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The infrared and Raman spectra of tetraethylammonium complexes of the TiClg?~ and TiBrs*~ ions have been recorded in the

range 70-1000 cm 2.

are much more reasonable in comparison with the spectra of the analogous SnXg2™ ions, which are also included.
The following mixed-halo species of the type MX,Y:?™~ have been pre-
TiClBr;?~, TiClLI2~, TiClBr:>~, SnClBr2~, SnClLI:?~, SnClBr?~, SnClLI2™,
The infrared spectra of all of these salts have been recorded, as well as the Raman spectra of
the first seven; the remaining two salts, as well as [(CoH;);N]:Snl, decomposed immediately in the laser beam.

for the TiBrg?~ ions are reported for the first time.
pared as tetraethylammonium salts:
SnBrl»?~, and SnBrels?-.

The new Raman spectra of the TiClg2™ ion are in complete disagreement with the previous study and

The data

It is con-

cluded from a study of these vibrational spectra that most and possibly all of the mixed anions possess the ¢is configuration

in the solid state.

Introduction

In 1936, Rumpf' recorded the Raman spectrum of
titanium tetrachloride in concentrated hydrochloric
acid, reporting three bands at 463, 340, and 252 cm—1;
she concluded that the TiClg?~ ion was the absorbing
species. Subsequently, Kohlrausch assigned the bands,
respectively, to the »(ai,), va(eg), and vs(ts;) vibrational
modes of the complex ion. Yet by comparison with the
spectra of other MCIlg?~ ions, notably those of ger-
manium, tin, and lead for which »; — »3 ~ 20 cm 1, these
assignments seem to be incorrect. In particular, the
reported value of »; at 463 cm~' is over 100 cm~!
above the value which might have been predicted by
comparison with that of the SnClg*~ion. Accordingly,
we have reinvestigated the Raman spectrum of the
TiClg2~ ion, and found that it bears no similarity to the
original spectrum. We have also obtained (for the
first time) the corresponding data for the TiBre*~ ion.
Complete infrared spectra on these ions are reported.
The spectra of the analogous tin salts were also recorded
for comparative purposes.

In addition, as many mixed halo species as possible
of the type MX,Y,*~ have been prepared and their
vibrational spectra studied in order to determine
whether the complex ions adopt the cis or the trans
configuration in the solid state.

Experimental Section

Preparation of Compounds.—The titanium salts were prepared
by adding a solution of the titanium halide in dichloromethane
to an excess of the appropriate tetraethylammonium halide in
the same solvent. The complexes, which precipitated immedi-
ately, were filtered off onto a sintered-glass disk under dry nitro-
gen and then washed at least three times with dichloromethane.
The complexes were then dried under vacuum and sealed into
glass manifolds. The TiXg2~ ions are well established? where
X = Clor Br but not where X = I; the TiClyBr;*~ ion has been
prepared once previously,? but the TiCLBr~ and TiCl 1,2~ ions
are reported for the first time, All preparations must be carried
out using rigorously dried solvents on a vacuum line, The an-
alytical data are given in Table I.

(1) M.-E, P. Rumpf, Compt., Rend., 202, 950 (1936).

(2} R.]J. H, Clark, “The Chemistry of Titanium and Vanadium,’” Elsevier
Publishing Co., Amsterdam, 1968,

(3) J. Byé and W. Haegi, Compt. Rend., 236, 381 (1953).

The tin salts were prepared by mixing ethanol solutions of
the appropriate reagents; the compounds precipitated immediately
and were filtered off, washed with ethanol, and dried. The am-
monium salts of the SnBryCl:2~ and SnCl 1,2~ ions? have been
referred to previously but have not been adequately characterized;
the remaining mixed-halo salts appear to be new compounds,

Infrared Spectra.—The infrared spectra of the complexes were
recorded on the following instruments: Perkin-Elmer 337
(1300~-400 cm™1), Grubb-Parsons DM2 (455200 cm™!), and
GM 3(200-70 ecm™1), The Nujol mulls were prepared in a drybox
where appropriate. The instruments were calibrated against
the spectrum of water vapor.5 The low solubility of the salts
in suitable solvents precluded their study in solution in most
cases, Data below 200 cm~! were obtained at liguid nitrogen
temperature,

