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c Dipartimento di Chimica, Uni6ersità della Basilicata, Potenza, Italy
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Abstract

The electronic and molecular structure of hexakis[m-(O,O %-diethyl dithiophosphate-S:S%)]-m4-thiotetrazinc, [Zn4(m4-S){m-
S2P(OC2H5)2}6] (1), has been investigated by combining X-ray diffraction measurements, UV–vis absorption spectroscopy and
density functional calculations. The title compound is characterized by a Zn4(m4-S)(m-S12) core consisting of a S atom at the center
of a distorted tetrahedron of Zn ions, each of them placed at the center of an irregular tetrahedron of S atoms. Theoretical results
point out that 1, at variance to the isostructural [Zn4(m4-S){m-S2As(CH3)2}6] recently investigated by Albinati et al. [Inorg. Chem.
38 (1999) 1145], can be considered a well tailored molecular model of ZnS. Theoretical outcomes also indicate that the low energy
region of the UV absorption spectrum of 1 includes transitions having a ligand-to-metal-charge transfer nature involving the
excitation of an electron from the occupied m4-S 3p based atomic orbitals to the empty Zn 4s based levels. © 2000 Elsevier Science
S.A. All rights reserved.
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1. Introduction

In the recent past, nanometer-sized particles of semi-
conductors have been extensively investigated both ex-
perimentally and theoretically [1]. Indeed, when the
diameter of a semiconductor crystallite is progressively
decreased to the nanometer range, the spatial confi-
nement of charge carriers produces substantial changes
in the optical properties of the material (quantum size
effect) [1]. A further reduction of the particle size yields

clusters, which can be considered the smallest con-
stituents, the molecular models [2], of a semiconductor.
These clusters are particularly interesting to investigate
because they provide insights into the properties of the
solid and the opportunity of testing, also from an
experimental point of view, the validity of the cluster
approach [3] in studying localized phenomena in solids.

As a part of a systematic investigation of molecular
models of oxides and sulfides [4], we recently reported
an experimental and theoretical study of the electronic
and molecular structure of two polynuclear complexes:
[M4(m4-S){m-S2As(CH3)2}6] (M=Zn and Cd) [4d]. Both
clusters are characterized by a M4(m4-E)(m-E12) core
very similar to that of [Zn4(m4-O){m-O2CCH3}6] [4a]
and [Zn4(m4-O){m-O2CN(C2H5)2}6] [4b]; i.e. a chalco-
genide E ion tetrahedrally coordinated to four metal
ions, each of them placed at the center of a distorted
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tetrahedron of E ions. Casarin et al. [4a,b] have shown
that both [Zn4(m4-O){m-O2CCH3}6] and [Zn4(m4-O){m-
O2CN(C2H5)2}6] are well tailored molecular models of
ZnO and Zn4O(BO2)6 [5], while Albinati et al. [4d]
pointed out very recently that, because of their elec-
tronic structure, [M4(m4-S){m-S2As(CH3)2}6] (M=Zn
and Cd) clusters cannot be considered molecular mod-
els of the corresponding sulfides [6].

In the present paper, we present the results of an
experimental and theoretical investigation of the elec-
tronic and molecular structure of [Zn4(m4-S){m-
S2P(OC2H5)2}6] (1) carried out by combining X-ray
diffraction measurements [8], UV–vis absorption spec-
troscopy and density functional (DF) calculations. Our
goal is that of looking into, and eventually tuning, the
electronic properties of clusters containing a Zn4(m4-
E)(m-E12) core.

2. Experimental and computational details

2.1. Instrumentation, materials and synthesis

All reactions and manipulations were carried out
under an atmosphere of dry argon with standard
Schlenk techniques. Solvents were distilled under argon
before use. ZnO (Prolabo) and O,O %-diethyl dithiophos-
phoric acid (90% Aldrich) were used without further
purification. A Bruker SMART CCD diffractometer
operating at 200 K was employed for the structural
study. UV–vis absorption spectra were recorded on a
Varian Cary 5E spectrophotometer and elemental
analyses were provided by the Microanalysis Labora-
tory of the C.I.M.A. Department of the University of
Padova.

