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The chemistry and the physics of N—S compounds
have attracted much interest since the discovery of
the metallic conductivity and superconductivity of
the polymer sulfurnitride (SN), [1, 2]. N,S; and
N4S4 are precursors in the formation of (SN),. Many
theoretical calculations, at various levels of sophistica-
tion, have been done on the ground-state electronic
structure of both compounds [3]. Disagreements,
however, between the various MO results are evident.
Less information is available on the excited-state
properties of N,S, and N4S,; [3a, 3f]. The present
paper gives the contribution of INDO/S-CI calcula-
tions to the knowledge of the electronic states of
N,S, (I) and N4S, (IT). Calculations are performed
on the planar D,; and D,4 (nitrogen atoms in the
plane) geometry of N,S, [4] and N4S, [5] respec-
tively. In the CI calculations all the occupied molec-
ular orbitals and the lowest four unoccupied molec-
ular orbitals have been considered in N,S,, while
in N4S; the uppermost twelve occupied and the

TABLE I. Molecular Orbital Data for N, S,.
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lowest then unoccupied molecular orbitals have been
taken into account. The first 60 monoexcited singlet
transitions have been considered. Only transitions
having non-zero oscillator strengths are reported in
the following.

Results and Discussion

N2S2 [

The calculated atomic population shows a charge
transfer from sulfur to nitrogen of 0.22e. Results
of previous calculations [3] range from 0.20 to
0.50e. Thus, all calculations agree with a prediction
of a polar SN bond. The INDO/S-CI eigenvalues
spectrum of N,S, is reported in Table 1. The highest
occupied 1b,, MO is predicted to be an antibonding
combination of N, orbitals; it is followed by a
62bj, and wlbs, MOs, the latter being an antibond-
ing combination of S;, orbitals. By comparison with
ab initio results (Table I), the INDO/S-CI calcula-
tions show the usual trend to raise the energy of o
MO s above some w-type orbitals and to put the N,

Orbital Type INDO/SCI CNDO/S? Xa-SWP ab initio®
Symmetry Energy
o* antibonding 3b3y, 2.85
w* antibonding 2bw -3.39 2by, 2by,
n N lone-pair lbzg -9.64 lb3g lb3g lb3g
o bonding 2b3y -11.33 1bag 1byg 1by
n S lone-pair 1bag -12.02 2bsy 2b3y 2bjy
o bonding 2byy -12.73 2byy, 2bayy, 2bay
o bonding 3ay -15.03 1byg by, 1by,
n bonding 1by, -16.25 1byy 3a, 1byg
o bonding 2ag -17.07 3ag 2a4 3ag
¢ bonding 1byy -18.76 2a, 1byg 2a4
lone-pairs 1byy, —22.66 1bgy, 1byy, 1by,
lone-pairs 1b3y, —-30.30 1by,
lone-pairs lag -43.73 lag
®Ref.3a. PRef3b. °Ref 3c.
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TABLE II. Molecular Orbital data for N4 S4.
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Orbital Type INDO/SCI CNDO/S? Xo-SWP
Symmetry Energy
S,N non-bonding Saq 295 Te
S,N nen-bonding 3b,y 2.89 3b,
S-S antibonding 6e -3.50 6e
N non-bonding 2a, —8.66 4b, 4b,
S-S bonding 4b, -8.73 4a, 2a,
S,N non-bonding 2by -10.5§ 2b, 3b,
S,N non-bonding 4a, -10.59 3b, 4ay
S—-N bonding Se -10.61 2a, Se
S—S bonding 3b, -12.07 Se 2b,
N non-bonding 4e -12.23 4e 4e
S,N non-bonding 3e -14.93 3e 3e
S non-bonding 3a, -17.39 3a, 3a,
S—N bonding 1a, -19.05 la, 2b,
S non-bonding 2b,y -19.35 2b,y 2a,
S—S bonding 2a, -19.50 2e la,
S,N non-bonding 2e -21.89 2a, 2e
S non-bonding 1b,y -25.40 1b, 1b,
S,N non-bonding 1b, -31.09 1b, 1b,
S.N non-bonding le -36.60 le le
S,N non-bonding lay —45.97 lay la,
Ref3a. PRef 3b.
lone-pair level in the higherenergy spectral region. X . Y ‘ jz
However, some ab initio calculations [3c, 3f] also g & g 8
indicate noticeable disagreement between the various SN2 |1 Iﬁ 1 ter
MO calculations in predicting the ordering of the | e &l 81 £
MOs. This will be reflected in the assignment of the
photoelectrum (PE) spectrum of N,S, when use is loge 8 838 &84
made of the Koopman’s approximation. The PE 40— SN (? é :,:;%éy é‘é“
spectrum of N,S, shows [6] ionizations at 10.52, 474 &

10.86, 11.05, 12.15, 14.4 and 16.2 eV. It is evident
from Table I that INDO/S-CI calculations do not
reproduce this spectrum satisfactorily. In particular,
the first three calculated ionization energies are
within 2.5 eV compared with the experimental value
of 0.5 eV. In this respect the CNDO/s method seems
to give the best results. The lowest vacant S—N anti-
bonding MO (LVMO) is of by, symmetry, in agree-
ment with previous calculations [3]. The associated
energy level is predicted to be negative (Table I)
(high electron affinity) as in previous semi-empirical
results [3].

