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Abstract: The crystal and molecular structure of [#-BugN*][S3N37] has been determined by X-ray crystallography. The com-
pound crystallizes in the space group P2;/n, a = 9.074 (5) A.b=1591(2)A,c=15389(6)A,3=9898(4)°, V=2193
A3, and Z = 4. The refined structure (R = 0.097) shows that the S;N;~ ion is a six-membered, essentially planar ring with
S-N distances in the range 1.580 (13) to 1.626 (12) A. The bond angles within the ring at nitrogen are 122.6 (8)-124.2 (9)°
and at sulfur they are 116.5-117.0 (7)°. The infrared and Raman spectra of alkali metal and tetraalkylammonium salts of
S3N;~ are discussed and assigned on the basis of D3, symmetry for the anion. Ab initio Hartree-Fock-Slater SCF calculations
have been carried out for S3N3~ and show (a) that a planar configuration is of lower energy than other ring conformations and
(b) that the ground-state electronic structure is a 10 7 system with a net of one 7 bond distributed over the six S-N bonds of
the ring. Assuming the corresponding cation, S3N3%, to have a planar (D3,) geometry, similar calculations predict this species
to be a diradical. Calculations of the energy and oscillator strengths for the lowest allowed electronic transitions of S3N;~ lead
to the assignment of the 360-nm peak in the electronic spectrum to a #* — 7* transition (calculated wavelength 399 nm).

Introduction

Recently the synthesis and characterization of cesium and
tetraalkylammonium salts of the novel sulfur-nitrogen anion,
S3N;37, from the reaction of the appropriate azide with S4Ny4
in ethanol were reported.! The vibrational spectra of these salts
suggested a six-membered ring structure for S;N;37, in contrast
to the five-membered ring structure established for the iso-
electronic cation, S3N,Cl1+,2 and also found in a number of
S3N; derivatives, e.g., S3N3COCF;.3 In the particular case
of the cesium salt, we concluded from the vibrational spectra
that the ring in S3N3~ was puckered (Cs,).! Six years ago, in
a discussion of his proposals for “‘electron-rich aromatic” S-N
species, Banister wrote *‘it is not known whether an anionic
charge (e.g. as in S3N37) has a serious destabilizing effect on
sulphur d, bonding, as no planar anions have been pre-
pared.”#> Since a knowledge of the structure is an essential
prerequisite to a discussion of the bonding in S3N3~, an X-ray
structural determination of n-BusN*S3;N;~ was undertaken
and the details are reported here together with the vibrational
assignments for the S3N;~. In addition, we have carried out
ab initio Hartree~Fock~-Slater (HFS) SCF calculations of the
ground-state electronic structure of S3N3;~ (and of the related
cation S3N3%) in order to (a) determine the relative energies
of various ring geometries, (b) ascertain that the planar anion
is a Hiickel-type (107) system, (c) assign the 360-nm band
observed in the UV -visible spectrum of S3N3~ to the appro-
priate electronic transition.

Experimental Section

Crystal Preparation. [BusN*][S3N3~] was prepared from tetra-
n-butylammonium azide and S4;Ny in ethanol, as previously de-
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scribed.'® Yellow prisms suitable for X-ray diffraction studies were
obtained by the rapid evaporation (3-4 h) of a solution in absolute
ethanol at 0 °C in a stream of nitrogen. The dimensions of the crystal
used in this study were 0.3 X 0.3 X 0.35 mm. All manipulations were
carried out under an atmosphere of dry nitrogen in view of the sensi-
tivity of S3N;7 salts to air oxidation, particularly in solution. In one
attempted recrystallization of [MesN*+][S3N;3~], during which an
cthanol solution was allowed to stand for 24 h, white crystals of tet-
ramethylammonium tetrathionate were obtained und identified by
infrared bands at 10255, 620, 5355, 5255, 485 w, 460 w, and 370
w cm~! and by elemental analysis. Anal. Caled for CgH14N2S40g:
C,25.79: H,651: N.7.52; S, 34.42; O, 25.76. Found: C, 25.42: H,
6.71,N,7.53; S, 34415 0, 25.93 (by difference).

