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The BI1 n.m.r. spectrum of p-(CH&NB2Hj, for example, 
is found a t  higher field than that of B2H6.34ba5 Note 
that n-hen a nitrogen bridge is formed four electrons are 
utilized as compared with a two-electron three-centered 
bridge hydrogen situation. In contrast, when an R3N 
group occupies a terminal position, as in BIZHIIN- 
(CH3)3-,16 the boron resonance is shifted to lower field 
(the boron resonance of B(NR2)4- is predictedz7 
to be a t  considerably lower field than that of BH.I-). 
In this case the number of bonding electrons remains 
constant; thus nitrogen and hydrogen as bridges differ 
in kind while nitrogen and hydrogen as terminal sub- 
stituents differ only in degree. 

The substitution of a bridge oxygen for a bridge 
hydrogen would also feed more bonding electrons into 
the neighboring boron environments, which in turn 
would be expected to lead to increased shielding and a 
shift to higher field. The shift to higher field of two 
boron nuclei36 (dotted arrows in Figure 3) fits well 
with the observed spectrum. We conclude that Ham- 
thorne and Miller prepared C2Hb0B10H13j wherein the 
CzHjO group occupies a bridge position; a single pair 
of optical isomers is quite likely and an X-ray study 
would be most useful. 
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Nitrogen-15 nuclear magnetic resonance spectra 
have recently been observed for compounds containing 
the isotope at natural abundance (0.3670) and also 
for IjN-enriched  sample^.^-^ However, the utility 
of 'jN n.m.r. as a structural tool for the detection of 
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Figure 1.-The I6N n.m.r. spectrum of &N3+ in 70c$ nitric acid. 
Chemical shifts relative to ljSHl - 

nitrogen atoms in nonequivalent environments has 
not been demonstrated previously for inorganic sys- 
tems. We have obtained the spectrum of the thio- 
trithiazyl cation S?iYs+ (97.2% ISN) and find it to be 
consistent with the structure 

/ \ 
N" N" 

\ / 
S- S 

which has recently been determined by X-ray analysis.5 
The relatively stable chloride, SIN3Cl, was used in 

the present work. This compound was synthesized 
from ammonium chloride (97.2%, enriched in 15N) 
and disulfur dichloride. Because of the inherently 
low sensitivity of nitrogen resonances (1 X that 
of 'H a t  constant field) it was necessary to use a solu- 
tion more concentrated than 1 Jf in S11W3+ in order to 
obtain a favorable signal-to-noise ratio. The salt 
undergoes rapid decomposition in water and is in- 
soluble in most organic solvents. However, SINsCl 
dissolves in 7070 HN03 to the extent of 3-4 -14, forming 
a solution which is stable for a t  least 1 day a t  room 
temperature. 

The I% spectrum of a 3.1 M solution of S4NsCl 
(97.2% IjN) in 70% HK03 is shown in Figure 1. The 
two resonances have an over-all intensity ratio of 1 : 2, 
corresponding to the N' atom and the two equivalent 
N" atoms shown in the structure. Both resonances 
exhibit spin-spin splitting. The weaker resonance, 
due to N', is a 1 :2 : 1 triplet, and the stronger resonance, 
due to the N" atoms, is a 1 : 1 doublet. The triplet and 
doublet occur a t  343 and 355 i 1 p.p.m., respectively, 
downfield from the I5NH4+ resonance. The 15N-15X 
coupling constant is 7 f 1 C.P.S. and the half-width 
of individual components of the multiplets is approxi- 
mately 7 C.P.S. 

No particular significance can be attached to the 
magnitude of the chemical shifts; however, some 
qualitative observations can be made. Paramagnetic 
effects associated with electronic asymmetry are con- 
sidered to provide the dominant contribution to 

( 5 )  J. Weiss, Z .  anovg. a l lgcm.  Chenz., 333, 314 (1964); 1%. W. Cordes, 11, F. 
Kruh .  and E. K. Gordon, l i zo ig .  Chew. ,  4, 681 (1965). 
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nitrogen chemical shifts. Unshared electron pairs 
cause an upfield shift, whereas electronegative substit- 
uents and multiple bonding cause a downfield shift. 
The S4N3+ ion occupies an approximately central 
position in the range of I5N chemical shifts,2 between 
the highly symmetrical ammonium ion (for which the 
paramagnetic term is a t  a minimum) and the nitrite 
ion (- 584 p.p.m. relative to ammonium ion). This is 
consistent with the fact that, in comparison to  its 
environment in NOz-, each nitrogen atom in SkNa+ 
is involved in less multiple bonding and is attached to 
atoms of lower electronegativity. The occurrence of 
the triplet absorption slightly to high field of the 
doublet in the spectrum of S4N3+ is indicative of slightly 
less T bonding and slightly more unshared electron 
density around N’ compared to N”.  This in turn is 
reasonably consistent with the observed bond lengths5 
and with fractional bond orders and formal charges 
calculated from statistical considerations, assuming a 
sulfur-sulfur single bond and a total of two double 
bonds per ring. 