Raman Spectra.—The spectra were recorded on a Cary 81
spectrometer using a He~Ne laser source (6328 ). The titanium
samples were wax-sealed into flat-bottomed glass containers and
held in such a way that the laser beam was normal to the flat
surface. The tin samples, which are stable in moist air, were
tield in the standard metal cone supplied with the instrument.
The complexes were all in the form of powdered solids.

Results and Discussion

MZX¢* Ion Spectra.—Regular octahedral molecules
give rise to six normal modes of vibration; of these,
sm(ay), wley), and w(ty,) are Raman active, »3(ty)
and »y(tiy) are infrared active, and »e(tsn) is inactive.
The assignments of the observed bands are generally
obvious and comparable with those of related hexa-
halo species.® They are given in Table II.

The most important result is that » for the TiClg?~
ion occurs as a very strong band in the Raman spectrum
at 320 cm~?, d.e., 143 cm~! below the previously re-
ported value. Moreover, neither p; nor v; agrees with
the previous data, and it is clear that Rumpf!' must
have been studying in solution a species different from
the TiCls?~ ion, probably a hydrolysis product derived
therefrom. In nitromethane solution, »; occurs as a
very strong polarized band at 319 cm™!, », occurs at

(4) (a) B. Rayman and K. Preis, Ann. Chem., 228, 323 (1884); (b) V. I.
Gol’danskii, E. F. Markov, R. A. Stukan, T. N, Sumarokova, V. A. Trukh-
tanov, and V. V. Khrapov, Proc. Acad. Sci. USSR, Phys. Chem. Sect., 156,
474 (1964),

(3) L. R. Blaine, K. K. Plyler, and W. S, Benedict, J. Res. Natl. Bur. Std.
664, 223 (1962).

(6) R, J. H. Clark in ‘““Halogen Chemistry,” Vol. 3, V. Gutmann. Ed.,
Academic Press, London, 1967, pp 85-121.
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TABLE I
ANALYTICAL DATA AND COLORS

e G~ G H—  —% N

Complex Color Caled Found Caled Found Caled Found
[(C2H;5)4N 2 TiCls Yellow 36.9 37.2 7.7 7.7 5.4 5.5
[(C2H5)«N ]2 TiBrs Red 24.4 23.8 5.1 4.9 3.5 3.2
[(C2Hs)aN12TiClyBr2 Yellow-orange 31.5 31.1 6.6 6.6 4.6 4.5
[(C2H5)4aN e TiCll2 Brown-black 27.3 27,5 5.7 5.7 4.0 3.7
[(CeH5}4N ]2 TiClyBrs  Orange-red 27.5 28,2 5.8 5.9 4.0 4.1
[{C2H;5)¢N 12SnCls White 32.5 31.6 6.8 6.5 4.7 4.8
[(C2H;3)4N 12SnBrs Yellow 22.4 22.3 4.7 4.6 3.3 3.4
[(C2H5)sN 128SnTs Verydarkred 17.4 18.0 3.6 3.7 2.5 2.7
[(C2H3)sN :SnClyBrg  White 28.2 27.7 5.9 5.8 4.1 3.7
[(C:H5)sN1:SnClilz  Orange 24.8 248 52 5.1 3.6 3.7
[(C2H;5)4N [2SnClaBry¢  Pale yellow 25.0 25.0 5.2 5.2 3.8 3.5
[(C2Hs)sN 12SnClals Dark red 20.1 19.5 4.2 4.0 2.9 2.6
[(CaH5)sN 12:SnBrgl»  Red-brown 20.2 2004 4.2 4.2 2.9 2.8
[(CaH5)sN 1:SnBrely  Dark red 18.4 18.7 3.9 3.9 2.7 2.6

