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The far-infrared spectra of selenium tetrachloride, selenium tetrabromide, tellurium tetrachloride, and tellurium tetrabro- 
mide are reported and the structural implications of these data considered. The infrared findings for SeClr and TeC14 are 
consistent with the earlier Raman conclusions that pyramidal MCl3+ cations are present. Similarities among the spectra 
for all four substances examined suggest that  MBraf is an essential component of the tetrabromides, also. 

Introduction 
The tetrahalides of sulfur, selenium, and tellurium 

display an interesting range of phase dependent struc- 
tural formulations. Thus. sulfur tetrafluoride in the 
gaseous state consists of trigonal bipyramidal molecules 
of Czv symmetry,' but association is indicated in the 
liquidZ and solid s ta tes3 The Raman spectrum of 
liquid selenium tetrafluoride4 has been interpreted in 
ternis of molecules of Czv symmetry, although a pre- 
liminary report of electrical conductivity of the liquid 
prompted speculation that limited ionization to 
SeFa+SeFb- species may occur.b Tellurium tetra- 
chloride also displays the trigonal bipyramidal con- 
figuration in the gas phase,6 but in a condensed state 
the results of Raman spectroscopy' suggest an ionic 
formulation, TeC13+C1-. Similar conclusions have 
been reached concerning solid selenium tetrachloride. 
More recently, however, a nuclear quadrupole resonance 
study of TeCl18 has given results favoring a trigonal bi- 
pyramidal molecular structure for the crystalline 
material. In a short communicationg we have reported 
infrared data supporting the TeC13+C1- constitution 
for TeC14, and very recently Greenwood and co- 
workers'O have published infrared findings and in- 
terpretations for TeC14, TeBr4, and TeI4 in accord with 
ionic formulations for each of these species. In  the 
present paper the results and structural implications 
of our far-infrared investigations of the tetrachlorides 
and tetrabromides of tellurium and selenium are 
presented. 

Experimental Section 
Commercial TeC14 (City Chemical Co.) and TeBr4, SeCL, 

and SeBra prepared by standard methods using elementary Se 
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and Te  of high purity were employed. Handling of the tetra- 
halides was carried out in polyethylene bags to minimize at- 
mospheric hydrolysis or other contaminating effects. All 
spectra were obtained as h'ujol mulls on KBr plates or poly- 
ethylene disks using Beckmari IR-11, IR-10, and Perkiii-Elmer 
21 spectrometers." 

Results and Discussion 
Tellurium Tetrachloride.-The infrared spectrum of 

the crystalline material is shown in Figure 1, and the 
observed frequencies, together with the earlier Ranian 
data for both solid and liquid TeCI4, are summarized 
in Table I. It is clear that  the Raman results and the 
infrared data correspond quite closely. In  this in- 
vestigation the very weak absorptions at 130 and 242 
cm-' reported by Greenwood, et al.,l0 were not ob- 
served but several absorptions below 130 cm-' not 
listed in their study were noted. The breadth and 
intensity of the absorption centered a t  57 cm-I sug- 
gest, by analogy with the low-frequency absorption of 
thallium(1) chloride,'2 that  this is associated with lat- 
tice modes. The weak, sharp frequencies a t  73 and 
101 cm-' are probably due to impurities. 

The vibrational data may be considered in connec- 
tion with several structural models for crystalline 
TeC14. If the material were present primarily in 
molecular units a distorted tetrahedral configuration 
of Czv symmetry should require a much more compli- 
cated spectrum with nine fundamental frequencies, 
only one of which is infrared inactive. While the rela- 
tive weakness of some of these eight infrared-active 
fundamentals could result in their being unobservable, 
i t  is to be noted that  study3 of solid SF4, known to be 
trigonal bipyramidal in the vapor phase, has led to the 
identification of five, and probably seven, of the ex- 
pected fundamentals. Accordingly, i t  is believed that 
the presence of molecules of Czv symmetry in solid 
TeC14 is improbable. Similar considerations lead to a 
rejection of the inherently less likely tetrahedral, T d ,  or 
square-planar, D4h, molecular species. Of the ionic 
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Figure 1.-Infrared spectrum of TeClr, 400-33 cm-l. 
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TABLE I 

