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Among planar inorganic aromatic rings, the largest class consists of the sulfur-nitrogen rings: S2N2, S3N22+, S3NZt, S3N;, SIN3+, 
S4N42t, and SSNst. Of these, S3N2' and S3N2+ are perhaps the most curious. ESR studies confirm that S3Nzt is a radical cation 
with an electronic state 2A2 and seven r electrons. S3N$' is a six-r-electron system. Although the dication has been prepared 
as a solid, it decomposes in solution to SNt and SNS'. Our geometry-optimized ab initio SCF MO calculations for S3N2+ at 
the STO-3G' and 6-31G* levels give a structure that agrees with experiment. Similar calculations provide bond distances and 
angles for S3N2+, the detailed structure of which is unknown. We can correlate the MOs of SJN?+ with those of its decomposition 
products and show that the decomposition of S3N2+, known to be quite stable, is not allowed by symmetry. We report total energies 
of 2A2 and 2Bl states of S3N2', discuss possible electronic states and molecular structures for the unknown neutral S3N2, and 
rationalize results using qualitative MO theory. 

Introduction 
The sulfur-nitrogen heterocycles form the largest class of planar 

inorganic aromatic rings.'-5 This group consists of S2N2, S3N2+, 
S3N2+, S3N<, S4N3+, S4N?+, and S5N5+. Two of the most curious 
members of the class are S3N2+ (1)+" and S3N22+ (2),12 Figure 
I .  The planar monocycle 1 is a radical cation. Its ESR spectrum 
has been observed in crystal, powder, and ~o lu t ion . '~ - '~  The 
radical cation 1 is known to exist in certain crystals as an isolated 
monomer but it more often occurs as the very loosely associated 
dimer 3 with the two five-membered rings in parallel planes and 
their S-S edges separated by about 3 A. Structural parameters 
shown for 1 in Figure 1 are averages of X-ray results from several 
sources.I0 A detailed structure of 2 has not yet been reported. 

The rule for counting A electrons in planar sulfur-nitrogen rings 
calls for summing one electron from each nitrogen and two 
electrons from each sulfur and adding or subtracting electrons 
to match the overall charge if the species is an ion.'*" This 
counting procedure shows 1 to be a seven-*-electron system while 
the dication 2 has six A electrons. Although 2 has been observed 
in the solid by vibrational spectroscopy, this ring readily dissociates 
in liquid SO2 solution according to eq 1. 

S3N>+ - NS+ + SNS+ 
2 4 5 

The decomposition products 4 and 5 are themselves well-known. 
NS+ is isoelectronic with N2  and P2; S N S  is a linear, symmetric 
ion isoelectronic with C 0 2  and CS2. Experimental bond distances 
for 4 and 5 appear in Figure I .  The 1.440-A N W  triple-bond 
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distance in 4 comes from an analysis of vibrational bands observed 
by photoelectron spectroscopy.'* The distance reported from a 
crystallographic study is somewhat shorter, 1.42 A.19 The value 
1.470 A for the N--P double bond in 5 is an average of distances 
from several X-ray structures involving different counterions.2*22 
The molecule H2NSH (6) contains a N S  single bond. The 
structure of H2NSH has been determined by microwave spec- 
troscopy, which shows that cis and trans conformers have very 
similar energies and S N  bond distances of 1.705 and 1.719 A, 
re~pec t ive ly .~~ The experimental data show that the S N  bond 
distances in the S3N2' ring fall between those for standard S N  
single and double bonds as expected for delocalized bonding in 
a planar aromatic system. In this paper, we report a theoretical 
study of the electronic and molecular structures of the known 
heteroatomic rings S3N2' and S3N2+ and the hypothetical neutral 
species S3N2 in various electronic states as well as the structures 
of a number of known and hypothetical diatomic and triatomic 
sulfur-nitrogen fragments. We employ all levels of molecular 
orbital theory from the qualitative to geometry-optimized 
ab initio SCF MO calculations in order to rationalize the stabilities 
of different electronic states, to correlate bond distance differences 
in various states and species with the nodal properties of the MOs 
involved, and to compare the stabilities of the rings with those 
of separated diatomic and triatomic fragments. 
A MO's 