Crystal Data. [BusN*][S3N37], mol wt 380.68, monoclinic. For
calculation of cell constants, 25 reflections were computer centered
and the setting angles were least-squares refined. The following sys-
tematic absences were observed: A0/, h + 1 # 2n; 0k0, k # 2n. The
cell constantsare a = 9.075 (5) A, 5 = 15.901 (12) A, ¢ = 15.389 (6)
A, V=2193A% Z =4,d.=1.152 gcm™? space group P2,/n.

X-ray Measurements. Intensity data were collected at 23 + 1 °C
using graphite monochromated Mo Ka radiation (A = 0.710 69 A)
and a #-28 scan rate varying from 4 to 24°/min, depending on the
intensity of the reflection. Stationary background counts with a time
cqual to half the scan time for each reflection were made at each end
of the scan range. The scan range varied from —0.5° at low 26 to
+0.5° for the higher angle data. Of the 3951 reflections collected in
the range 0° < 20 (Mo Ka) < 50°, 3374 unique reflections with / >
3a(!l) were retained as observed and corrected for Lorentz and po-
larization effects. Three representative reflections were mecasured
periodically to check crystal and electronic stability, but no significant
change in intensity was observed. The linear absorption coefficient
of this compound is 3.34 cm™! for Mo K« radiation and no absorption
correction was necessary.

Solution and Refinement of the Structure. The structurc was solved
by direct methods. Using 312 reflections ( £ in = 1.40) and 2000 phase
relationships, a total of 16 phase scts were produced. An £ map pre-
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Table I
A. Final Positional Parameters for S3N3~ in [BugN*][S3N;~]¢

atom X y z

S(h) 0.3054(7) 0.1660(4) 0.1377(4)

S(2) 0.4535(7) 0.3204(4) 0.1779(4)

S(3) 0.6188(7) 0.1735(5) 0.1617(5)

N(1) 0.304(2) 0.266(1) 0.1545(11)

N(2) 0.606(2) 0.272(1) 0.1815(12)

N(3) 0.468(2) 0.123(1) 0.1369(11)

B. Anisotropic Thermal Parameters (A2) for S3N3~ in [BusN*][S;N;~]4b

atom B|| 333 333 B|z BIJ 323
S(h) 0.023(1) 0.0079(4) 0.0084(4) —0.009(1) 0.006(1) —0.0003(8)
S(2) 0.026(1) 0.0054(3) 0.0102(5) 0.004(1) 0.002(1) —0.0037(8)
S(3) 0.023(1) 0.0080(4) 0.0104(4) 0.013(1) —0.004(1) —0.0031(9)
N(1) 6.9(5)
N(2) 7.9(5)
N(3) 6.7(5)

¢ Positional and thermal parameters of the BuyN ™ cations can be found in the supplementary material. » The form of the anisotropic thermal
parameter is exp[ =By 1 h*h* + Bark*k* + Byyl*[* + Bioh*k* + Bysh*I* + Byak*1*].

pared from the phase set showing the best probability statistics (ab-
solute figure of merit = 0.85, residual = 37.7) a total of 18 atoms were
located. These atoms were included in least-squares refinement, re-
sulting in agreement factors of Ry = 0.31 and R, = 0.40. The re-
maining nonhydrogen atoms were located in succeeding difference
Fourier syntheses.

In full-matrix least-squares refinement the function minimized was
S w(|Fo| = | Fc|)? where the weight w is defined as 4F 2/ a2(F,?).
Scattering factors were taken from Cromer and Waber.® Anomalous
dispersion effects were included in Fi; the values of Af” and Af” were
those of Cromer and Liberman.” Only the 714 reflections having F,?
> 3a(F,?) were used in the refinement. The following values pertain
10 the final cycle of least-squares refinement.

Ry =X IF,| = |Fl/Z|Fol = 0.097
Ry= [Zw(|Fo| = [F/ZwF 2]V =015

The final difference Fourier map showed no significant residual
clectron density, except for hydrogen atoms on the n-butyl groups.
The highest peak was 1.2 ¢ A=3and was 0.5 A from S(2). No unusual
trends were observed in an analysis of Zw(F, = F)? vs. Fo. A7 sin
fl. or various classes of indices. A list of observed and calculated
structure factor tables is available.®

Infrared and Raman Spectra. Infrared spectra (4000-250 cm™)
were recorded as Nujol mulls (Csl optics) on a Perkin-Elmer 467
spectrophotometer. and far-infrared spectra (665-40 cm ™', poly-
cthylene windows) were measured using a Digilab FTS 16 instrument.
Raman spectra were obtained on samples scaled in capillaries under
nitrogen using argon (5143 A) and He/Ne (6328 A) lasers and a
Jarreli-Ash spectrophotometer and were calibrated against carbon
tetrachloride. The preparative routes 10 the various S3Na~ salts are
described inref | and 19.