TaBLE 1T

VIBRATIONAL SPECTRA (CM™!) OF THE TETRAETHYLAMMONIUM
Sants oF THE MX42~ Ions (M = Tior Sn; X = Cl, Br, or I)¢

vi(alg) vo(eg) v3(tiy) va(tiy) vs(tag)
TiClgz~ 320 vs 271 vw 316 s, asym 183 s 173 s
TiBrg2~ ¢ 192 vs A 244 vs 119 m 115 vw, sh
$nCle2~ 309 vs 232w 201s" 163 s 159 vs
SnBrg?~ 182 vs 135 m 203 vs 111 m 101s
Snls2 ™ d d 156 s 90 sh, 79 m d

¢ All refer to the solid state. * Shoulder at 306 cm™, ¢ A
weak band at 88 cm ™! may be vg(tsy), which is strictly inactive
in Op symmetry. ¢ Decomposed in laser beam,

Inorganic Chemastry

vz decreases with increase in the size of the cation as
follows: K+ > Rb* > Cst > (CH;).NH,+ > (CoHy)s
N+

The asymmetric bending mode, »;, for this ion has
been observed once previously,® for the cesium salt, at
190 cm—; z.e., vy also fallsin the order Cs* > (CoHj) N~
(¢f. ref 8 a similar observation on MFg?— ions).

Apart from a single report® of »; for the diethylamino
salt, the vibrational spectrum of the TiBrg?~ ion is
reported here for the first time. One mode, vy, was
too weak to be observed in the Raman spectrum.
The mode », apart from appearing as a very strong
band in the Raman spectrum, also occurred weakly in
the infrared spectrum. This fact indicates that the
O selection rules have been relaxed and that the com-
plex ion is on a low-symumetry site in the lattice.

The vibrational spectra of the SnClg?~ and SnBrg?~
ions have been recorded previously! (see ref 6 for a
summary). However, it was considered important to
gather the complete vibrational spectra of these ions as
the tetraethylammonium salts in order to obtain the
closest comparison with the spectra of the analogous
titanium salts. Only the infrared spectra of the Snl*—
ion could be obtained, owing to the immediate decom-

TaBLE III
SPECIES OF THE VIBRATIONAL MODES® OF IoNs OF THE TvpPE MX,VY,2~

Symmettry
point
group »{MX)
cis-MX,Y,2™ Cay 2a; + by — bs
trans-MX, Y2~ Dan ajg + bie + eu

»(MY) Skeletal bending modes
31+111 3_84+2a2+2b1+2b2
atg + Az by + € + am + b + 2Zeu

* Vibrational species which are underlined are infrared active; all species are Raman active in Cyy, but in Dy, only those which are

infrared inactive are Raman active.

275 em. ™Y, and »; 1s too weak to be observed. The
order of the intensities in solution (y1 > », > ;) is
thus different from that in the solid state (v > »; >
vo) (Figure 1). The asymmetric stretching mode, v, for

INTENSITY ——

350 300 250 200

i
150 em™

Figure 1.—Raman spectrum of [(C;H;)«N[sTiCls in the solid
state; inset shows »; at the maximum sensitivity of the instru-
ment.

the TiClg2~ ion has been observed previously 7 —° coupled
with the present results, the combined data indicate that

(7) D. M. Adams, J. Chatt, J. M. Davidson, aud f, Gerratt, J. Chem, Soc.,
2189 (1963).

(8) D. H. Brown, K. R, Dixon, C. M. Livingston, R. H. Nuttall, and 1.
W. A. Sharp, 1bid., 4, 100 (1967).

(9) R. A, Walton and B. J, Brisdon, Spectrochim. Acta, 234, 2222 (1967).

position of this salt in the laser beam. The effect of in-
crease in the size of the cation is to decrease the stretch-
ing frequencies of the anion, as noted above for the
TiClg*~ ions and previously!® for the NbXg"~ and
TaXg"~ ions.