The A MO's of S3N2' and S3NZ2+ are related to those of the 
homoatomic rings C5H5- and P<. Both sulfur and nitrogen are 
more electronegative than carbon and phosphorus and therefore 
the i~ energy levels of the heterocycles are displaced to lower 
energies relative to those of C5H5- or P5-, as suggested in Figure 
2. The degeneracies of the upper two sets of homocyclic A MO's 
(le" and 2e") are removed in the lower symmetry (C,) hetero- 
cycles. But because of the diagonal relationship between S and 
N in the periodic table, simple Huckel Coulomb integral param- 
eters for S and N are similar, as are extended Hiickel Coulomb 
integrals (valence-state ionization energies for S and N), and 
therefore the actual splittings of degenerate e" levels turn out to 
be small, particularly between the two MO's, 2a2 and 3bl, that 
come from the highest level 2e".25 
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S3N2+ and S3N2" 

TlMe 1. Total Energies for Sulfur-Nitrogen Species at Different Levels of Thwrp 
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saecies 
E,, for E&,,. hart" 

STO-3G. 6-31G' 6-31G'IMPZ 6-31G*/MP2. kallmol ~~~ ~~ ~~ ~ ~ ~~~ ~ ~~~ , ~ ~~~~~~, ~~~~~ , ~ - - -  - r ~ ~ ~ ~ -  

SiN?*('Ad -1286.545 87 -1300.50403 -l301.23131 

SINZY'B,) -1286,99057 -l30l.005 66 -1301.669 38 +30.0 
S&Y'AJ -1286.99401 -1301.02662 -I301.717l3 0 

S.N,(1Al)(2a,)' -1287.1 1835 -1301.273 06 -I  302.000 99 0 
S;N;('B;) -1287.16972 -1301.309 95 -1301.97022 +19.3 
S,N,('AJ(3bJZ -1287.04643 -1301.181 21 -1301.952 79 +30.2 
SN+ -446.66568 451.56553 451.862 31 
SN 446.919 81 451.898 39 -452.12362 
SNS* -839.91515 -849.09024 -849.560 30 
SNS -840.081 75 -849.38065 -849.797 94 
NNS -500.615 72 -506.37286 -506.81343 0 
NSN -500.52594 -506. I64 09 -506.67791 85.1 
H,NSH(trans) 448.666 48 453.67469 -453.95906 0 
H,NSH(cis) 448.66762 453.673 84 453.957 51 1 .o 
S2,+ -785 661 1 I -794.04621 - 794.303 25 

.Optimizations rcquirrd five-atom rings to be planar and triatomic chains to be linear. Distances and angles in H,NSH were all optimized. 

1 2 3 

s e 
:u=5: 

1.440 1.470 

4 5 

1.705 c is  

1.719 1.m.s 

U2W-S!4 

6 

Fi- 1. Sulfurnitrogen heterocycles S3Nz+, SIN?+, S6N,t+, the 
fragments NS' and SNS'. and the molecule H2NSH. Average exper- 
imental bond distances (A) are shown. 

ESR spectra of the seven-u-electron radical S3N2+ (1) are 
consistent with an  assignment of ,A2 as the electronic state and 
a small or zero unpaired spin density on the unique sulfur as 
indicated by the nodal properties of the singly occupied MO of 
highest energy, 2a2, in Figure 2.I3l6 The dication 2 should be 
a closed-shell singlet state with six u electrons filling the levels 

1 e" 

0" - , 
'\ 

'- 

Eyre 1. Relative T MO energies of the homoatomic ions C,H< or Pi 
compared to those for the SIN,"' heterocycles. Qualitative A 0  com- 
position diagrams for each MO indicate the nodal character of the MO. 

lb,, la,, and 2b1. 
A comparison of simple Hnckel energy levels for the planar 

sulfurnitrogen rings reveals two curious features of the S3Nf 
levels and gives insight into the stabilities of various electronic 

the highest energy 

configuration (2a,)'(3bl)' and the triplet state 3B,.26 
Ab Initio ca'culatiOns 

We have carried out geometry optimized ab initio SCF MO calcula- 
tions for S3N,+, SIN?+, SIN,, SN+, SN, SNS+, SNS, NSN, and NNS 
with STO-3G' and 6-31G' basis sets using the GAUSSIAN 86 program 