2.2. Synthesis of [Zn4(m4-S){m-S2P(OC2H5)2}6] (1)

Solid ZnO (6.7 g, 0.082 mol) was slowly added (1 h)
to a vigorously stirred solution of O,O %-diethyl dithio-
phosphoric acid ((C2H5O)2P(S)SH) (20 g 90% pure,
0.097 mol) in 15 ml of ethanol at 0°C. An exothermic
reaction took place and the resulting white slurry was
allowed to reach room temperature (r.t.) and further
stirred for 24 h. The suspension was filtered off, the
solid was thoroughly washed with ethanol and dried
under vacuum, yielding 16 g of a white solid (A). Solid
A was extracted with boiling ethanol to dissolve any
possible bis(O,O %-diethyl dithiophosphate)zinc(II),
[Zn(m-S2P(OC2H5)2]2 [9], and the dried solid residue (B,
15 g) was extracted with boiling dichloromethane. The
CH2Cl2 solution (about 100 ml) was concentrated un-
der vacuum to about 10 ml; addition of 80 ml of
ethanol caused the formation of a white precipitate
([Zn4(m4-S){m-S2P(OC2H5)2}6], hereafter 1, that was
filtered, washed with ethanol and dried under vacuum.

Yield 2.1 g (7.3% based on ZnO). Compound 1 was
recrystallized from dichloromethane–ethanol. M.p.:
201–203°C. Elemental analysis: Calc. (found) for
C24H60O12S13P6Zn4: C=20.52 (20.45), H=4.30 (4.05),
S=29.67 (30.25).

2.3. Structural study of [Zn4(m4-S){m-S2P(OC2H5)2}6]

Colourless crystals of 1, suitable for X-ray diffraction
measurements, were obtained by crystallization from
dichloromethane–ethanol and are air stable. A pris-
matic single crystal was mounted for data collection on
a glass fiber at a random orientation on a Bruker
SMART CCD diffractometer operating at 200 K. The
space group was determined from the systematic ab-
sences (R3 or R3( ), while the cell constants were refined,
at the end of the data collection, using 4260 reflections
up to umax=25°. Data were collected in the ‘v-scan
mode’ with steps of 0.3° with counting time for each
‘frame’ of 20 s.

The collected intensities were corrected for Lorentz
and polarization factors [10], while an empirical absorp-
tion correction (based on the intensities of symmetry
related reflections) was also applied using the SADABS

program [11]. The standard deviations of intensities
were calculated in terms of statistics alone, while those
on F2

o were computed as shown in Table 1.
Selected crystallographic data are listed in Table 1

and in Table S1 of the supplementary material (see
Section 5). Fractional coordinates and equivalent
isotropic displacement parameters, a full listing of se-
lected interatomic distances and angles, anisotropic
thermal parameters and hydrogen coordinates are
available as supplementary material.

The structure was solved by direct and Fourier meth-
ods using the SHELXS program [12] and refined in space
group R3( by full matrix least squares [12] by minimiz-
ing the function�% w(Fo

2 − (1/k)F c
2)2n

Towards the end of the refinement, disorder of the
‘POC2H5’ fragments was apparent. Two positions were
found for the oxygen atoms and included in the refine-
ment (atoms O11a and O21a with partial occupancy of
0.3 and 0.2, respectively). The high value of the thermal
factors also indicates positional disorder for the carbon
atoms, but it was impossible to model it satisfactorily.
The presence of the disorder is reflected in the lower
accuracy of the bond distances in the P(OC2H5)2 groups
and the value of the R factors.

The refinement of the structure in the acentric group
R3 did not resolve the disorder problem but gave a
significantly higher Rw factor (0.19) [13]. For this rea-
son, the centrosymmetric refinement, using less parame-
ters, was retained. Anisotropic displacement parameters
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were used for all atoms. The contribution of the hydro-
gen atoms, in their calculated position, was included in
the refinement using a riding model (U(H)=1.5×
U(bonded atom) A, 2). No extinction correction was
deemed necessary. Upon convergence the final Fourier
difference map showed no significant peaks.