ASSIGKMENTS FOR TeClr 
~ I B R A T I O S . 4 L  DATA (CM -I) AND FU~YDAMEYTAL 

Raman" 
Liquid Solid 

14991 (1-1 14921 (0) 
[458] (1-2) 

415 ( O + )  
377 (201, p 374 (18) 
342 (16), dp 342 (20) 
330 (0-1) 

12901 (0 - 1) 
[24Sl (0+) 

195 ((It) 191 (2-)  
[17A] (0-1) 

231 (1-2) 

118 + 5 (1-2), dp? 143 (3) 
87 (6) 

Infraredh Assignmentc 

191, m v? (al) 

150, s vd i c )  
101, v\v 
73, vw 
57,  m, br Lattice 

Data from ref 7 .  Figures given in brackets are uncertain. 
Relative intensity estimates are given in parentheses; p = 
polarized; dp = depolarized. This work. For Cj,, symmetry 
these modes are described as follows: V I ,  symmetric Te-C1 
stretch; us,  symmetric C1-Te-C1 bend; vg antisymmetric Te-C1 
stretch; uq, degenerate C1-Te-Cl bend. 

models similar considerations rule out a TeCl3+TeClj- l3  

composition since the probable C4\. symmetry of the 
TeClj- ion again requires a greater number of funda- 
mentals than may reasonably be found in the observed 
vibrational spectrum. A report of the infrared spectra 
of crystalline hexa~hlorotellurates~~ indicates a strong 
absorption a t  approximately 230 cm-', a finding con- 
firmed by independent examination of potassium hexa- 
chlorotellurate. I t  appears probable, therefore, that 
TeC162- ions are not present as a major species in 
crystalline TeC14. 

Thus, the most reasonable formulation is the ionic 
one, TeC13+C1-, with the cation of CaV symmetry, as 
proposed by Gerding and Houtgraaf' and in agreement 
with Greenwood, e/  dln Exposure of our TeC14 sample 
to the atmosphere resulted in the appearance of weak 
absorptions at 415 and 492 cm-I, perhaps accounting 
for two of the weaker Raman lines observed. 

If the TeC13+C1- formulation is accepted i t  is neces- 
sary to provide an alternative interpretation of nuclear 
quadrupole resonance results.8 The conclusion that 
the six T 1  resonances observed be treated as two 
groups of three lines each and require a molecular 
TeC14 species of Clv symmetry is questionable in view 
of the frequent occurrence of multiple nqr frequencies 

(13) K. W. Bagnall, "The Chemistry of Selenium, Tellurium and Polon- 

(14) N. iX. Greenwood and 13. P. Straughn, J .  Chem. Soc., 862 (1066). 
ium," Elsevier Publishing Co., l i e w  York, S. Y., 1966, p 108. 

due to packing effects. Thus, for the IC12- anion a 
multiplicity of resonances over a wide frequency range 
is found despite the equivalence of chlorine positions 
in the ion;15 i t  is suggested that such effects may be 
responsible for the multiple resonances observed in 
crystalline Tee&. 

Tellurium Tetrabromide.-The infrared spectrum, 
Figure 2, and the absorption frequencies summarized 
in Table I1 parallel the findings for TeC14. Symmetry 
considerations such as those noted above for the tetra- 
chloride suggest TeBr3fBr- as the most satisfactory 
formulation for the crystalline material. Interestingly 
the presence of TeBr3+ in the Te(IV)-Br--H20 equilib- 
rium system has been suggested on the basis of spec- 
trophotometric investigation.IG While only very lim- 

Figure 2.-Infrared spectrum of TeBrq, 350-33 cm-1. 

