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A method for the electron-diffraction investigation of unstable halides of 
transition elements with lower valences is described. The relative pressures 
of TiCI 4, TiCI 3, TiCI 2, and TiCI vapors in the TiCI~ + Ti system at 400-2000 
~ were calculated. Electron-diffraction patterns of gaseous TiCI 3 at II00~ 
were obtained. The effective geometrical and vibrational parameters of the 
TiCls molecule were determined. The equilibrium structure with D3h symmetry 
was found within the harmonic approximation, and the vibrational frequencies 
and force constants were evaluated. 

The literature contains contradictory data on the structure of the titanium trichloride 
molecule in the gas phase. Thus calculation of the energies of the valence states by the 
Van Vleck method [I] indicates a pyramidal structure of trihalides of the titanium subgroup 
(with C3v symmetry). An estimate of i00 ~ is presented for the CI-Ti-CI angle in widely used 
handbooks of molecular constants [2, 3]. Tables of thermodynamic functions [4, 5] have also 
been calculated with the use of a pyramidal model of the molecule. There is a rough estimate 
of the Ti-CI bond length for gaseous TiCI 3 (2.3 ~) on the basis of an investigation of crys- 
talline titanium trichloride [6]. 

Although they do not contain a complete set of frequencies, the spectroscopic data for 
a mixture of gaseous titanium chlorides TiCI n [7] and TiCI 3 isolated in Ar, Ne, and Kr matrices 
[8, 9] are clearly not in agreement with the concepts of the pyramidal structure of the ti- 
tanium trichloride molecule. Thus the absence of frequency v I in the IR spectra [7-9] and 
the prediction of the structure of MCI 3 molecules on the basis of an estimate of the polariz- 
ability of the central metal atom [i0] provide evidence for a planar structure for the 
TiCI 3 molecule (with D3h symmetry). 

Taking into account the incompleteness and contradictory character of the available 
literature data on the structure and spectrum of the titanium trichloride molecule, we under- 
took an electron-diffraction investigation of TiC13 vapors. 

It is known that titanium trichloride is an unstable compound, the direct heating of 
which leads to disproportionation to TiCI 4 (g) and TiC12 (s). To obtain TiC13 vapor we there- 
fore used the reduction of titanium tetrachloride with titanium metal by heating in the ampul 
of a vaporizer of the Knudsen double-effusion cell type. The lower chamber was prepared from 
nickel and was separated from the upper chamber by means of a dispenser valve. It was lo- 
cated on the outside of the electron-diffraction camera at room temperature since, in accor- 
dance with the experimental conditions, it was charged with TiCI~, which is a liquid with 
a vapor pressure of ~10 -2 atm at 298~ The upper chamber and the connecting channel were 
prepared from chemically pure-grade titanium and were equipped with a special heater, which 
made it possible to maintain the temperature of the upper chamber at II00~ The temperature 
was monitored with a platinum-platinorhodium thermocouple mounted in a specially drilled hol- 
low in the wall of the ampul. The upper chamber was charged with fine titanium turnings, 
which were changed in each new series of photographs of the electron-diffraction patterns. 
A similar design can be used to obtain electron-diffraction patterns of other unstable hal- 
ides of transition elements. 
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TABLE i. Effective Structural and Vibrational Parameters of 
the Molecule 

Percentage in 
the gaseous 
mixture of 
molecules, % 

93,6 

r a (Ti--Cl), 

2,205(3) 

t (Ti--CI), 
i 

0,080(3) 

r a (CI...Cl), 

3,774(48) 

I 
Z (Ci . . .CI ) ,  I CI- -TI- -C1,  

~" l deg 

0,245(21) [ 117,8 

Rf, % 

5,8 

TABLE 2. Experimental Structural and Vibra- 
tional Parameters of TiC13 within the Har- 
monic Approximation 

h h 
r e (Ti--C1),  ~k L e C1--Ti - -Cl ,  N / ,  % 

deg 

Model with Csv symmetry 

2,t83 I t19,5 [ 6,3t 
Model with D3v symmetry 

2,t83(6) [ (120) [ 6,25 
o 

F, mdyn/A 

F~f 
2,10(18) [ F~ 0,036(7) 1 2,50(8)F33 

[ f4~ Fa4 
0,053(3) I --0,047 I 

The following reduction reactions, which lead to the production of gaseous products, 
are possible in the reaction of TIC14 vapors with heated titanium metal: 

3TiCl4(g) q- Ti(s ) ---- 4TiCl~(g), 
TiC14(g ) q -T i ( s  ) ---- 2TiCl~(g), 

TiC14(g ) q -3Ti ( s  ) = 4TiCl@), 

TiCla(g) = TiCl~(g) q- C12(g). 