It should be noted that the solution obtained with
this data set is different from that of Harrison et al. [9].
A refinement using their coordinates diverged with
unrealistic temperature factors for some of the atoms
and high residuals (\25 e×A, −3) in the Fourier differ-
ence maps. A possible explanation of this finding is that
we have crystallized a different polymorph. In this
regard it may be noted the significant change in the
value of the cell constant c (even allowing for the
difference in T) that may reflect differences between the
two forms.

The scattering factors used, corrected for the real and
imaginary parts of the anomalous dispersion, were
taken from the literature [14]. All calculations were
carried out by using the PC version of the SHELX-97
programs [12].

2.4. Absorption spectra

The r.t. absorption spectrum of 1 was recorded in the
200–500 nm region by using a Varian Cary 5E spec-
trophotometer with a spectral bandwidth of 1 nm. A
solution 5×10−3 M of 1, obtained by dissolving the
title compound in spectral grade CH2Cl2, was employed
immediately after its preparation.

2.5. Theoretical study of [Zn4(m4-S){m-S2P(OC2H5)2}6]

All the calculations have been run by using the DMol
code [15]. This is a DF numerical method where the
Kohn–Sham equations are solved for systems with a
finite size providing eigenvalues, eigenvectors and
charge distribution by using numeric atomic orbital
(NAO) basis sets. The following NAOs have been
employed throughout the calculations. (a) Zn: the 1s–
4s NAOs of the neutral Zn atom, the 3d–4p NAOs of
Zn2+. (b) S: the 1s–3p NAOs of the neutral S atom,
the 3s–3d NAOs of S2+. (c) P: the 1s–3p NAOs of the
neutral P atom, the 3s–3d NAOs of P2+. (d) O: the
1s–2p NAOs of the neutral O atom and the 2s–2p
NAOs of O2+ and two sets of 1s, 2p and 3d NAOs
generated from two hydrogenic calculations using Z=
5 and Z=7. (e) C: the 1s–2p NAOs of the neutral C
atom, the 2s–2p NAOs of C2+ and two sets of 1s, 2p
and 3d NAOs generated from two hydrogenic calcula-
tions using Z=5 and Z=7. (f) H: the 1s NAO of the
neutral H atom and two sets of 1s and 2p NAOs
generated from two hydrogenic calculations using Z=
1.3 and Z=4. The Zn 1s–2p and the S, P, O and C 1s
NAOs have been kept frozen throughout the calcula-
tions in a fully occupied configuration, allowing their
exclusion from the variational space. As far as the l
value of the one-center expansion of the Coulomb
potential about each nucleus is concerned, a value of l
one greater than that in the atomic basis set has been
found to provide sufficient precision [16]. In the present
study we used the following degree of angular trunca-
tion: l=3 for Zn and l=2 for S, P, O, C and H.
Eigenvalues were plotted as density of states (hereafter
DOS) by using a 0.3 eV Lorentzian broadening factor.
These plots, based on the Mulliken’s prescription for
partitioning the overlap density [17], have the advan-
tage of providing information about the atomic compo-
sition of molecular orbitals (MOs) over a broad range
of energy. Even though uniquely defined, the Mul-
liken’s population analysis is rather arbitrary; neverthe-
less, it results very useful to gain a qualitative idea of
the electron localization. In selected cases, MO plots
have been used to assign the bonding character of
corresponding orbitals. Finally, the m-S2P(OC2H5)2

moieties have been replaced by m-S2P(OCH3)2.
Throughout the paper we will refer to the [Zn4(m4-S){m-
S2P(OCH3)2}6] model compound as 1Me.

Table 1
Crystal and structure refinement data for 1

Formula C24H30O12P6S13Zn4

Molecular weight 1374.69
Temperature (K) 200
Diffractometer Bruker SMART CCD
Crystal system Trigonal
Space group R3(
a (A, ) 20.7147(2)
c (A, ) 11.3972(2)
V (A, 3) 4235.32(9)

