 (dr7 + drg) 0.000 0.000 0.005 0.992
760 630 181°
Bi Ss= :}2- (drs — drg) 1.000 0.000 0.049
S¢= 715 (dry - drg) 0.000 0.961 0.000
S =% (d6s — dBg + d6; — dbg) 0.000 0.000 1.049
670 318 203°
B2 Sg= 7‘3 (dry - dry) 0.001 0.835 0.027
1
= - 928 0.003 0.018
Sy =5 (dr3 - dry 0.92
S10 = (d6s + dBg — dO7 — d6g) 0.018 0.085 0.928
® Calculated frequencies.
c
3
g
E
0.11 .
4000 . 3000 2000 1500 1000 S00 200

Wave number (cm')

Fig. 1. IR spectrum of [Ni{S,P(OC,Hs),},2Py]
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Table-2
INTERNAL COORDINATES OF
(a) [Ni{S;P(OC;Hs);}2] AND (b) [Ni{S;P(OCH3); }2-2Py)
(a) [Ni{S,P(OC;Hs), 2] (b) [Ni{S,P(OC;Hs), }22Py]
Bond lengths (A) Bond lengths (A) (Mean)
Ni—S =2.333 Ni—S =2.495
P—S =1.989 P—S =1.985
P—O0=1.575 P—O=1.585
Ni—N =2.110
Bond angles (degree) Bond angles (degree) (Mean)
ZSNiS = 88.5 ZSNiS= 81.70
ZNiSP= 84.5 £NiSP= 83.95
ZSPS =103.1 ZSPS =110.40
ZSPO =114.4 ZSPO =112.90
ZOPO = 96.6 ZOPO = 94.00
ZSNiS = 90.35
4ZNCC=123.35
ZCCC=118.60
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Fig. 2. Structures of [Ni{S;P(OC,Hs), },] and [Ni{S,P(OC,H;),},-2Py]

Normal Coordinate Analysis: The simplified model (Fig. 3) of the adduct
was considered for NCA assuming the C;HsN and OC,H; groups to behave as
single atoms X and Y with molecular masses of 79 and 45 amu respectively. This
eight-atom model contains 21 internal coordinates having the following mean
values of the molecular parameters'®:

rn=r,=2495A,r;=1,=1985 A, rs =rs = 1.589 A, r; =13 = 2.11 A,
6,=81.7°0,=0,=283.95° 0;=110.4° 065=04 =06, =03 =112.9°, 69 = 94° and
810=0,,=8,,=0,3=90°

The 18 normal modes of vibrations (3N = 6, N = 8) of this model of C,y point
group were classified into 8A| + 2A, + 4B, + 4B, symmetry species. However,
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the two IR inactive torsional vibrations, p,(O—P—O) and P(N—Ni—N), of A,
species were not observed. The calculated and the observed frequencies as well
as the refined force constants of the adduct have been compared with the

corresponding values'® of [Ni{S,P(OCH3;),},] (Tables 3 and 4) assuming OCHj,
and OC,Hjs to be equivalent.

X(N,)

X(N,)

Y(0,)

X =CJ,N, Y =OC,H,

Fig. 3. Molecular model of [Ni{S,P(OC,Hs),},-2Py]

TABLE-3 .

OBSERVED AND CALCULATED FREQUENCIES OF

(a) [Ni{S;P(OC,Hs),},-2Py] AND (b) [Ni{S;P(OCHj),},]"
WITH BAND ASSIGNMENT AND PED (%)

[Ni{ S2P(OC2Hs)2 }2-2Py]

"[Ni{S2P(OCH3)2}2]"

Frequency (cm")

Frequency (cm")

PED

Obs. Cal. Assignments (%) Obs. Cal. Assignments I(’sj))
A1 810 812 vy(P-O)+v«(P-S) 74,23 A} 823 831 vy(P-O)+v(P-S) 109, 50
540 524 v(P-S)+v4P-0) 75,17 519 523 v, (P-S)+Vv(P-0) 100,14
400 — — — 395 391 &O-P-0)+3(S-P-S) 100,13
. 340 337 vy(Ni-S) 86 355 350 v(Ni-S) 100
328 324 v¢(Ni-N) 99 252 243 §(S-P-S)+6(0-P-0O) 100,18
Bi 760 755 v4(P-0) 100 | By 796 792 v,(P-0O) 100
630 634 v,(Ni-N) 96
— 181 p«(POy) 100 189 194 p/PO,) 100
B2z 670 685 v,(P-S) 93 | B2 657 658 v4(P-S) 100
318 314 v,(Ni-S) 83 328 327 v4(Ni-S) 100
— 203 pu(POy) 100 214 214 p,(PO,) 100
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TABLE-4
FORCE CONSTANTS ‘f’ (mdyn/A)
FOR [Ni{S,P(OC;Hs),}2-2Py]