TABLE I1 
INFRARED DATA FOR CRYSTALLINE TeBrd ( c h z - l )  

Assignment Frequency 

240 vs VI (ad 
223 vs v 3  (e) 
125 w 
110 s 
92 w 
46 m ,  br Lattice 

v? (al), vg (e) 

ited Te-Rr bond vibrational data are available in the 
literature i t  is apparent by comparison with the TeC14 
spectrum, and through consideration of the infrared 
spectrum of pyramidal SbBrS, that the strong absorp- 
tions a t  240 and 223 cm-' are probably the symmetric 
and antisymmetric stretching frequencies of a py- 
ramidal TeBr3+ species. Greenwood, et a1.,In have as- 
signed the a1 and e deformation modes to their 110 and 
87 cm-I absorptions, respectively. Our spectrum 
suggests the possibility of three peaks in this region. 
While the al absorption is expected to lie at  a higher 
frequency than that of the degenerate mode i t  is not 
certain whether the 125 cm-' or the 110 cm-l absorp- 
tion in our spectrum should be assigned to the al 
mode. Polarization data would be of assistance in 
making this determination. I t  is interesting that the 
deformation modes for both TeC13+ and TeBr3+ occur 
at higher frequencies than those reported for the iso- 
electronic SbC13 and SbBra species18 although the 
reverse is true for the stretching modes. 

(15) C. D. Cornwall and R. S. Yamasaki, J .  Chein. Phys . ,  27, 1060 (1957). 
(16) B. D. Stepin and G. RI. Serebrennikova, Zh .  S e o i g a r z .  Khim. ,  11, 

1807 (1966); Chem. A b s i y . ,  68, 16480b (1966). 
(17) J. C. Evans, J .  Mol .  Specl iy . ,  4 ,  435 (1960). 
(18) See tabulation of data  in K.  Nakamoto, "Infrared Spectra of In- 

organic and Coordination Compounds," John Wiley and Sons, Inc., S e w  
York,  Ii. Y . ,  1863, 1) 86. 
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Preliminary X-ray 2o have noted the crystal- 
lographic similarities of monoclinic TeBrl and TeC14. 
Patterson projections have shown that tellurium atonis 
occupy one-quarter of the octahedral interstices in the 
halogen array and that the Te  atoms are slightly dis- 
placed so that either a distorted tetrahedral or a py- 
ramidal TeX3+ could result. It was not possible, how- 
ever, to make a distinction between these formulations 
on the basis of the X-ray data. illthough not conclu- 
sive, the vibrational data are strongly suggestive of the 
TeBr3+ species in TeBr4. In view of the absorption14 
by the TeBrez- ion a t  195 cm-l the presence of this 
ion in solid TeBr4 is considered improbable. 

Selenium Tetrabromide.-Table 111 and Figure 3 
present the data for this substance. In the absence 
of Raman information, and considering a broad, 
strong absorption centered a t  222 cm-l for KzSeBre, l4  

i t  is difficult to present with confidence a structural 
interpretation. However, the intense absorptions in 
the 265-230 cm-l region and the two well-defined fre- 
quencies observed a t  127 and 107 cm-' suggest a pat- 
tern similar to those observed for TeC14 and TeBrr. 
I t  is noteworthy that the shapes and relative intensities 
of the 127 and 107 cm-I absorptions are very similar 
to those of the uz (al) and v4 (e) frequencies observed 
for crystalline AsBrs dispersed in a polyethylene ma- 
trix.21 There is a report22 that solid SeBrd has a specific 
electrical conductivity of 1.3 X lo-* ohm-' cm-I a t  
20" and 2000 atm and that this increases with tem- 
perature to 45", a t  which point some decomposition is 
observed. This is substantially greater than the con- 
ductivity value reported for NaCl and most ionic 
substances a t  room temperature. 2 3  The tentative as- 
signments presented in Table I11 thus assume the 
presence of a pyramidal cation, SeBr3+. Note that the 
occurrence of several peaks in the 265-230 cm-I range 
is not unlike the complex infrared absorption pattern 
reported for SbBr3 in the 250-220 cm-l region.'24 It 
is suggested that the several peaks between 265 and 
230 cm-l, and the broadening of v4 (e), in the SeBr4 
spectrum are the result of a removal of degeneracy in 
u3 (e) and u4 (e) due to crystal effects, as has been 
proposed for SbBr3.17 It is believed that the ap- 
pearance of the absorption a t  298 cm-I may be the 
result of thermal decomposition of the sample in the 
spectrometer beam with attendant formation of SezBrz. 
This frequency is close to the antisymmetric Se-Br 
stretching assignment based upon Raman study of 
SezBr2. 25 Further, our infrared examination of SeBr4 
dissolved in cc14 solution also shows this absorption. 
Spectrophotometric studiesz6 have suggested the com- 
plete decomposition of SeBr4 and the establishment of 