Ultraviolet-Visible Spectra. A solution of MesN*S3N3~ in dry
absolute cthanol (2.19 X 107 M) was prepared in a Vacuum At-
mospheres drybox. An aliquot of this solution was transferred to a
1.0-cm quartz cell equipped with nitrogen purge (Airless ware) and
the UV-visible spectrum was recorded on a Cary 15 spectropho-
tometer.

Theoretical Method

The closed-shell HFS one-electron equations® in which the
exchange term is substituted by the “Slater exchange” term

Vips(1) = =3a[(3/4m)p(1)]1/3 (1)

where p is the one-electron density, were solved in the manner
described elsewhere!®'! with ¢ = 0.7. This ab initio procedure
has been widely tested for the calculation of molecular prop-
erties'* and the results suggest a high degree of reliability. The
total statistical energy was calculated with a procedure recently

Table II. Bond Lengths (A) and Angles (deg) of (n-C4Hg)sN* in
[1-BugN*][S3N;3~]

N{4)-C(1) 1.562(13) C(6)-C(7) 1.626(13)
N(4)-C(5) 1.542(12) C(7)-C(8) 1.56(2)
N(4)-C(9) 1.567(13) C(9)-C(10) 1.518(15)
N(4)-C(13) 1.558(13) C(10)-C(11) 1.597(15)
C(D-C(2) 1.55(2)  C(i1)-C(12) 1.57(2)
C(2)-C(3) 1.70(2)  C(i3)-C(14) 1.56(2)
C(3)-C(4) 1.44(2)  C(14)-C(15) 1.67(2)
C(5)-C(6) 1.562(14) C(15)-C(16) 1.50(2)
CD-N{4)-C(5)  112.6(8) N(4)-C(5)-C(6) P111.6(9)
C(D-N{4)-C(9)  101.4(9) C(5)-C(6)-C(7) 102¢1)
C(N-N{4)-C(13) 113.5(9) C(6)-C(7)-C(8) 106(1)
C(5)-N{4)-C(9)  112.6(9) N(4)-C(9)-C(10)  111(1)
C(5)-N{4)-C(13) 103.6(8) C(9-C(10)-C(11) 105(1)
C(9)-N{4)-C(13) 113.5(8) C(10)-C(11)-C(12) 110()
N(4)-C(1)-C(2) 108(1)  N(4)-C(13)-C(14) 109(1)
C(DH-C()-C(3) 106(1)  C(13)-C(14)-C(15) 104(1)
C(D)-C(3)-C(4) 11i1(1)  CI14)-CUI5-C16) 110(1)

@ Numbering scheme: The N atom of the (#n-C4Hg)4 N7 cation is
N{(4). The carbon atoms of each n-C4Hg group are labeled C(1). C(2).
C(3). C(4). ctc.. with the lowest number carbon atom of cach set of
four being attached to nitrogen.

described'? and used as a probe for molecular conforma-
tion.

A double { Slater type set of orbitals!* (STO) was employed,
augmented, in the case of the sulfur atom, with a 3d orbital
with exponent 1.68!° while the 1s2 core of nitrogen and the 152
252 2p® core of sulfur were kept ““frozen”!9 during the varia-
tional procedure.

Results and Discussion

Crystal Structure of [n7-BuyN*][S3N3~]and the Conforma-
tion of the S3N3~ Ring. The positional and thermal parameters
for the anion in n-BusN*S3N3™ are given in Table 1. Bond
lengths and bond angles together with the numbering scheme
for the n-BuyN+¥ cation are summarized in Table 11. Bond
lengths and bond angles for the S;N;~ anion are depicted in
Figure |. The structure determination has confirmed the
proposed six-membered ring of S3N;~ with S-N bond lengths
in the range 1.584-1.626 A (only just outside the 3¢ criterion
of significance). The S;N;~ ring is essentially planar, the
maximum deviation from the least-squares plane through all
six atoms being 0.057 A for Ny (Table 111). Inspection of
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Table I11. Weighted Least-Squares Planes for S3N;~ @

atom dev, A atom dev, A

S(D) -0.010(7) N(l) 0.028(16)
S(2) 0.002(7) N(2) —-0.027(18)
S(3) —0.003(7) N(3) 0.057(16)