3Z
rcalc. (g cm−3) 1.62
m (mm−1) 2.262
Radiation Mo�Ka (graphite monochromated

l=0.71079 A, )
9h, 9k, 9 lMeasured reflections

u Range (°) 1.97BuB25.54
No. data collected 10616
No. independent data 1664
No. observed 1197 [� Fo �\4.0s(� F �)]

reflections (no)
Transmission 0.756–0.935

coefficient
No. of paramaters 99

refined (nv)
0.047Rav

a

0.063, 0.168R, R2
w (obs,

reflections) b

R, R2
w (all data) b 0.097, 0.193

GOF c 1.111

a Rav=S � Fo
2−F2

o,av �/Si � Fo
2 � ; R=S(� Fo−(1/k)Fc �)/S � Fo �.

b R2
w= [S w(Fo

2−(1/k)Fc
2)2/S w � Fo

2 � 2]; where w= [s2(Fo
2)+

(0.0763P)2+54.4099P ]−1 and P={[Fo
2+max(Fo

2)]/3.0}.
c GOF: [Sw(Fo

2−(1/k)Fc
2)2/(no−nv)]1/2.
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Fig. 1. ORTEP plots of [Zn4(m4-S){m-S2P(OC2H5)2}6]. Primed atoms
are obtained by those umprimed through the following symmetry
operations: −y, x−y, z ; −x+y, −x, z ; x−y, x, −z. Starred
atoms are obtained from those umprimed by the following symmetry
operations: −x, −y, −z ; y, −x+y, −z.

Table 2
Selected bond lengths (A, ) and angles (°) for 1

Bond angles
2.254(2) 1.930(4)P1�S2Zn1�S1
2.411(4) P1�S3**Zn1�S2 1.946(4)
2.404(3) P1�O11Zn1�S2**a 1.557(8)

P1�O11ac 1.778(2)2.411(3)Zn1�S2%%%
P1�O21 1.614(11)Zn1�S3 2.479(4)

1.50(4)P1�O21acZn2�S1 2.347(3)
2.403(3)Zn2�S3**a

Bond angles
102.7(1)S1�Zn2�S3*aZn1**�S1�Zn1*a 111.29(4)
115.30(8)S3*�Zn2�S3%%%bZn1�S1�Zn2 107.58(4)

68.71(4) Zn1�S2�P1Zn1�S1�Zn1%b 100.0(2)
Zn1�S3�P1%%%b 102.6(2)72.48(4)Zn1**�S1�Zn2
Zn1�S2**�P1**a 108.3(2)S1�Zn1�S2 106.5(1)

107.0(1)Zn2�S3%%�P1%%bS1�Zn1�S3 103.1(1)
112.4(1) S2�P1�S3**aS2�Zn1�S3 122.8(2)
106.7(1) S3�P1%%%�S2%%%bS2�Zn1�S2**a 122.8(2)
110.6(1)S3�Zn1�S2**a

a The starred (double starred) atoms are generated, from those in
the asymmetric unit, by the symmetry operations: −y, x−y, z ; x−y,
x, −z, respectively.

b The primed atoms are generated from those unprimed by the
symmetry operations: −y, x−y, z ; y, −x+y, −z ; −x+y, −x, z,
respectively.

c O11a and O21a are the disordered oxygen atoms (see text).
3. Results and discussion

3.1. Crystal structure of [Zn4(m4-S){m-S2P(OC2H5)2}6]

The structure comprises independent [Zn4(m4-S){m-
S2P(OC2H5)2}6] molecules (see Fig. 1) held together by
normal van der Waals contacts. Each molecule pos-
sesses a crystallographic symmetry with the S1 atom
lying on a −3( axis. As a result of the symmetry eight
Zn atoms are generated and two Zn tetrahedra (each of
them with a 50% occupancy) surround the central
sulfur atom S1 (see Fig. 2(a), where a noticeable trigo-
nal distortion is evident).

A selection of bond distances and bond angles of 1 is
listed in Table 2, while an ORTEP view of its inorganic
core is reported in Fig. 2(b). At variance to the struc-

ture published by Harrison et al. [9], our data indicates
that the coordination of the m4-S atom (S1 in Figs. 1
and 2) consists of a distorted tetrahedron of Zn atoms
with two different Zn�S separations (see Table 2) whose
values may be compared with the average value of
2.265(6) A, reported in Ref. [9]. Moreover, the coordi-
nation of the two diethyl dithioposphate ligands is
slightly asymmetric, as can be deduced by the Zn�S2
(av. 2.407(3) A, ) and Zn�S3 (2.479(4) A, ) bond distances.
At variance to that, bond lengths and bond angles of
the dithioposphate ligand are comparable to those pre-
viously reported [9].