The one previous measurement of the infrared spec-
trum of the Snlg®™~ ion, as the cesium salt,!® places vs
at 165 cm™! consistent with the present measurement
(156 cm~!, z.e., Cst > (C,H;)N*). However in the
spectrum of this salt in the bending frequency region,
two bands were observed; the first, at 86 cm ™!, was
assigned as a translational lattice mode of t;, symmetry,
whereas the second, at 48 ecm~!, was assigned as v,.
We consider that these assignments should be reversed,
because the band near 90 cm ™! is almost independent of
the mass of the cation, whereas a lattice mode should be
strongly dependent thereon. Moreover, for all other
MXe®~ salts, vy demonstrably lies above the lattice
mode. We also point out that the assignments for
vs and p(lattice) for the SnBrg?— salts, as given in
ref 13, should be reversed for the same reasons.

MX,Y,?~ Ions.—The vibrational spectra of the

(10) E. Wendling and R, Rohmer, Bull. Soc. Chim. France, 8 (1967),

(11) M. Debeau and M. Krauzman, Compé. Rend., 264, 1724 (1967).

(12) 8. M. Horner, R. J. H. Clark, B. Crociani, D. B. Copley, W. W.

Horner, F. N, Collier, and S. V. Tyree, [norg. Chem., in press.
(13) N. N. Greenwood and B, P, Straughan, J, Chem, Soc., A, 062 (1066).



Vol. 7, No. 8, August 1968 VIBRATIONAL SPECTRA OF MX?~ anD MX, Vo2~ 1605
TABLE IV
VIBRATIONAL SPECTRA OF THE MX,Y,2~ Ions (cm™1)
Typeb of
Ion spectrum y(MC1 »(MBr) —~—p(MI)-— —————=38keletal bending modes————
SnClLBr?~ R 304 vs, 287 w, 264 m, 254 mw 204 s, 180 m, br 157 m, 144 w, sh
ir 306 sh, 290 vs, 267 s, 252 m 204 m, 184 m 172 m, 160 s, 149 m, 129 w
SnCll,2~ R 293 m, 273 s 159 w, sh ~177 w, 110 w
ir 296 vs, 278 s, 254 m 160 s, br 143 w
SnClLBry2~ R 208 s, 288 sh, 260 m 200 vs, 187 s ~153 vw, sh
ir 2925, 276 s 202 vs, 184 vw 164 w, 155 m, 147 s, 128 w, 113 w
SnCl 2~ R a
ir 304 s, 261 m 160 s, br
SnBr,I,*~ R a
ir 197 s, 189 sh 166 m
SnBr 142~ R a
ir 195 sh, 186 s 162 s 110 w, 101 w, 94 w
TiClLBr,*~ R 316 s, 300 m 212s 204 m, 180 w
ir 344 sh, 312 vs, br, 283 m 240 m 196 m, 185, 178 s
TiCl;Brs?*~ R 318 m 214 m 195 s, 183 m
ir 344 m, 313 vs, asym 240 vs 196 m, 185 ms, 178 s, 152 w?
TiClLI%~ R ¢
ir 331 vs, 280 s 192 vs ? 213 m, 200 s, 176 m, 166 m

@ Compound decomposes in laser beam.

MX,Y,?~ ions have been studied in order to ascertain
whether the ions crystallize in the cis or trans configura-
tions. In the former case, the anions would have Cyy
symmetry, whereas in the latter, they would be cen-
trosymmetric with Dy, symmetry. The symmetries
of the normal modes for the two possible configurations
are given in Table III. There should be no coincidences
between the infrared and Raman bands for ions with
the #rans configuration.

For ions with the ¢is configuration, however, all
modes are Raman active, and all but the a; modes are
infrared active. In this case there should therefore
be 13 coincidences, four of which correspond to essen-
tially MX stretches, two to essentially MY stretches,
and the remaining seven to skeletal bending modes.
The data reported in the previous section help to
define the regions over which the different MX stretch-
ing frequencies would be expected to occur.