@ Equation of the plane is 0.1222x + 0.1851y — 0.9751z + 1.2434

nonbonded intermolecular contacts up to 4 A (see supple-
mentary material) reveals no significant interactions between
atoms of the anion and atoms of the cation. As a result of the
planar configuration of the S3N3~ ring the bond angles at ni-
trogen are ca. 123° and at sulfur they are ca. 117°, indicating
significant strain in the ring.'¢ Presumably this is compensated,
in part, by the stabilization energy resulting from a planar ring.
The HFS procedure outlined in the preceding section can be
made to yield!? the molecular (including nuclear repulsions)
energy. This energy was calculated!” for a number of confor-
mations of the S;N3~ ring and the planar form (D3, ) was al-
ways lower. For example, the chair form with S-N bond dis-
tances of 1.62 A and angles at N of 123° and at S of 109° was
13 keal mol~! higher than the planar conformation with equal
S-N bond distances and bond angles of 120° at S and N.
Puckered forms (C3,.) were 8-10 kcal mol~! and a boat con-
figuration was ca. 30 kcal mol~! higher in energy than the
planar form. Though not an exhaustive search, these results,
together with the X-ray analysis, do indicate that the coun-
terion, n-BuyN*, does not prejudice the structure of the S;N3~
ring. However, the vibrational spectral data described in the
next section suggest that this is not always the case, e.g., with
Cs™ as counterion. It is noteworthy that recent CNDO/2 MO
calculations for S4N; (isoelectronic with S3N3~) also show that
the planar ring structure is favored over any nonplanar ge-
ometry.!8

Several attempts to obtain suitable crystals of an S;N;~ salt
for an X-ray structure determination were made before success
was achieved. We were unable to obtain satisfactory crystals
of Cs*tS3N3~ by recrystallization from absolute methanol. In
the case of [MesN*][S3N37] preliminary X-ray data were
collected which indicated that the structure was highly disor-
dered. During the recrystallization of [MesN*][S3N;~] it was
found that solutions which were stored in ethanol under ni-
trogen for 24 h produced tetramethylammonium tetrathionate,
[MC4N+]2[S4062_], and S4N4.

Vibrational Assignments for the S3N3~ Anion. In a previous
paper!® we reported the infrared and Raman spectra of
Cs*S;3N3~ and concluded that the S3N3~ anion in the cesium
salt was a six-membered ring with a puckered conformation
(C3:). Since a planar configuration has been found for S3N3~
in the n-BusN* salt by X-ray crystallography, we have now
investigated the infrared and Raman spectra of all the available
S3N;37 salts'19 in detail to determine whether the vibrational
spectra are consistent with D3, symmetry for the anion in
R4N* salts and to probe the possibility of anion-cation in-
teractions leading to a lowering of the symmetry of the anion,
€.g., in alkali metal salts. The results are summarized in Table
V. From these data it is clear that the infrared spectra of
S3N37 salts are characterized by three strong bands at ca. 925,
640, and 380 cm™!. A fourth band at ca. 170-190 cm~! was
observed in the far-infrared spectra of the potassium and ce-
sium salts. A further two very weak bands at ca. 590 and 690
cm™! '®appear in all samples of Cs*S;N3~ that we have pre-
pared.4? These bands were absent, however, in the infrared
spectra of the sodium and potassium salts.

In order to avoid decomposition, sometimes with explosion,
in the measurement of Raman spectra it was necessary to focus
the laser beam on only a small portion of the sample in the
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Structure of the S;Nz anion
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Figure 1. Bond lengths (in A with esd’s of 0.012 A) and bond angles (in
degrees with esd’s of 0.7° at S and 0.8° at N) of the S3N3~ anion in [a-
BuyN*] [S;N;'—].