Fig. 2. (a) ORTEP plot of the coordination around the central S1 atom of [Zn4(m4-S){m-S2P(OC2H5)2}6]. (b) ORTEP plot of the inorganic core of
1 [Zn4(m4-S){m-S2P(OC2H5)2}6].
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3.2. Absorption spectroscopy measurements

The absorption spectrum of 1 between 220 and 350
nm, recorded immediately after its dissolution in spec-

tral grade CH2Cl2, is shown in Fig. 3 together with the
spectra of the solvent and [Zn4(m4-S){m-S2As(CH3)2}6]
[4d]. The spectrum of the title compound consists of a
strong absorption band centered at 228 nm (5.44 eV)
with no shoulder on its low energy side. Interestingly,
the energy position of this band perfectly agrees with
the estimate reported by Blasse et al. [7] for the absorp-
tion maximum in the excitation spectrum of Zn4(m4–
S)6+ clusters encapsulated in a borate cage.

3.3. Theoretical results

Two sets of numerical experiments have been carried
out: one by using geometrical parameters herein in-
cluded, and another by employing the data of Harrison
et al. [9]. The non-planar conformation of the (m4-
S)Zn2(m-S2P) fragments (see Figs. 1 and 2(b)) allows an
extensive mixing of the ‘s’ and ‘p’ m-S 3p AOs which
prevents their factorization [18]. Moreover, the eigen-
value spectrum of 1Me is further complicated by the
presence, in the same energy region, of the dithiophos-
phate O and m-S non-bonding MOs. Thus, the analysis
of the character of MOs is not straightforward, and the
forthcoming discussion of the electronic structure of
1Me has been carried out by simply referring to DOS
and PDOS curves.

The DOS of 1Me computed with geometrical parame-
ters herein reported (DOSA) and those of Ref. [9]
(DOSB) are displayed in Fig. 4 together with the PDOS
of the Zn4(m4-S)(m-S12) core constituents. DOSA and
DOSB appear very similar, even though the DE(LUMO–

HOMO) [19] of the former (3.77 eV) is smaller than
that of the latter (4.36 eV). We emphasize that the
nature of frontier orbitals is however the same in both
calculations.

The likeness between crystallographic data recorded
at 200 K and at r.t. [9], the similarity between DOSA

and DOSB, and the equivalence of the nature of frontier
MOs indicate that the different DE(LUMO-HOMO) in the
two sets of calculations is due to the distortion of the
Zn4(m4-S) inner core revealed at 200 K [20]. The ab-
sence of such a distortion in the molecular structure
determined at r.t. [9] prompted us to assume an
analogous behavior in solution, and for this reason, the
assignment of the UV absorption data will be carried
out by referring to DOSB.

In an ideal tetrahedral environment, the 3p AOs of
the m4-S atom span the t2 irreducible representation of
the Td point group [21]. The interaction of the occupied
3p m4-S AOs with empty t2 Zn orbitals, e.g. linear
combinations of Zn 4s and 4p AOs, only gives rise to
occupied bonding combinations, while the interaction
with filled t2 Zn levels, e.g. linear combinations of Zn
3d AOs, produces occupied bonding and antibonding

Fig. 3. UV absorption spectra of [Zn4(m4-S){m-S2P(OC2H5)2}6] in
CH2Cl2. For comparison the absorption spectra of [Zn4(m4-S){m-
S2As(CH3)2}6] in CH2Cl2 and pure CH2Cl2 are also reported.