The observed 15N-’jN coupling constant of 7 c.p.s. 
is the first to be reported for a system containing I5N 
atoms two bonds removed from each other. The only 
other 15N-15N coupling constant in the literature is 
that found for the directly bonded nitrogen atoms in 
trans-azoxybenzene and has the value 14 * 1 C . P . S . ~ , ~  

No I4N resonances attributable to the S4N3f ion were 
observed for solutions of S4N3C1 (not enriched in ’jN) 
in either SOYo HzS04 (1 M S4N3+) or 70% “ 0 3  

(3 M &N3+). It is well-known, however, that the 
quadrupole interaction of IdN ( I  = 1) may broaden 
signals to such an extent as to make them indistinguish- 
able from the backgrounds6 This effect is particularly 
serious when the nuclei are in unsymmetrical environ- 
ments, as is the case for the nitrogen atoms in S4N3+. 
Spin-spin coupling in I4N systems is also largely ob- 
scured by quadrupole  effect^.^ The above cornplica- 
tions in 14N spectra are eliminated by the use of ‘W 
( I  = which does not possess a quadrupole moment. 

Synthesis of S4N3C1.-When ammonium chloride 
and disulfur dichloride are refluxed in a vessel fitted with 
an air condenser, orange crystals of SaNzCl2 collect 
just above the level of the refluxing liquid. The 
S3N2Cl2 can then be converted quantitatively to S4N3C1 
by refluxinc; with a mixture of S%Cl2 and Cc14.’ 

3S8N2C12 f S2Cln -4 2S4N3C1 + 3sc1z 

The usual procedure for preparing S3N2Cl2 from am- 
monium chloride and SzClz is designed to  maximize 
the yield based on SzClz and therefore involves an ex- 
cess of ammonium chloride. Because of the high cost 
of 15NH~C1, we have modified the procedure to maxi- 
mize the yield based on ammonium chloride. A large 
excess of S2C12 is detrimental because, on heating, 
SZCl2 disproportionates to sulfur and SClz, and the SClz 
causes destruction of the S3N2C12 by the reversible re- 
action 

(6) E. L. Muetterties and W. D. Phillips, Aduait. Inoi,g. Chent.  Radiochem., 
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SClz ‘r SaNzClz 2NSCl + SeClz 

Our best results were obtained by using a modest excess 
of SzClz (SZClz/NH&l mole ratio of 4 : 1). Under these 
conditions, a good crop of S ~ N Z C ~ Z  crystals was formed 
in the condenser and a 47% over-all yield of S4N3C1 
(based on NHdCl) was obtained. It was reported 
earlier* that addition of sulfur to the reaction mixture 
reduces the time to the first appearance of S3NzCl2. 
This was confirmed, but under the present conditions 
the yield of S4N3C1 was unaffected. 

Experimental 
Reagents.-Eastman Kodak Practical Grade SeClz was used 

without further purification. The 16NH4C1 (97.2y0 15K) mas 
supplied by Volk Radiochemical Co. Reagent grade carbon 
tetrachloride was dried over anhydrous calcium sulfate. Merck 
reagent grade 7070 nitric acid (from a freshly opened bottle) 
was used as a solvent for the n.m.r. study of S415K3+. 

Spectra.-N.rn.r. spectra were obtained by the side-band 
method with a Varian V4200A variable frequency spectrometer 
operated a t  either 4.334 (I4N) or 6.080 (I5X) Mc./sec. and 14,100 
gauss. Solutions (minimum volume 2 ml.) were contained in 
15-mm. 0.d. Pyrex tubes. It was necessary to use low radio- 
frequency power levels in the case of 15N because of the rather 
long relaxation times of this nucleus. Chemical shifts were 
measured by the sample replacement method relative to  a 5.7 
M aqueous solution of 15n”4C1 (97.2% 15N) which was also 
-0.1 Min  HC1 and M i n  Fe3+. 