~ i ~ t ,  the singly occugd *level h, 
Of the in the l'lown planar SN rings. S"l if the 

S1N2z+ would be the lowst in the entire sN ring 
series. (Actually. S,N?. another dication, has a HOMO of the 
same energy as Zb,.) 

pacbge,27 The indicates that the basis sets have kn aug- 

essential for an adequate description of structural details for compounds 
containing ssond-mw atoms (in this case. sulfur)."" At the suggestion 
of a reviewer. we have also included MPZ electron correlation corrections 

2az level were empty. as it must be in the di*ttion 2, then 2bl of mented by d-type polarization functions, which shows are 

Since 2ai is lower than 3b1, we expect the 'A, state of S3Nf 
to lie lower in energy than the ,BI state. For neutral S,N,, one 
might question where the extra electron goes since the 2a,, 3b, 
splitting is small. If the extra electron pain with the one 

to the 6-31G' energies. Table I contains calculated total energies. 
Owmetry optimizations were carridout subject to the constraints that 
the pentatonic rings remain planar and the triatomic chains stay linear. 
Although S,Nz+ is known to bs planar from experiment and SINI'+ is 

present in 2a,, higher electron-electron-repulsions in the resulting 
singlet state 'A, with closed-shell configuration (2a2)' might make 
this state higher in energy than if the second electron went into 
the vacant but only slightly higher 3bl Orbital to give the open-shell 

(25) A lcnguly diruraion of thc hi8 for chmaing simple Hack1 hctnoatom 
p a r "  for sulfur and nitmgm appsan in ref 17. Sine we wanted 
2a, to lie below 3 4  tu match the energy order of extended HOckcl and 
ab initio orbitals, we chme the nitrogen Coulomb integral to be deeper 
in energy than that for sulfur. 
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Tmbk 11. Band Distaness (A) for Sulfur-Nitrogen S p i e s  Calculated at the 6-31G' Level (with STO-3G' Rcsults in Parentheses). Tmbk 11. Band Distaness (A) for Sulfur-Nitrogen S p i e s  Calculated at the 6-31G' Level (with STO-3G' Rcsults in Parentheses). 
exptl 

species R(NS)b R(NS)~ 
1.597 1.535 2.093 

(1.619) (1.572) (2.016) 

(1.598) (1.625) (2.042) 
S,Nf ('W 1.688 1.597 2.000 

(1.699) (1.638) (1.931) 
SIN, OB>) 1.677 1.632 2.120 

(1.68 I )  (1.645) (2.022) 

(1.534) (1.708) (2.060) 
S3Ni ('At)(3bJ2 1.763 1.534 1.954 

(1.753) (1.556) (1.880) 

S3Nl' ('Ad 1.570 1.606 2.135 1.568 1.607 2.143 

SIN, (iA~)(2ada 1.514 1.701 2.173 

SN' 1.397 

SN 1.556 

SNS* 1.474 

SNS 1.529 

NNS 1.651 

NSN 1.419 

H,NSH (cis) 1.696 1.705 

HINSH (trans) 1.710 1.719 

S," 1.719 

(1.433) 

(1.596) 

(1.482) 

(1.522) 

(1.562) 

(1.448) 

(1.685) 

(1.698) 

(1.712) 

1.440 

1.496 

1.470 

1.086 
(1.159) 

'Geometries wcrc optimized by rquiring Rvc-atom rings to be planar and triatomic chains to be linear. Distaness and angles in H,NSH were all 
optimized. 'Distance from nitrogen to the unique sulfur in the heicrayclc. 