(19) C. B. Shoemaker and S. C. Abrahams, Acta Cryst . ,  18, 296 (1985). 
(20) P. Khodadad, P. Laruelle, and J. Flahaut, Comfit. Rend., 289, 794 

(1964). 
(21) T. R. Manley and D. A. Williams, private communication. 
(22) V. Romankevich and V. Sidyakin, Chenz. Abstr.,  84, 8304d (1960). 
(23) Gmelin, "Handbuch der Anorganische Chemie," Verlag Chemie, 

Berlin, 1928, Vol. 21, p 324. 
(24) P. W. Davis and R. A. Oetjen, J. Mol. Spectry., 2, 253 (1968). 
(25 )  H. Stammreich and R. Forneris, Spectrochim. Acta, 8 ,  46 (1956). 
(26) K. W. Tideswell and J. D. McCullough, J .  A m .  Ckem, Soc., 78, 3026 

(1956). 

TABLE I11 
INFRARED DATA FOR CRYSTALLINE SeBr4 (cM-') 

298, m SezBrz impurity? 
265, vs u1 (all 

Frequency Assignmenta 

247) 227 vs 

127 s YZ (all 
107 s, br v4 ( e )  
85 vw 
72, w, br See text 

See text 57 w, sp 
Assuming SeBr;l+Br-; see text. 
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Figure 3.--Infrared spectrum of SeBrc, 350-33 cm-l. 

an equilibrium involving SeBr2, SenBrz, and Brz in 
CC14 solution. 

Lattice vibrations of SeBr4 might be expected to lie 
in a range between those absorptions assigned above 
for SeC14 and TeBr4. The 57 cm-l peak for SeBr4 
is rather sharp, however, and may instead be a funda- 
mental of SezBr2; Raman studyz5 has found such an 
absorption a t  50 cm-'. Thus, the 72 cm-l band may 
be due to lattice motions. 

Selenium Tetrachloride.-In their discussion of the 
Raman data for SeC14 Gerding and Houtgraaf7vz7 made 
a persuasive argument for the occurrence of pyramidal 
SeC13+ ions in solid SeC14. The similarity of these 
Raman data to those of AsC13 and TeC14, the appearance 
of the strong Raman lines, although shifted, of solid 
SeC14 in the Raman spectrum of the addition com- 
pound SeC14 e AIC13 (SeCl3 +AICl,-), and a comparison 
of calculated force constants for AsC13, SeC14, TeC14, 
and SbC13 were offered in support of this conclusion. 
The infrared spectrum, Figure 4, and data, Table IV, 

I x m  
100 70 70 31 

Figure 4.-Infrared spectrum of SeC14, 400-33 cm-1. 

are compatible with the assumption of SeC13+ in solid 
SeC14, but are by no means conclusive in excluding other 
selenium-containing species. Gerding and Houtgraaf 
rejected the (2.2" model for solid SeC14, as well as the 

(27) H. Gerding, Rec. Trau. Chim., 75, 589 (1950). 
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TABLE IV 
XrIBRATIONAL DATA (CM-’) FOR SeCla AND KELaTED SPECIES 

SeCli (solid)a SeClaz- (aqueous)b 

[560] (0-1) 
Raman Raman 

[SI51 (0) 
474 (1-) 
CU. 441 (1-) 
388 (15) 
346 (15) 346, VI (ai) 
cn. 258 (1-) 273, Y E  (e) 
206 (3-4) 
164 (1-2) 166, v >  (f2#J 
127 (2) 
96 (4) 
69 (1) 
Reference 7. Reference 28. 