capillary tube. All of the R4N* salts decomposed (black col-
oration) in the 5145-A (green) laser line, but satisfactory
spectra were obtained using the 6471-A (red) exciting wave-
length. A Raman spectrum for [Mes;N+][S;N37] in methanol
was obtained, although decomposition was evident after | h
as indicated by the growth of bands at 711 or 1030 cm™! at the
expense of bands attributable to S3N;~. It was not possible to
obtain solution Raman spectra for the alkali metal salts, owing
to poor solubility. The data in Table 1V show that the Raman
spectra of S;N; ™ salts are characterized by five bands at ca.
925,700 w, 645 w, 590 vs, and 375 m cm™!, three of which
show coincidences in the infrared spectrum. It is possible that
a sixth Raman band below 200 cm™"' is obscured by the lattice
mode at 140 cm™~!. Thus, the vibrational spectra for K+S3N~
(and the R4NT salts) are consistent with a structure of D3,
symmetry for the anion, since group theory predicts four in-
frared-active modes, six Raman-active modes, and three
coincidences for D3, symmetry,!b

Vibrational assignments have been made for a number of
species structurally similar to S3N;~. For example, a planar
ring structure (D3, ) was assigned to Siz;Os on the basis of the
infrared spectrum supported by force-field calculations,?°
More recently P3Nj, formed by the aggregation of matrix-
isolated PN monomer units, was detected and shown to have
D3, symmetry on the basis of infrared spectra of isotopically
enriched (!1°N) samples.?! For Si;0; and P;Nj, vibrational
assignments are based on infrared spectra only. More complete
vibrational analyses have been reported, however, for mixed
trimeric phosphonitrilic halides of the type N3P3X,,Y,—¢ (X
= Cl; Y = Br?? or F;23 n = 0-6) in which the N3P; ring is as-
sumed to be planar.,

The assignments of the vibrational modes for S;N3~, ac-
cording to their notation under D1, symmetry,?? are given in
Table IV. According to Coxon and Sowerby,?? the expected
vibrational modes and activities for a planar, six-membered
ring are as follows:

ring stretching  A;’(R) + Ay (inactive) + 2E’(IR, R)
ring deformation A(R) + A,”(IR) + E’(IR, R) + E”(R)

There are only two symmetric A’ vibrations. These are the
symmetric stretching breathing, v,, and the in-plane bending
trigonal deformation, »,, vibration. These bands are Raman
allowed and infrared forbidden and they occur as a weak band
at ca. 700 cm™! (v) and as a very strong, polarized band at ca.
590 cm™' (v,) in the Raman spectra of S3N3~ salts. It is sig-
nificant that both of these vibrations are apparently observed
as weak bands at ca. 695 and 590 cm™', respectively,!? in the
infrared spectrum of the cesium salt indicating a lowering of
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Table IV. Raman and Infrared Spectra (cm=1) of Salts of the S3N3;~ lon and Their Assignments

KS;N; CSS;N; MC4N53N3b
NaS;N;4 Raman Raman Raman Raman
IR {(mull) IR (mull) (solid) IR (mull) (solid) IR (mull) (solid) (soln) assignments®
76 s9
125 s 89 shd 130 m
187 s 168 s As"(vs), op
380 s 385 m 371 m 370 s 371 m 380 m 376 w 384 w,dp E'(v13), ip
594 vs 590 vw 587 vs 587 vs 589 vs. p Ay(v2)
640 vs 640 vs 643 vw 645 vs 644 w 640 vs 644 w 644 vwe E’(r)7)
703 w 690 vw 697 w AV(yy)
711 s/
920s 925s 926 vs 925s 928 vs 920s 922s 922 m, dp E’'(v11), ip
1030 m/

@ Raman and far-1R spectra werc not obtained for the Na* salt. » Other R4N* (R = Et, n-Pr, #n-Bu) showed bands at ca. 925 m, 640 vs,
and 385 m cm™! in addition to bands due to the cation. ¢ Notation for Dj,; the E”(»)g) mode is probably obscured by a lattice mode at 140
cm=!, 4 Lattice mode. ¢ This Raman mode was too weak for its degree of polarization to be measured. / These bands result from decomposition

of S3N;~ in the laser beam.

ORBITAL ENERGIES OF SjNj (au.)

— 247
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Figure 2. Orbital ¢nergy level diagram for planar (D3,) SaN3™.

the symmetry of the anion in this salt. The Ay (v9) trigonal
S-N stretching mode is completely inactive in molecules with
D3y, symmetry.2?