The data are given in Table IV. In general, bands
are less well resolved below 200 cm™!, both in the
infrared and in the Raman spectra, and so any struc-
tural conclusions are best based on the MX stretching
frequencies. The appearance of several well-resolved
bands in the SnCl stretching frequency region (four
in the case of the SnClBr,?~ ion) attests to the conclu-
sion that all the tin—chloro anions, SnClBr;*~, SnCly-
12—, SnCl,Brs?~, and SnClLI,*~, have the cis configura-
tion in the solid state. While some crystal field split-
ting of the bands cannot be excluded, this is seldom
sufficient in the case of the MX,42~ ions (Table II), and
with the present instruments, to be resolvable. Thus
the structural conclusion is considered to be valid de-
spite the fact that only solid-state spectra are involved.
Moreover, the pattern of the SnCl stretching modes in
the SnClX,2~ ions is similar to that in SnClybipy,
for which only the c¢s-octahedral structure is possible.!4
Solution spectra on the mixed-halo complexes were not

(14) R.J. H. Clark, A. G, Davies, and R. J. Puddephatt, J. Chem. Soc., A,
in press,

® R, Raman active; ir, infrared active.

¢ Unsatisfactory Raman spectrum.

possible, either because of insufficient solubility of the
complexes (in most solvents) or because of disruption of
the complexes (in CH;NO,, CH;CN, C;H;N, or H;0).
The bromoiodo anions, SnBr,2~ and SnIBr.2—, de-
composed in the laser beam and also gave less well-
resolved infrared spectra than did the chloro anions.
Consequently, no definite statement regarding their
stereochemistry can be made.

The titanium complexes are strongly colored, espe-
cially those which contain bromide. Consequently,
their Raman spectra are weaker than those of tin. In
the TiCl stretching frequency region, the TiClBr,?~
ion apparently contains two Raman-active bands and
three infrared-active bands, whereas in the TiBr stretch-
ing frequency region, there is one of each kind. The
infrared-active band centered at 312 cm ! is very broad
and asymmetric; in view of this and of the close prox-
imity of » to »; for the TiClg*~ ion, the band is likely
to be the envelope of several infrared-active modes.
This line of reasoning suggests the c¢is configuration.
Although we cannot reach an unequivocal conclusion
regarding the stereochemistry of this ion or of the TiCl,-
Br.’>~ ion, our opinion is that they have the c¢is con-
figuration.

Conclusion

The evident preponderance and possible universality
of the cis configuration for the present complexes sug-
gest that the w-donor ability of the halogens to the ts,
orbitals of the metal is the major factor favoring this
configuration over the sterically more favorable frans
configuration. In the latter situation the better =
electron donors (bromide or iodide, depending upon the
anion) would be competing for the same ty, orbital,
whereas in c¢is complexes, they could w-donate into
different t,, orbitals; the cis complexes should thus be
more stable. A similar argument has been used pre-
viously by Jaffé!s and more recently by Bradley and

(15) H. H. Jallé, J. Phys. Chem., B8, 185 (1954).
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Holloway®® to rationalize the greater stability of cis-
dialkoxybis(acetylacetonato)titanium(IV)  complexes
relative to the frans isomers.

(16) D. C. Bradley and C. E. Holloway, Chem. Commun., 284 (1965).
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Preparative procedures for certain enneahalodimetalates (MyX¢8™), containing first-row transition metal ions, are reported.
Many of these had been previously mentioned in the literature, but details in their preparation were lacking. The new com-

pounds Cs;Cr, X, (X = Bror I) are described. All alkali metal salts appear to be isomorphous.
dence of their paramagnetic suscepibility has been measured between 80 and 300°K.
with salts of Cr;Cly3~ is attained only with alkylammonium cations.

The temperature depen-
1t is shown that magnetic dilution
The small, positive susceptibility of Cs;W:Cl; has been

attributed to temperature-independent paramagnetism. Single-crystal spectra of Cs;MoCly (M = Ti, Cr, and V) are re-
ported and interpreted in terms of transitions which are essentially localized on adjacent metal atoms, in contrast to the
transitions in WClg3™ which are believed to be due to delocalized electrons. A further sharp contrast is provided in the re-

actions of CryClg®~ and WyCly~ with pyridine.