presumed to bc planar from iaoclcctronic analogy with C,H< and P i ,  
the planarity of neutral SINl is more problematic. Nonetheless the 
vibrational frquencies calculated at the 6-31G* level for planar SINz 
06,) are all positive, although the calculated frquency of lowest m q y  
is only about 50 cm-I. Table I1 wmpres optimized calculated bond 
distances with available experimental values. The calculated distances 
arc also summarized in Figure 3. In the discussions that follow, we refer 
spcilically to quantitative results from the 6-31G' and 6-31G*/MPZ 
calculations. Bond distances from the STO-3G. basis sct usually appear 
in parentheses. With the few exaptions noted below, all threc levels of 
theory give qualitatively similar wnclusions. 
Bond Length Conprisons 

At the 6-31G' level, the agreement between calculated and 
experimental bond distances could hardly be better, differences 
k ing  less than 0.01 A. Larger differences arise with the STO-3G. 
basis set; SN bonds in SINz: (8, zA2) are calculated to be 
0.02-0.03 A longer than experiment (1) and the calculated SS 
distance is t m  short by 0.1 A. But even at  the STO-3G' level 
the relative order of calculated distances matches that from ex- 
periment for SINz+: N S  (equivalent) > N S  (unique). Next, 
compare among themselves the calculated distances for SIN?* 
(7). SlNf (2Az, 8, and 2Bl, 9)  and SINz (IBz, 10, and 'Al, 11). 
The ab initio calculations support our u-electron-counting rules, 
giving six electrons to SINz2+ and seven electrons to SINz+. In 
the 2Az state, SINz+ has a single electron in 2a2. This MO has 
a node that passes through the unique sulfur and between the two 
equivalent sulfurs. This node of singly occupied 2a lengthens 
the SS distance from 2.093 A in SlNz2+ (7) to 2.135 1 in the zAz 
state of SINz+ (8). The Za2 MO is also antibonding between each 
nitrogen and its adjacent equivalent sulfur, causing this NS 
equivalent) bond to lengthen from 1.535 A in SIN?+ to 1.606 

energy than the zAz state (8). The change involves moving an 
electron from Zal to 3b,. I n  this process, the electron goes from 
the 2a1 MO that is SS antibonding to the 3bl orbital that is SS 
bonding, resulting in a significant decrease of the calculated SS 
bond length. Indeed, the ab initio results show that the SS distance 
in 9 is even shorter than that in 7. Both 2az and 3bl are anti- 

!u in 8. As expected. the 'B, state of SIN?+ (9) has higher total 

... n 

I2 ' 13 14 

Flyre 3. Geometry optimized ab initio SCF MO results at the 6-310' 
level (with STO-3G' results in parentheses) for some sulfurnitrogen 
species. A 0  composition diagrams a h  8 and 9 show the nodal prop 
erties of the singly mupied MOs Za, and 3bl, respectively. 

bonding between N and the adjacent equivalent sulfur, and both 
2Az and stam of the radical cation have longer N S  (equivalent) 
bonds than the dication 7. For the N S  (unique) bond, 3b, is 
antibonding while 2az is nonbonding. Therefore one expects a 
longer N S  (unique) bond in 'BI (9) than in 2Al (8) as the cal- 
culated results show. 

Now consider the hypothetical neutral ring SINp Although 
the degeneracy of the 2e" levels of the homocycle is lost in the 
heterocycles, the actual splitting ktwecn Za2 and 3bl is small (1.0 
eV at the 6-31G' level for SINz"). The total energies in Table 
I show that the open-shell triplet state of (IBz, IO, (Zaz)i(3hi)t) 
has lower energy than the closed-shell singlet state (!Al, 11, (2a1)3 
for SCF results with STO-3G' and 6-31G' basis sets, but the 
order of these states is reversed when electron correlation cor- 
rections at  the MP2 level are added to 6-31G' energies. Next. 
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than the antibonding MO 2r .  of the triatomic fragment; this 
arrangement is supported by the results of the extended Hllckel 
calculations. SINz,+ has 26 valence electrons that occupy 13 
MOs. Of these, three are r MOs (a”, antisymmetric with respect 
to reflection in the plane of the ring) and IO are a MO’s (a‘, 
symmetric). In SN+ only one of the occupied M u s  (one of the 
degenerate bonding u M u s )  is antisymmetric (a”) with respect 
to reflection in the common plane of the product fragments SN+ 
and SNS+. The four remaining occupied valence MOs of SN+ 
are symmetric (a’) with respect to the plane. SNS+ has 16 valence 
electrons in eight Mus.  b t h  bonding and nonbmding degenerate 
r MOs are fully occupied, and one member of each r set has 
a” symmetry. The six remaining occupied valence M O s  are 
symmetric (a’). Thus, three occupied a” MOs of SIN?+ feed 
electrons into three a” M O s  of SN* and SNS*. Similarly, 10 
occupied a’ MOs of S,N?+ connect with an equal number of a’ 
MOs in products SN+ and SNS*. The dissociation is symmetry 
allowed. 