Fig. 4. Density of states (DOS) of 1Me computed with geometrical
parameters herein reported (up) and with those of Ref. [9] (down).
Partial DOS (PDOS) of Zn, m4-S, and m-S are also displayed. The
vertical bar represents the HOMO energy of 1Me.
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Fig. 5. Contour plots of a component of the t2
s2 (up) and t2

s2* (down)
MOs. Contour values are 90.38, 90.20, 90.10, 90.025, 90.012,
90.006, 90.003 A, 1/2 e−3/2 with negative values in dashed lines.

passing from [Zn4(m4-S){m-S2As(CH3)2}6] to 1Me, the
m-S 3p levels are uniformly stabilized by ca. 0.4 eV.
This is consistent with a higher electron accepting capa-
bility of the P(OCH3)2 groups compared to the
As(CH3)2 ones, and thus, the gross atomic charge of the
m-S atoms in [Zn4(m4-S){m-S2As(CH3)2}6] is computed
to be more negative than in 1Me (−0.39 and −0.36
[25], respectively).

Interestingly, the HOMO of the arsenic derivative in
its actual C3 symmetry has a significant localization on
the m4-S atom (see Fig. 7). Nevertheless, in agreement
with data reported by Albinati et al. [4d], [Zn4(m4-S){m-
S2As(CH3)2}6] cannot be considered a molecular model
of ZnS because the lowermost unoccupied MOs are
strongly concentrated on the peripheral m-S atoms with
a negligible participation of the Zn 4s levels.

Moving to the assignment of the UV absorption
spectrum, we first point out the significant difference
between the spectra of 1 and [Zn4(m4-S){m-
S2As(CH3)2}6], both reported in Fig. 3. In particular,

Fig. 6. Contour plot of the t2
s1* MOs. Contour values are the same as

in Fig. 5.

partners. Among the occupied levels, the m4-S 3p based
AOs give rise to two peaks lying at ca. −9 and ca. −6
eV both in DOSA and in DOSB (see Fig. 4). The former
peak includes MOs accounting for (m4-S)�Zn s bonding
(hereafter t2

s2, see Fig. 5) between Zn empty orbitals
and m4-S 3p based AOs, while under the latter are
hidden the antibonding partners of the interaction be-
tween the Zn 3d and m4-S 3p AOs (t2

s1*, see Fig. 6) [22].
Interestingly, the t2

s1* MOs are the HOMOs of 1Me, and
they have a strong participation (ca. 20%) in the m4-S
3p AOs [23]. As far as the unoccupied levels are con-
cerned, those with a significant participation in the Zn
4s AOs [23] and accounting for a (m4-S)–Zn antibond-
ing interaction (t2

s2*, see Fig. 5) are the LUMOs.
As a whole, theoretical outcomes, in agreement with

results recently reported by Albinati et al. [4d], indicate
that for [Zn4(m4-S){m-S2As(CH3)2}6], the lowering of
symmetry around the m4-S atom has only a minor effect
on the energy level degeneracies of the Zn4(m4-S) inner
core. Furthermore, the title compound fits both struc-
tural and electronic demands to be considered a molec-
ular model [2] of ZnS.

Undoubtedly, the substitution of the As(CH3)2 frag-
ments with the P(OCH3)2 ones causes important
changes in the electronic structure of the Zn4(m4-S)(m-
S12) core. A better understanding of these changes can
be gained by referring to Fig. 7, where the PDOS of the
Zn4(m4-S)(m-S12) constituents of 1Me and [Zn4(m4-S){m-
S2As(CH3)2}6] are compared [24]. It is clear that, on
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Fig. 7. Comparison of the (m4-S), Zn4 and (m-S12) PDOSB for 1 (solid
line) and [Zn4(m4-S){m-S2As(CH3)2}6] (dotted line). Vertical bars rep-
resent the HOMO and LUMO energies.

and theoretical outcomes indicates [Zn4(m4-S){m-
S2P(OCH3)2}6] as a well tailored molecular model of
ZnS. The comparison with data pertaining to other
polynuclear zinc complexes characterized by the same
M4(m4-E)(m-E12) core demonstrates that the electronic
properties of this core can be tuned through a judicious
choice of peripheral substituents. This can be exploited
for future molecular engineering of new models of
extended systems.

5. Supplementary material

Crystallographic data (excluding structure factors)
for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC-
134693. Copies of this information may be obtained
free of charge from: The Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK (Fax: +44-1223-336-
033; email: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk). A table of Fo/Fc may be
obtained from the authors upon request.
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