The values within the parentheses represent
force constants of [Ni{S;P(OCH3),},].

Stretching
fnis = 1.15 (1.20) fpo = 6.70 (3.46)
fps = 4.07 (2.80) fnin = 4.90
Bending

fsnis = 1.20 (0.30) fspo = 0.03 (0.05)
fnisp = 0.55 (0.12) foro = 0.55 (0.39)
fsps =0.09 (0.15) fsnin = 0.95

. Repulsive
fs..s =0.05 (0.05) fo..0=0.45 (0.40)
fni.p = 0.02 (0.35) fs.n=0.01
fs.0=0.33(0.23)

RESULTS AND DISCUSSION

EHMO calculation: The paramagnetic character'® of the adduct is revealed
by the one-electron occupation of its highest occupied molecular orbital (¥yomo)-
The fragment molecular orbital (FMO) analysis has shown that the HOMO of the
adduct is formed by the bonding interaction between Ni(df) and N(p,) associated
with a flow of electrons from the HOMO (¢yomo) of the pyridine fragment to
the lowest unoccupied molecular orbital (¢7ymo ) of the [Ni{S,P(OCH3),},] (Fig.
4) which is consistent with the fact? 2! that nickel dithiophosphates were used
as reference acceptors in the determination of- many thermodynamic constants.
The other bonding molecular orbitals are formed by the interactions of p, and p,
orbitals of pyridine nitrogen with d,, and d,, orbitals, respectively, of the nickel
atom. However, these interactions, which are of mt-character, are expected to be
very small as the Ni—N bonds in the adduct do not have any double bond
character'®, The adduct formation is associated with a decrease in the net positive
charge on the nickel atom and a simultaneous increase of net negative charges
on the sulfur atoms (Table-5). The former effect increases the Ni—S bond length10
resulting in a decrease of the reduced overlap population (ROP) between nickel
and sulfur atoms (Table 5). The latter effect increases the S—P—S bond angle
and also the S—P flow of electrons, which results in a slight decrease of the net
positive charge on the phosphorus atom (Table-5). The difference between the
P—S bond lengths in [Ni{S,P(OCHj;),},] and its pyridine adduct is negligible
(Table-2) and the increase of ROPp_g (Table-5) in the adduct may be due to the
increase of P—S bond order®%. The donor solvent molecules. (L), that complete
the ceordination sphere of Ni** ion in nickel diethyldithiophosphate adduct,
[Ni{S,P(OCHj;),},-2L], also affect the structure of the chelate rings in the same
way as mentioned above. As a result of the two opposing effects, that is the
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decrease of the S—Ni—S bond angle and a simultaneous increase of S—P—S
angle, the Ni—S bonds, which are weaker than the P—$ bonds'?, are disrupted
in water or other solvents of high dielectric constants?.

Table-5
NET CHARGES (Q) AND REDUCED OVERLAP POPULATIONS (ROP) OF
[Ni{S;P(OC;Hs);}2] AND [Ni{S,P(OC;Hs),},-2Py]

Complex Net charge (Q) Reduced overlap population
(ROP)

Qni Qs Qr Qo | Ni-S PS P-O Ni-N
[Ni{S,P(OC;Hs);}2] 1.872 -0.013 1971 -1.440| 0265 0815 059 -