It is obvious from the energy levels shown in Figure 4 that sums 
of orbital energies favor the S3N:+ ring rather than the fragments 
SN* and SNS+, and this observation is confirmed by the sums 
of energies of a and u valence orbitals from both extended Hllckel 
and ab initio calculations. However, ab initio total energies favor 
the fragments compared to the ring. The decompition of S3N:+ 
is apparently driven by nuclear-nuclear repulsions. 

One might have expected SIN?* to yield more symmetric 
products such as S, and NSN2+ or S t +  and NSN, dissociations 
that follow C, symmetry. Of the first pair of hypothetical 
products, S, is well-known.” The dication NSN2* is apparently 
unknown although it would be isoelectronic with N,+, which has 
at  least been detected spectroscopi~ally.’~~)’ N,+ is apparently 
linear and asymmetric, a diradical with only two electrons in the 
degenerate pair of nonbonding r MUS (rp Figure 4).*x NSN” 
would probably be the same. The coplanar dissociation of SINz” 
into S, and NSN2+ is symmetry forbidden, in that MOs of 
reactant do not feed electrons into the appropriate levels for these 
products. 

Of the other pair of possible decomposition products, S?+ is 
at least plausible, in isoelectronic analogy with N, and SN+. 
Indeed, S22+ may have been pmduccd and subsequently observed 
spectrophotometrically in the anodic oxidation of elemental sulfur 
in an NaCI-AlCI, melt at 150 OC?’ The complementary product 
NSN is apparently unknown although it would be isoelectronic 
with C 0 2  and even S N S .  The isomer NNS has been rep~rted,’~ 
but this species could not be a primary decomposition product 
of S,N2,+. The coplanar dissociation 

(2) 
is symmetry allowed although these symmetrical products appcat 
to be less favorable than the observed and isoelectronic products 
SN+ and SNS+. The calculated energy difference between 
products and reactants of eq 2 is highly endothermic: AE, = +157 
(6-31G*/MP2), +184 (6-31G’). or +225 kcal/mol (ST0-3G.). 
from energies in Table I. Thus the observed decomposition. eq 
1, remains the only feasible process. 

The radical cation S3Nf is stable in solution. What prevents 
it from dissociating into products according to eqs 3 or 4? The 

S3Nzz+ + S,” + NSN 

S,Nf - SN + SNS+ 

S3Nf + SN’ + S N S  
(3) 

(4) 
neutral radical S N  has been observed spxtmcopically.” Very 

(31) Fink, E. H.; Kruae. H.; Ranmy, D. J. Mol. S,mm” 1966,119, 377. 
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S3N:’ EN‘ JNS‘ 

F i ~ m  4. Correlations of the five r MOs for cyclic S3N, with five z 
MOs for SSDarated diatomic and triatomic fraements. Correlations 
assume C. simmetry (all a”). Energy levels are’ihosc from extendedd 
Hikkel calculations. 

compare the calculated bond distances for closed-shell singlet 
neutral S,N, (IA,, 11) with those for the radical cation (,AA2. 8). 
The neutral singlet has an additional electron in 2a2, which is 
antibonding for both SS and N S  (equivalent) bonds and gives the 
neutral singlet longer SS and N S  (equivalent) bonds compared 
to the radical cation (,Az). Finally, compare calculated bond 
distances for the opn-shell triplet OB2, 10) with those of the 
radical cation (,A2, 8). Addition of an electron to the 3b, level 
lengthens both NS bonds and shortens the SS bond as anticipated 
from the nodal character of 3b,. 