The E’ modes (vqy, ¥12, ¥13) are in-plane ring vibrations
which are coincident in the Raman and infrared spectra. The
first two are asymmetric stretching ring vibrations observed
at ca. 925 and 640 cm~!. Resolution of the degeneracy of these
vibrations is not observed for either of these bands in any salts,
except that the usually broad infrared band at ca. 645 cm™'
in Cs*¥S;3;N3~ was sometimes resolved into a doublet. The third
E’ vibration, v;3, is the in-plane bending vibration and occurs
at ca. 380 cm~'. Both the 925- and 380-cm™! bands are de-
polarized in the solution Raman spectrum of [MesN*]-
[S3N3~], but the 640-cm™! peak was too weak to determine
the degree of polarization.

The A»” (vs) and E” (v13) modes are out-of-plane defor-
mation vibrations and are expected to occur at lower
frequencies than the in-plane modes. Hence, vs, which should
be infrared active only, has been assigned to the band at 187
cm~! in the far-infrared spectrum of K*S;N3~. The vy vi-
bration, which should only be Raman active, was ot observed,

possibly because it was obscured by the lattice mode at ca. 140
cm~! in the Raman spectrum. Finally, no combination or
overtone bands were observed in the vibrational spectra of
S3N3~ salts.

In summary, the vibrational spectra of sodium, potassium,
and tetraalkylammonium salts of S;N3~ are consistent with
a structure of D3, symmetry for the anion. Vibrational as-
signments have been made assuming this symmetry. In the
particular case of the cesium salt, the vibrational spectra in-
dicate that the symmetry of the S3N3~ anion is lower than
Dip.

Electronic Structure and Bonding in S3N3~. Although ex-
amples of planar, monocyclic S-N cations, e.g., S4N3* and
SsNst, are well-known, S;N;7 is the first example of a planar,
cyclic S-N anion. According to the proposals of Banister,’ this
species should be a 107-electron Hiickel-type system.

In order to obtain the electronic description of S3N;~, we
applied the ab initio HFS-SCF procedure to a planar S3N3~
ring with S-N bond distances of 1.60 A and bond angles of
120° at S and N. There are 34 electrons in S3N;~ which are
external to the frozen core. An orbital energy level diagram
for planar S3N;~ is shown in Figure 2 and orbital overlap
populations2* are provided in Table V.

The lowest lying orbital 1A’ utilizes s-type STOs from all
six centers and generates, as Table V shows, positive overlap
(0.031) between nearest neighbors—it is a o-type bonding
orbital. The eight electrons in 1E” and 2E’ utilize s and p
combinations to generate bonding density in the plane of the
molecule. The 1A’ orbital utilizes in-plane p orbitals (p, and
p,) to generate yet another o-bonding contribution between
adjacent S and N. The 2A;’ orbital is a clearly defined sulfur
lone-pair orbital (cf. the virtually zero entries in Table V for
overlap between N centers and the large (0.25) entry for the
sulfur centers). The last of the occupied Ay’ orbitals, 3A(’, is
strongly antibonding (—0.060) for adjacent S and N. Finally,
the four electrons in 3E’ contribute to ¢ bonding while the four
electrons in 4E’ make an antibonding contribution. The picture
which emerges is that of four strong ¢ bonds (1A’, 1E\", 1EY’,
and 1Ay’) with the weaker o-bonding contribution of 2E,’,
2E+’, 3E/, and 3E, being largely offset by the antibonding of
3A./, 4E,/, and 4E5’. It is also clear that, in addition to the
sulfur lone-pair orbital 2A’, other orbitals, such as 4E’, which
is weakly antibonding, or 3E’, which is weakly bonding, must
be recognized as having lone-pair characteristics. For example,
for 4E’, the large entry of 0.268 under N signals lone-pair
character in addition to the antibonding character. Thus, there
are lone-pair-like electrons but they are carried in distributions
with bonding or antibonding character.

The first w orbital of S3N3~, 1A»”, is composed of positive
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Table V. Overlap Population

4521

MO (i) designation

orbital overlap populations

dominant orbital overlap populations Py (i) Pe(i)
symmetry features SN,¢ SSy? NN,? SN2 N S