The enneahalodimetalates are an interesting but
small class of compounds which can simultaneously
embody a general structural similarity and a signifi-
cant structural difference. The structures of Cs;-
CrCly and K;WoCly have been fully characterized
by X-ray analyses.!'> In both, the anion can be de-
scribed as two octahedra sharing a common trigonal
face. However, considerable differences in detail are
present in the two structures. The chromium atoms
in CryCly®~ do not lie exactly at the centers of their re-
spective octahedra but are displaced away from each
other along the trigonal axis, so that their interatomic
distance is 3.1 A.  On the other hand, this phenomenon
is exactly reversed in K3W.Clg. The metal atoms are
displaced toward each other causing the shared face to
be somewhat larger than those on the periphery. The
interatomic separation of the metal atoms is only 2.4 A,
Cotton?® has presented a clear and convincing criterion
for metal-metal bonding in general and in particular
for its presence in W>Cly®~ and its absence in Cr,Clg3—.
Since there appears to be a force operating between the
tungsten atoms such that the metal atoms approach one
another more closely than the bridging geometry would
appear to require, metal-metal bonds are likely to exist
in W,Clg3—, Conversely in Cr,Clg*~, the structure in-
dicated a net repulsion and the lack of any major metal-
metal interaction. Magnetic data obtained at room
temperature are believed to reflect these properties. It
is often claimed that K;W,Cly is diamagnetic; however,
Klemm and Steinberg* actually found a small, posi-
tive susceptibility corresponding to a magnetic mo-

(1) G.J. Wessel and D. J. W. Ijdo, dcta Cryst., 10, 466 (1957).

(2) W. H. Watson, Jr., and J. Waser, 7bid., 11, 689 (1958).

(8) F, A. Cotton, Rev. Pure Appl. Chem., 17, 25 (1967).

(4) W. Klemm and H. Steinberg, Z. Anorg. Allgem. Chem., 227, 193
(1938).

ment of 0.47 BM. On the other hand, the magnetic
moment! of Cs;CryCly has been reported as 3.82 BM
per chromium atom. The magnitude of the spin
interaction, if any, was not determined. However, a
study of the temperature dependence of the magnetic
susceptibility® of [(CH3;CH,):N J;CroCly has indicated
that the exchange constant is only —5°K or 0.01 kecal/
mol, an insignificant quantity in terms of chemical
bonding. It should be noted that the magnetic mo-
ment of 3.96 BM at room temperature reflects a con-
siderable difference in the paramagnetic susceptibility
when compared to that obtained for Cs;CryCly.

While Cs;TL,Cly is well known,® other examples of
compounds of similar stoichiometry, but containing
paramagnetic metal atoms, are not plentiful. The
existence of K3sM,Cly (M = Nd or Pr) has been in-
dicated in a phase study,” but only Cs;M,Cly (M = Ti
or V) and Cs;TiBry have been isolated.!®* Each of
these are isomorphous with Cs;CryCly, but no detailed
structural or magnetic information was presented.
However, the similarity of the lattice constants suggests
that the interatomic separation of the metal atoms is
also about 3.1-3.2 A in each case, so that metal-metal
bonding would not exist according to Cotton.

It is remarkable that general preparative methods for
the enneahalodimetalates which contain first-row
transition metal atoms have not been reported in detail.
Furthermore, with the exception of [(CH;CH,)uN Js-
CryCly, data pertaining to their temperature-dependent
paramagnetism have not been available. Initially,
we obtained these data for CssCryCly, and the wide dis-

(5) A. Barnshaw and J. Lewis, J. Chem. Soc., 396 (1961).

(6) J. Hoard and L. Goldstein, J. Chem. Phys., 8, 199 (1835).

(7) A.K.Baevand G. 1. Novi'kov, Zh. Neorg. Khim., 6, 2610 (1961).
(8) I. I Kozhina and D, V. Korol’kov, Zh, Strukt, Khim., 8, 97 (1965).