Preparation of S415N&1.-A mixture of 3.29 g. of 15NH4C1, 
20 ml. of S2Cle, and 7 g. of sulfur was placed in a 100-ml. round- 
bottom flask which carried a gas inlet (extending to the bottom 
of the flask) and a Liebig condenser (28 cm. long and 20 mm. 
i.d.). The top of the condenser was attached t o  a calcium 
sulfate drying tube. A slow stream of argon was passed through 
the apparatus, and the mixture in the 100-ml. flask was refluxed 
gently using a heating mantle. Crystals of S3N2Cl2 began to 
form just inside the lower end of the water-jacketed section 
of the condenser within 5 min. of the commencement of re- 
fluxing. After refluxing for 11 hr., the apparatus was allowed to 
cool in a stream of argon. Unreacted NHX1 adhering to the 
argon inlet was washed into the reaction mixture by addition 
of 11 ml. of S2C12. Refluxing was continued for a further 7 hr . ,  
after which all the NH4C1 had been consumed. Heating was 
stopped and the apparatus was allowed to stand overnight so 
that most of the liquid adhering to the crystals drained away. 
The reaction flask was removed and immediately replaced with a 
250-ml. flask containing a mixture of 50 ml. of CC14 and 30 ml. of 
S2Cl2. The mixture was refluxed over the S3KzC12, which was 
assisted down into the reflux flask by means of an elongated 
spatula. The solvent mixture was boiled until all dark material 
was converted into a bright yellow solid (5  hr.) .  Yellow needles 
crystallized from the solution on cooling. The product was 
filtered from the solvent mixture on a sintered crucible, washed 
several times with dry carbon tetrachloride, and dried in a vacuum 
desiccator; yield 1.97 g. (4775 based on l6NH4C1). 

Anal. Calcd. for S416N&!I: N, 21.56; S, 61.41; C1, 16.98. 
Found: N, 20.07; S, 60.69; C1, 17.35. 

When NHlCl was refluxed with a mixture of equal volumes of 
S2C12 and CCla, reaction was very slow and little S3N2C12 was 
formed. A crystalline compound containing l o  carbon was 
isolated from the reaction mixture but was not completely char- 
acterized. Little or no reaction occurred on heating N H C l  
with excess S&lz in a sealed tube a t  130” for 3 days. In a similar 
experiment conducted a t  170” for 4 days, the NHaC1 was com- 
pletely consumed and vacuum line analysis showed that it had 
been quantitatively converted to nitrogen and hydrogen chloride, 
the only solid product being sulfur. T h e  rather low yield of 

- 
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S4K3CI obtained from the synthetic procedure described above 
may therefore be attributable to the oxidation of a significant 
proportion of KH4CI to  elementary nitrogen. 
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The existence of RbLiFz and CsLiFz was established 
during thermal analysis studies of molten salt systems 
by Barton, et al.,2 who showed these to be the only 
intermediate compounds in the binary systems RbF- 
LiF and CsF-LiF The crystal structures of the com- 
pounds are of interest because each consists of ions of 
well-knorn radii which are expected to pack together 
in such a manner as to obtain the maximum number of 
cation-anion contacts consistent with their radius ratios. 
However, in the component alkali fluorides, for reasons 
not yet k n o ~ n , ~  the Rb+ and Cs+ ions, which are 
capable of larger coordination numbers, and the Li+ 
ion, whose radius is near the lower limit for octahedral 
coordination, all have the sixfold coordination of the 
NaCl structure Thus the present X-ray study was 
undertaken to determine the type of coordination 
adopted by the same ions in these difluorides. 