1A g 0.031 0.005 0.007 0.003 0.110 0.071
2AY 1pS 0.005 0.003 0.003 0.047 0.251
3AY a* —0.060 0.023 0.006 —0.006 0.321 0.206
1Ay g 0.031 -0.010 —0.003 0.002 0.123 0.112
1Ey’ g 0.031 —0.003 —0.003 0.140 0.079
1Ey g 0.031 —0.003 —0.003 0.140 0.079
2Ey g, 1pS 0.019 -0.015 —0.003 0.003 0.103 0.185
2EY g, 1IpS 0.019 -0.015 —0.003 0.003 0.103 0.185
3Ey g, 1pS 0.013 -0.010 —0.001 -0.007 0.100 0.222
3EY g, IpS 0.013 -0.010 —0.001 —0.007 0.100 0.222
4E/ a*, IpN -0.022 0.005 0.001 -0.001 0.268 0.143
4Ey a*, IpN -0.022 0.005 0.001 -0.001 0.268 0.143
1Ay T 0.024 0.010 0.001 0.002 0.087 0.123
1E}” T 0.020 -0.003 —0.001 -0.002 0.124 0.144
1E»” ks 0.020 -0.03 —0.001 -0.002 0.124 0.144
2Ey” w*, 1pS -0.012 -0.012 —0.001 0.003 0.150 0.251
2E,” w*, 1pS -0.012 -0.012 —0.001 0.003 0.150 0.251

net population 0.52¢ =0.17¢ -0.01¢ —0.05¢ 4.924 5.614

@ Refers to adjacent atoms. ? Refers to cross-ring interactions. ¢ Indicates the overlap populations and is given by four times the column
sum where the 4 arises due to doubly occupied orbitals giving a factor of 2 and the quadratic form of the population giving rise to another factor
of 2 for the cross terms. ¢ Indicates the partial atomic population ( ) and since all orbitals are doubly occupied is two times the column

sum.

p: contributions from all centers and provides a strong (0.024)
m-bonding contribution. The degenerate 1E” pair of 7 orbitals
makes a bonding contribution of 0.021 while the negative
contribution of —0.012 characterizes the 2E’ orbitals as anti-
bonding, i.e., 7* orbitals. The picture which emerges here is
clearly that of a 107 electron system of six centers. The occu-
pancy of the antibonding orbitals reduces the 7 bonding to a
net of a little over one 7 bonding orbital.

The entries in Table V also allow one to analyze the potential
for bonding across the ring. Thus 3A’, which is so strongly
antibonding along the ring framework, shows appreciable
(0.023) cross-ring SS bonding. Similarly the bonding orbital
IA” exhibits significant (0.010) SS interaction. However, this
SS bonding character is more than offset by the SS anti-
bonding character of the 1Ay, 2E’, 3E’, and 2E” orbitals.

The overlap population for each region is given in the last
line of Table V. The overlap population calculated for the
nearest neighbors SN is 0.52. This is essentially the same as
the value 0.49 we find? for nearest neighbors in S4N4, a system
for which a bond order of 1.07 has been calculated.2é- Thus,
our result for S3N3~ suggests a net of one bond between nearest
neighbors. In view of the preceding discussion it seems rea-
sonable to attribute this to the roughly four to five ¢ bonds and
the approximate one 7™ bond which are distributed over six
centers. Further, the cross-ring overlap populations of —0.17
for SS and —0.01 for NN indicate that there is not appreciable
transannular bonding. Adkins and Turner'® have also con-
cluded that there is no appreciable transannular bonding in
S4Ns.

The atomic charges ¢,27 for S3N 3~ were calculated to be gg
= +0.065 and gn = —0.40. With the same method we ob-
tained?® gg = +0.32 and g = —0.32 for S4Ny, essentially the
same value (0.33) which Gopinathan and Whitehead?® found
for S4N,4 using a CNDO procedure. The SCF X, scattered-
wave calculations of Salahub and Messmer?® predict more
polar SN bonds (1g1 = 0.56 in S4N4and 1g1 = 0.48 in SuN;)
as do the SCF results of Tanaka et al3? (1g1 = 0.71 for S4N,).
Certainly the additional charge in S3N3~ appears to be dis-
tributed mainly on the sulfur centers. However, one must not
only bear in mind the method dependence indicated above but
also one must remember that there are several different mea-
sures of the charge to be associated with an atom.3! In any case

the electron-rich centers in S3N3~ are the nitrogen atoms and,
from the partial lone-pair character of the higher MOs (e.g.,
2E”), one would predict ready adduct formation with Lewis
acids, cf. SgNz(BC13)X, x =1, 2,32 and S4N4(BF3)2,33 al-
though nucleophilic displacement of halide may well occur in
the case of the SN anion.