[Ni{S;P(OC;Hs),},-2Py] | 0.877 0.488 1.897 0.723 | 0.060 0.842 0.562 0.136

Normal Coordinate Analysis: The discussion is based on the assumption
that OCH; and OC,Hs groups are equivalent and have the same £ffect on the
bonding characteristics in the chelate rings of the complexes considered for the
present calculation. The agreement between the observed and calculated frequen-
cies (Table-3) of the adduct is quite satisfactory, the maximum deviations being
2.7%. The band assignments are consistent with those19 of [Ni{S,P(OCH3);},].
The symmetrlc (vsym) and antisymmetric (Vasym) P—S stretching vibrations (519
cm” and 657 cm™ respectlvely) of [Ni{S,P(OCHj;), },] have been shifted to 540
cm™! and 670 cm™ in the pyridine adduct, [Ni{S,P(OC;Hs),},-2Py] indicating
an increase of P—S bond order’?, This may be attributed? to the increase of ionic
character of the (Ni—S) bond with increased electron density on the sulfur atoms
and a decrease of S — Ni sigma electron flow leading to an overall increase of
P—S bond order. This is reflected in the reasonably higher P—S stretching force
constant (fp_g = 4.07 mdync/A) of the adduct compared to that (fp_g'= 2.80 -
mdyne/A) of [Ni{S,P(OCH;),},] (Table-4). It may be suggested from the Ni—S
bond distances (Table-1) of the present two systems that the (Ni—S bond in the
adduct is somewhat weaker than that of [Ni{S,P(OCHj;),},] and this is corrobo-
rated by the relative values of their Ni—S stretching force constants (T able-4) as
well as the respective values of v(Ni—S) (Table-3)

The bands observed at 328 cm™ and 630 cm™ in the IR spectrum of the adduct
have been assigned to Vsym(Nl—N) and V,ym(Ni—N) respectively. For the
frequencies above 650 cm™}, the pyridine vibrations show very little shift upon
complex formation® and the IR bands observed at 700 cm™ and 650 cm™ for
the adduct may thus be expected as due to the pyridine vibrations? 2 . The bands
at 604 cm™! (in-plane ring deformation) and 405 cm'1 (out-of-plane ring
deformation) of pyridine, however, are shxfted to higher. frequencies upon
coordination to a metal®. The band at 450 cm™ in the adduct may thus be assigned
to the out-of-plane ring deformation vibration of the pyridine molecule, while the
band at 630 cm™ may be due to the antisymmetric (Ni—N) stretching vibration
(Table-3) coupled with the in-plane ring deformation vibration of pyridine. The
band observed at 400 cm™ for the adduct corresponds to the band observed at



Vol. 15, No. 2 (2003)

395 cm™ in case of [Ni{S,P(OCH;),},] assigned to O—P—O bending vibration.
The symmetric Ni—N vibration occurs at 328 cm™ which is reasonably higher
than the corresponding values® of [Ni(Py),l,] (240 cm™) and trans-[Ni(Py),Cl,]
(236 cm™). This large variation in Vgy,(Ni—N) values may be due to the fact that
the metal-pyridine stretching vibrations are very sensitive to the stereochemistry

of the complexes?.

Bis(Diethyldithiophosphato) Nickel(II) and its Pyridine Adduct 707

8\m/0 O A
- 1140 Vv \O/I\Q 3___;23 Q
HOMO (38) 4'—
//nouo NEPy
Y bvw'.:
{
/
/
oo 7
! 39 :
\
Il \
FN
4 A \
//I l‘ \)——2!
/// I’II /
/ (A
/ N
Mo @Iy, M TN |
Nizd) S~ g5 i l/‘ *< Q
Niax) S8~ 16 =%/ Sy 31 NPl
LTI A NN };L\(’ / Gm’
1170 ) \\\ RN
Med) QL 26 \:,\ \ J,‘/ / pu——r Q
N ST TN \O\ 6} v V4 NPY)
t o \\ \\ // NPy}
2 | Mo 3B e N NN K 6
> AN
w 68 N(Px)
, (.
P
z
[Ni(S,P(OC,H) },| [Ni{S,P(OC,H,),},.2Py] 2Py
Fig. 4. Interaction diagram of [Ni{S,P(OC,Hs),},-2Py]
Conclusion

The effect of adduct formation by pyridine with [Ni{S,P(OC;Hs),},] on the
bonding characteristics of the parent complex has been discussed on the basis of
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HOMO-LUMO interaction, net charges on atoms and reduced overlap popula-
tions derived from EHMO calculations. The NCA of the above systems corrob-
orate the observations obtained from EHMO analysis.
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