Experimental 
The compounds RbLiF? and CsLiFa melt incongruently a t  475 

and 495O, respectively, and precipitate as the primary phase 
from melts within a small range of compositions near 55 mole 7G 
R b F  (or CsF) and 45 mole 7G LiF. By slowly cooling melts in 
this composition range crystals for X-ray study were obtained, 
along with some of the eutectic mixtures nhich the difluorides 
form with RbF  or CsF. The resulting material was very hygro- 
scopic, and the separation of crystals from the eutectic mixture 
was performed by submersion of the products in oil and examina- 
tion under a microscope. A marked tendency of the material to 
twin on (001) when subjected to a shearing force added to the 
difficulty of obtaining single crystals. A single crystal of RbLiF? 
was obtained, but for CsLiF, a specimen, about lOY0 of which was 
oriented in a twin relationship to the main crystal, was used. 
The samples selected were sealed in glass capillaries before re- 
moval from the oil. 
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X-Ray precession photographs taken with Mo radiation yielded 
the following monoclinic crystal data. RFLiF2: a = 5.83 & 
0.01, b = 11.16 =t 0.02, c = 7.86 =I= 0.02 A , ,  8 = 9-1" 55' 3z 5 ' :  
$LiFp: a = 6.01 i 0.02, b = 11.64 f 0.02, c = 8.18 i 0.02 
A., B = 90' 45' f 5'. The presence of hkl only for h + k = 2n 
and h01 only for I = 272 indicated the probable space group C?/c 
or Cc. There are eight formula weights per unit cell. 

On the basis of these data a trial structure for CsLiF? was ob- 
tained by means of a computer program? which postulated possi- 
ble atomic arrangements and evaluated then1 by comparing a!- 
culated and observed structure factors for 13 reflections. Struc- 
tures were generated by advancing the atonis across a grid of 
points in the basic asymmetric unit until all acceptable combina- 
tions of positions had been obtained. The tiumber of positions 
scanned mas greatly reduced by rejecting those for which some 
interatomic distances were shorter than the sirti of the corre- 
sponding ionic radii. Because precession photographs showed 
that the symmetry of CsLiFa was very nearly that of the ortho- 
rhombic space group Cmca, the number of trial structures to be 
tested was further reduced by assuming this approximate sym- 
metry. 

An estimate of the Coulomb energy was also calculated for each 
postulated arrangement, and this proved especially uscful as a 
criterion for placing the Li atom, which makes only a small con- 
tribution to the structure factor. The best trial structure was 
nearly that described by the final parameters (space group C2/c) 
in Table I.  Later RbLiF? was shown to he isostructural with 
CsLiFB. 

TABLE I 
PARAMETERS ASD STANDARD DEVIATIOSS F R O M  

LEAST-SQUARES REFINEMENT 
Site Atom x (c)" Y (.I" 2; (,TI" R ( 0 ) a  

RbLiFz 
8(f) R b  0.2649 (5) 0,4105 (3) 0.0713 ( 5 1  1 .73  (6) 
8(f) Li 0 .215(9)  0.191 (6) 0.331 (8:  2 . 5  
8(f) F(l)  0.219 (3) 0.362 (2) 0.416 13' 1 . 4  (3 )  
4(e) F(2) 0 0.116 (2)  1 S ( 5 )  
4(c) F(3) 0 0,682 (2) ' /J  7 l ( 5 )  

CsLiFz 
8(f) CS 0.2528(3) 0.4089(2) 0.0725',2 1 . 9 6 ( 5 )  
8(f) Li 0 .23(1)  0.209 (4)  0 . 3 6 2 ( 7 '  2 . 5  
8(f) F( l )  0.244 (3) 0.337 (2)  0.423 17 2 . 2  (3)  
4(e) F(2) 0 0.151 (2) 2 4 ( 3 )  
4(e) F(3) 0 0.663 (3) ' 1 4  3 O(5)  
a The u applies to the last significant figure for each entry. 

The proposed structure was verified by measurement of a sam- 
pling of the three-dimensional X-ray reflections. For this purpose 
a single-crystal orienter was used with the 28-scan technique. 
Mo Kcr X-rays were detected by a scintillation counter. The 
inherent accuracy of the equipment was not attained, however, 
due to the properties of the crystal specimens, namely, irregular 
shape plus high absorption, presencc of oil and glass, and, for 
CsLiF,, at least, the presence of partial twinning. Some 137 
reflections for RbLiF? and 149 reflections for CsLiF, were mcas- 
ured, cnrrected for Lorentz-polarization effects and a spherical 
absorption factor ( M R  = 1.46 for RbLiFp; pLR = 1.07 for CsLiF,), 
and reduced to structure factors. 

The parameters of the trial structure were refined by iterative 
least squares5 to the final values in Table I. An isotropic tem- 
perature factor was varied for each atom except lithium, for 
which a constant value was assigned. Atomic form factors and 
the real and imaginary dispersion corrections were taken from 

(4) W. R. Busing, Abstracts, Villanova Meeting of the American Crys- 
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port ORNL-3320, June 20, 1962, p. 115. 
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