The UV spectra of all the S3N3~ salts exhibit a broad,
smooth absorption band at 360 nm with ¢ ca. 8 X 103 M™!
cm™!. A first approximation to the theoretical value corre-
sponding to this transition is given by the difference between
unoccupied and occupied one-electron energy levels, €. — ¢,
which in the HFS method corresponds to the averaged exci-
tation energy (Ya)(3AE ripter + AEingier). For the transitions
2E” — 2A,” and 2E” — SE’ one obtains values of 399 and 359
nm, respectively. Further insight may be gained by calculating
the oscillator strengths. We obtain a ratio of oscillator strengths
of ca. 103 in favor of the 2E” — 2A,” transition, thus
suggesting that this 7% — = * transition is responsible for the
observed UV absorption band.

Electronic Structure of S3;N3*. The synthesis of S;N;Cl,
which might be expected to contain the S3N;* cation (cf,
S4N;C13* and S4NsCl13%), has recently been claimed,?$ but
attempts to confirm this report in our laboratory have been
unsuccessful.37 It was, therefore, of interest to perform cal-
culations for the hypothetical species S3N3™*, in order to assess
the likelihood of its existence.

The ab initio HFS-SCF procedure was applied to planar
(D3,) S3N3t. Average S-N distances of 1.55 A were assumed
by comparison with other monocyclic, planar S-N cations, e.g.,
SaNa* (1.58 A),3¥ S4N;* (1.55 A),3% and SsNs+ (1.54-1.56
A).4041 The orbital energy level ordering for S3N3* is the same
as for S3N3~ shown in Figure 2 except for the interchange of
the 2A1” and 1A,” levels and the fact that 1 E” level lies below
the 3E’ level. Each of the degenerate 2E” HOMOs is singly
occupied in S3Nj3F, suggesting that this species should be a
diradical. This feature of the electronic structure suggests that
planar S3N3% would be a highly reactive species. Other ring
conformations are possible, however, and synthetic routes to
S3N;t, including the controlled oxidation of S;N3~, are under
investigation.
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Abstract: We report the separation of carbon isotopes by photolysis of CS; in cryogenic solutions of nitrogen, krypton, and
argon with 206-nm light from an iodine resonance lamp. The spectral distribution of the ultraviolet absorption depends on
solvent. Thus, in liquid nitrogen the photolytic rate of '3CS; is greater than that of '2CS,, whereas in liquid krypton and liquid

argon the reverse is true.

Introduction

Recent success in the separation of D from H- in cryogenic
solutions of formaldehyde in our laboratory! has stimulated
interest in extending the technique to the separation of isotopes
of other light elements.? The concurrent vapor-phase isotope
separation of carbon isotopes from the low-pressure photolysis
of CS, with light from an ArF laser,? the existence of predis-
sociative states which give rise to well-defined vibronic struc-
ture in the region 185-215 nm,*-% and the availability of a
convenient and powerful resonance lamp photolysis sourcet-?
suggested that CS, might be a suitable candidate for a lig-
uid-phase separation.

In this paper we report the photolytic separation of carbon
isotopes in cryogenic solutions of CS; in nitrogen, krypton, and
argon with 206-nm light from an iodine resonance lamp.

The ultraviolet absorption spectrum of carbon disulfide is
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different in different solvents, so that the photodestruction rates
of 12CS; relative to 13CS; can easily be varied.!?

Experimental Section

The apparatus used for both the spectroscopy and the photo-
chemistry experiments have been described in detail in ref 1. Ultra-
violet absorption spectra were obtained with a Cary Model 17 spec-
trophotometer. Photolyses were performed in copper two-way cells.
Corning 7940 UV filter material (4 mm thick) was used to pass UV
light, and CaF, windows allowed simultaneous monitoring of the
disappearance of CS; with a Perkin-Elmer 180 infrared spectropho-
tometer. No attempt was made to monitor products.

The '2CS; concentration was monitored through a 2.6-cm path
length at 1531.1 cm™! (g = 1.63 X 10716 ¢m?2) and the 13CS; at
1481.0 cm™=! (o, = 1.31 X 1076 ¢m?2). These wavenumbers corre-
spond to the collapsed and shifted v; rotation-vibration band in liquid
argon (LAr) at =170 °C."" Here the ¢’s are the measured peak ab-
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