For the NS single bond in H,NSH, caladations with both bssi 
sets give N S  distances less than 0.01 A shorter than the exper- 
imental values, and they reproduce the trend of the experimental 
results, with NS (trans) longer than N S  (cis). At 6-31G’ and 
6-31G8/MP2 levels the total energy (Table I) of the trans con- 
former of HzNSH is slightly lower (less than 1 kcal/mol) than 
that of the cis conformer, again in agreement with experiment. 
For the STO-3G’ basis set, the cis form is slightly more stable. 
Decomposition ploeesses 

The radical cation 1 is stable in solution but the dication 2 
dissociates into SN* and SNS+ according to eq 1. That this 
reaction is spontaneous says that AG < 0 and it is likely that AH 
and AE are negative as well. The decomposition is one in which 
numbers of electron pairs are conserved (isogyric),M giving some 
h o p  that correlation energy errors might approximately cancel 
in the energy difference between reactants and ~ r o d u c t ~ .  Usine 
the values GTable I to calculate the energy chaige for eq 1 givs  
AE, = -120 (6-31G.IMPZ). -95 (6-31G’k and -22 kcal/mol 
(STO-3G’). ‘Figure 4,  based on energy levels from extended 
Hllckel calculations. correlates valence MO’s for the dissociation 
of planar cyclic S,N?+ into SN+ and SNS+. The highest sym- 
metry that might‘be maintained during this process is C,. Crucial 
to the conclusions to be drawn from Figure 4 is the location of 
the antibonding MO r* of the diatomic fragment at lower energy 

(30) Hehrc. W. J.; Radom, L.; SEhlcycr, P. v. R.; poplc. J. A. Ab Inlrio 
Molecular Orbital Theory; Wiley: New York. 1986; p 276. 

(34) Archibald. T. W.; Sabin. J. R. 1. Chcm. PhyJ. I97i. 55,.1821. 
(35)  Wright. J. J. Am. Chem. Soc. 1974,96,4753. 
(36) Venanzi. T. J.; Schulman, J. M. Mol. Phys. 1975.30.281. 
(37) Fchrmann, R.: Bjerrum, N. J.;Poulsen, F. W. lmg. Chrm. 1S.  17, 

I no< ..*_I. 
(38) Powell, F. X .  Chcm. Phys. Leu. 1975,33,393. 
(39) Zccman. P. B. Con. 1. Phys. 1951, 29, 174. 
(40) Icnouvrier. A,; Pascat, B. Can. 1. Phys. 1980.58, 1275. 
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recent microwave studies have revealed the production of the 
neutral SNS radical,'2 which would be isoelectronic with the highly 
stable radical ONO. Ab initio SCF M O  calculations with con- 
figuration interaction predict that SNS is symmetric and bent with 
an SNS angle of 1 50° and a barrier of only about 3 kcal/mol to 
inversion through linear ge~metry . '~  According to Figure 4, eq 
3 is symmetry allowed but eq 4 is forbidden. From the total 
energies in Table I, both dissociations appear to be endothermic: 

or +lo0 kcal/mol (STO-3G*) 

or +155 kcal/mol (STO-3G*) 

Therefore, an extra electron makes S3N2' stable relative to dis- 
sociation compared to S3NZ2+. 

AE3 = +21 (6-31G*/MP2), +24 (6-31G*), 

A E 4  = +36 (6-31G*/MP2), +50 (6-31G*), 

(41) Matsumura, K.; Kawaguchi, K.; Nagai, K.; Yamada, C.; Hirota, E. J .  
Mol. Specrrosc. 1980, 84, 68. 

(42) Amano, T.; Amano, T. reported in ref 43. 
(43) Yamaguchi, Y.; Xie, Y.; Grev, R.S.; Schaefer, H. F., I11 J .  Chem. Phys. 

1990, 92, 3683. 