SeCla (solidIc 
Infrared 

371, VS;  P I  (ai) 
348, vs; v:! ( e )  
275, til, br 
205, w 

145, m ) 

This work. 
80, m, br, lattice 

possible presence of SeC1;- ions, because of the small 
number of Raman lines of sufficient intensity to be 
considered fundamentals. The infrared spectrum is 

( 2 s )  0. Redlich, T. Kurz ,  and W. Strickq, . l h m / ? h .  Cli~~riz . ,  71, 1 (1937) 

ambiguous in this regard. In  their discussion Gerding 
and Houtgraaf did not consider the possibility of 
SeCls2- ions, a much more likely species than SeClj-. 
The observed Raman fundamentals2* for octahedral 
SeC1,j2- at  346 and 166 cm-I are readily accommodated 
by the Ranian results for SeC14, but the other allowed 
SeCls2- fundamental a t  273 cm-1 would have to ex- 
perience a shift to about 258 cm-’ in SeC14 if SeC162- 
were to be considered present in the solid tetrachloride 
Infrared examinationI4 of [ (CH3)qN]zSeC16 yields ab- 
sorption a t  294 and 152 cm-’, the former of nhich 
could be shifted to 275 cm-l in the infrared spectrum 
of solid SeClA. Thus, the available vibrational data 
are in accord with the presence of SeC13+ species in solid 
SeClr but are inconclusive regarding the nature of the 
anionic species. 
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Measurements using the stopped-flow technique were carried out on the rate of the chromium( 11)-catalyzed aquation reac- 
tions of tuans- and cis-dichlorotetraaquochrornium( 111) ions which produce rnonochlorochromium( 111) ion. Each reaction 
is first-order with respect to the chromium(II1) complex and with respect to chromium(I1). Both reactions proceed by a 
chloride-bridged Cr( 11)-Cr( 111) exchange process that leads to chromium exchange and accompanying aquation of the non- 
bridging chloride ion. The  reaction rates were studied as a function of temperature to determine the activation parameters. 
For trans, k = 401 Ilt 33 M-’sec-l a t  2S.0°, with A H *  = 4.9 0.5 kcal mole-’ and A S *  = -30.2 i 1.8 cal mole-L 
deg-1; for cis, k = 288 i 11 M-’ sec-’at 25.0”, with AH* = 5.7 3~ 0.3 and A S *  = -28 2 i 1.0. The mechanism is dis- 
cussed and compared to some related Cr( 11)-Cr( 111) electron-transfer processes. 

Introduction 
The reaction of dichlorochromiurn(II1) and chro- 

mium(I1) ions was one of the first electron-transfer re- 
actions shown by Taube and Myers2 to proceed by an 
“inner-sphereJ ’ or “bridged’ ’ transition state 

[ Cl+<Cl. >e]* 
on the basis of formation of the monochlorochromium- 
(111) ion in a reaction (eq I)  in which chromium(I1) acts 

trans-CrCL- = CrC12+ + C1- ( 1 )  

as a rather efficient catalyst for the partial aquation of 
trans-CrClzf. The feature of net aquation allows the 

(1) (a) This work was performed a t  the Ames Laboratory under the 
auspices of t he  G. S. Atomic Energy Commission; Contribution N o  2001. 
(h) Undergraduate research participant, summer 1966. 

(2: H. Taube and 13. Myers, J .  A m .  Chem Soc , 76, 2103 (1054). 

reaction rate to be followed by virtue of the chemical 
change without resort to isotopic labeling, 

Replacement of chloride ion by water in the di- 
chloro complexes is quite favorable thermodynamically, 
with <O.lyc of the dichloro species remaining a t  equi- 
librium in a solution initially 0.01 M. Spontaneous 
aquation proceeds s l o ~ l y , ~  however, and metastable 
dichloro species have been isolated and their geo- 
metrical isomers separated.5 In  a single rate measure- 
ment on the very rapid chromium(I1) catalysis, 
Taube and Myers2 found that the rate constant (pre- 
suming a rate law first order in each component) was 
1.7 X l o 2  h-’ sec-I a t  0.2’ in 1 F perchloric acid. 

Again in a single rate experiment, Johnson and Rey- 

(3) H. S. Gates and E. I,. King, ibid. ,  SO, 5011 (1958). 
(4) J .  Salzman and E. L. King, Ino ig .  Chem., 6, 426 (1967). 
( 5 )  E. L. King, Sr. &I, J. XI. Woods, and H. S. Gates, J. A m .  C h m .  Soc. 

DO, 5018 (1958). 