Ab calculations, however, predict a positive energy
for the LVMO. A negative energy level is considered
to agree with the calculated negative Fermi level
for (SN), by different methods [3d]. This low-lying
antibonding #* MO is a peculiar feature of the
electronic structure of the present compounds. It is
supposed [3a, 3f] that it plays an important role in

20 30 40
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Fig. 1. The UV/visible spectra of N, S, and N4S4. The solid
line is the Brateman’s spectrum [8]. The segments show the
calculated INDO/S-CI spectra, and are proportional to logf
10*. The polarizations of the electronic transitions along the
axes are indicated.

determining the metallic properties of (SN),. The
calculated excited states of N,S, are shown diagram-
matically in Fig. 1. In the energy range 3—7 eV four
excited states are expected: 'Ba, (3.19 eV, =0.23),
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B,y (456 eV, f = 0.15), By, (5.38 eV, f = 0.04)
and 'A, (6.80 eV, f = 0.03). The first two states are
m—m* transitions and involve appreciable charge
transfer from nitrogen to sulfur and from sulfur
to nitrogen, respectively. Experimentally a transi-
tion at 5.0 eV with f = 0.02-0.08 was reported [9,
3f] for N,S,, which was assigned to a 'B,, state. The
calculated INDO/S<CI 'A; - !B,, transition (y-axis
polarized) is in agreement with this report. However,
our results disagree with ab initio calculations [3f].
The latter, in fact, give an inverse ordering of the
states; in particular the low-energy 'B,, state is
predicted to be a m - o* transition arising from the
lb,y = 3bs, (in our notation) excitation. In the
absence of further experimental data on the excited
state properties of N,S,, the present INDO/S-CI
results must be accepted with caution.

NiS,

The eigenvalues spectrum of N4S, is reported in
Table 11, together with CNDO/S [3a] and Xa-SW
[3b] data. The first two uppermost MOs are of a,
and b, symmetry respectively, the latter being an
S-S bonding orbital. A reverse ordering is obtained
by the Xa-SW method. However these orbitals are
nearly degenerate and small changes in the molec-
ular geometry are likely to affect their ordering.
CNDO/S puts the 2a, orbital under many other
orbitals. As in N,S,, many other discrepancies exist
in the MO sequence predicted by the various calcula-
tions (Table II and ref. 3), including also EH calcula-
tions. The PE spectrum of N4S, [3a] shows a low-
energy band corresponding to two ionizations. When
our orbital energies are shifted by +1 eV this feature
is well reproduced, but the comparison with the fol-
lowing bands in the spectrum is less satisfactory.
INDO/S-CI calculations predict a charge transfer from
sulfur to nitrogen of 0.3% to be compared with the
experimental value of 0.6e. The corresponding
CNDO/S and Xa-SW figures are 0.47 and 0.55e,
respectively. There are no clear evidence of N-N
bonds. Some N-N interactions can be recognized in
the 4b, orbital. The LVMO 6e corresponds to an S-S
antibonding MO. As in N,S,, the energy of this
level is predicted to be negative.

The absorption spectrum of N4S; was measured
by Braterman [8]. More recently, a single maximum
at 256 nm (e = 14.000 mole™ cm™) was reported
[9]. Our calculated UV/visible spectrum of N4S4
is reported in Fig. 1 together with Braterman’s data.
Almost all the excited states are of E symmetry.
A'B, state is found in the higher-energy spectral
region at about 6.25 eV. The most intense 'E transi-
tion arises from a nearly equal contribution of
electronic excitations from 4a,, 3b, and 4b, orbitals
to the S-S antibonding 6e orbital. It is predicted
to lie at 42.000 cm™! in fair agreement with the
experimental value [8] of 38.900 cm™. This band
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was attributed by Braterman to a 4b, — 6e transi-
tion ('E symmetry) in reasonable agreement with
our results. On the contrary, CNDO/S calculations
[3a] put the 4b, — 6e transition in the lower-ener-
gy spectral region at about 32.500 cm !, while the
most intense experimental peak is attributed to the
3b, = 5a, excitation of 'B, symmetry.

Conclusions

The INDO/S-CI calculations qualitatively predict
some peculiar electronic features of N,S; and NaSs,
such as the polarity of the S-N bond, the existence
of low-lying excited states and of S—S bonds across
the plane of nitrogen atoms in N4S4. The agreement
between the eigenvalues spectra and the PE spectra
is not satisfactory. Indeed, the ground state elec-
tronic structure of N,S, and N4S, is dominated by
nitrogen and sulfur lone-pairs, so that it is expect-
ed that the Koopman’s approximation does not work
well in these compounds [3c]. By comparing our
results with previous calculations some disagree-
ments have been found in many instances. An
experimental study on the polarization of the
UV/visible bands could be very useful for the
assignment of the excited states of N,S, and
N,S,.
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