Conclusions 
Geometry optimized ab  initio SCF M O  calculations with 

STO-3G* and 6-31G* basis sets confirm that the ground state 
of S3N2+ is 2A2 as has been shown by ESR experiments. The 
calculated bond distances in S3N2+ agree very well with those 
measured by X-ray crystallography. For the hypothetical neutral 
heterocycle S3N2, our calculations a t  the S C F  level predict that 
the open-shell configuration (2a2)'(3b2)l has lower energy than 
the closed-shell configurations (2a2)z and (3b1)2, but MP2 cor- 
relation corrections reverse the order of the 'Al and 'B2 states. 
The small splitting between the A levels 2a2 and 3bl make this 
a close call. Optimized ab initio bond distances show differences 
between S3N2+, S3N2+, and S3N2 in various electronic states that 
correlate with the qualitative model based on nodal properties of 
the 2a2 and 3bl ?F MO's. Dissociation of S3NZ2+ into SN+ and 
SNS+ is favored by orbital symmetry and the nature of these 
fragments. A single electron in the 2a2 MO of S3N2+ stabilizes 
this radical cation against dissociation. 
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Blue-shifted sidebands on the well-known Mn2+ absorptions are observed in the visible absorption and MCD spectra of manganese 
chloride and bromide doped with Ti2+ and of magnesium chloride doped with both Ti2+ and Mn2+. These sidebands are assigned 
to Ti2+Mn2+ double excitations of exchange-coupled Ti2+-Mn2+ pairs (MgCI2) and Ti2+(Mn2+)6 clusters (MnCI2, MnBr2), 
respectively. The energy differences AE of roughly 680 (chlorides) and 600 cm-l (bromide) to the Mn2+ absorptions correspond 
to the trigonal splitting of the Ti2+ 3T, (4) ground state. In the 'Al;E, (Mn2+) region, the absorption lines are sharp and AE 
in the visible absorption spectrum of dgC12:Ti2+,Mn2+ matches the known ground-state splitting of a Ti2+-Mn2+ pair in MgCI,. 
The trigonal ground-state splitting of Ti2+ in MnBr2 has not been measured before. The principle of coupling an infrared electronic 
excitation on one ion with a visible excitation on a neighboring ion should be applicable to many other pairs of ions. 

Introduction 
Splittings of orbitally degenerate ground states of transition- 

metal ions in complexes and crystals resulting from low-symmetry 
ligand-field potentials and spin-orbit coupling are difficult to 
detect. They are often in the energy range 10-1OOO cm-l, which 
is not easily accessible by experiment. The magnetic susceptibility 
between 300 and 4 K may provide a rough estimate of the 
sp1itting.l Among the spectroscopic techniques that have been 
used to determine ground-state splittings, we mention infrared 
absorption spectroscopy? electronic Raman ~pectroscopy,~,~ and 
inelastic neutron scattering.5 The latter two techniques have long 
been used to determine crystal-field splittings of rare-earth-metal 
ions in We have recently found that luminescence 
spectroscopy provides a very accurate picture of the 3Tlg 
ground-state splitting of Ti2+ and V3+ ions in various ionic lat- 
t i ce~ .**~ 

In the present paper, we describe a principle by which a 
ground-state splitting can be made observable in the visible part 
of the absorption spectrum. We use Ti2+-Mn2+ pairs in MgCI, 
and Ti2+(Mn2+)6 spin clusters in Ti2+-doped MnCI2 and MnBr2 
to illustrate both the principle and the effect. In these species, 
the Ti2+ and Mn2+ ions are coupled by exchange interactions. One 
of the consequences of exchange interactions is the occurrence 
of cooperative pair or cluster excitations, which have been studied 
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for a long time.l0 The simultaneous excitation of a transition 
on two neighboring ions can lead to an absorption band a t  an 
energy corresponding roughly to the sum of the two single ex- 
citations." In many cases, double excitations are observed in 
pairs of equal ions a t  twice the energy of single-ion ligand-field 
excitations.12 By the same mechanism, two transitions with very 
different energies can also combine. In the present work, a 
transition within the energetically split 3TI, ground state of Ti2+ 
is added to a well-known ligand-field transition of Mn2+ in the 
blue spectral region. 

The 3Tlg (Oh) ground state of Ti2+ in the MgC12 and MnC12 
lattices shows a large trigonal splitting AE of the order of 700 
cm-' into the components 3A2g and 3E,.8 If a cooperative ab- 
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