The ratio of the gaseous components TiCI4, TiCI 3, TiCI 2, and TiCI varies as a function of 
the temperature and the pressure of the vapor stream emerging from the vaporizer nozzle. To 
select the optimum conditions, prior to the start of the experimental studies we made pre- 
liminary calculations of the relative pressures of the TiCI~, TIC13, TIC12, and TiC1 vapors 
at 400-2000~ with the aid of handbook data [3]. We found that near 1000~ there is a region 
of significant preponderance of TiC13 as compared with all of the other components of the 
system (the TiC14 pressure is lower by a factor of ~i0; the TiCl 2 pressure is lower by three 
orders of magnitude as compared with the TiC13 pressure; the TiC1 pressure is negligibly low). 
Taking into account the approximate character of the calculation, as well as the fact that 
in our experiments the conditions may be nonequilibrium, the composition of the gas mixture 
was varied during the structural analysis. 

The electron-diffraction patterns were obtained with a modernized electron-diffraction 
camera from Moscow State University for high-temperature investigations [ii] at a vaporizer- 
nozzle temperature of II00~ the accelerating voltage was 60 kV, the distance between the 
nozzle of the vaporizer ampul and the photoplate was 515.35 nm, and the photographs were ob- 
tained on diapositive plates coated with a thin layer of India ink to avoid spoiling of the 
photographs by exposure to light as a result of incandescence of parts of the ampul. The 
r 3 sector, with a maximum radius of i00 mm, was used to obtain the photographs. The electron- 
diffraction patterns were processed with a Joyce Lobl microdensitometer. The molecular com- 
ponent of the intensity sM(s) was obtained in the interval s = 2-20 ~-l. 

The structural analysis of the electron-diffraction data was carried out by the standard 
method with the use of the program in [12] and a B~SM-6 computer under the assumption that 
the vapor consists of TiC13 and TiC14 molecules. The parameters of the TIC14 molecule were 
taken from [13] and were not varied. Variation of the composition of the gaseous TIC13 + 
TiCI~ mixture leads to a minimum value of the error factor when 93(6)% TiC13 is present in 
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TABLE 3. Vibrational Frequencies of the TIC12, TiCI3, and 
TiCI 4 Molecules 

M o l e c u l a r  
symmetry 

Frequency Li t era-  

TiCla 
C3, (530)* (275)* (590)* (260)* [3] 
C3, --  (110-4-12)* 505:ht0 ** (135-4-12)* [2] 

505___10 ** [7l 
it04-t0(N2)** 505,0(Ne)** [8] 

497,t(Ar)** [8] 
491,5(Kr)** [8] 
496,1(Ar)** [9] 

Dsh (350+30)* (i10+15)* (5004-10)* (t354-15)* [12] 
Dab 320(30) 129(20) 498(16) t07(7) This 

study 

TiCI, 
Ta I 389** I 144"* I 498** I t36"* [ [2] 

TiCI.,. 

D ooh I (279)* [2] 

I 1224-t2 ** [7] 
4864-30 ** [8] 

�9 ~Estimated values. 
�9 *Data from the IR spectra of the gas and in mixtures. 

the mixture. The thermally average structural and vibrational parameters of titanium tri- 
chloride are presented in Table i. The 3aML S value (MLS = method of least squares) is pre- 
sented as the error. It must be noted that the 117.8 ~ value of angle CI-Ti-CI that we found 
for the effective structure of TiC13 in the gas phase significantly exceeds the estimated 
values previously presented in [2, 3]. 

Additional information regarding the composition of the vapor of the investigated mix- 
ture was obtained from an analysis of the radial-distribution curve calculated from the ex- 
perimental intensity curve by means of the program in [14]; the radial-distribution curve 
contained only two peaks at r = 2.20 and 3.70 ~, and the ratio of their areas (i:i) indicated 
a stoichiometry that was very close to that for the TiC13 molecule. From this it was con- 
cluded that other molecular forms, including dimers, are not present in appreciable amounts 
under the conditions of the electron-diffraction experiments. 

Further decoding of the electron-diffraction data was carried out by the method in [15], 
which makes it possible to solve the vibrational problem, in each stage, for molecules with 
C3v or D3h symmetry within the harmonic approximation of the potential function; the param- 
eters of the problem are the harmonic force constants and the equilibrium internuclear dis- 
tances. However, since the number of vibrational characteristics that enter into the inten- 
sity equation is insufficient for the determination of the total generalized valence-force 
field of molecules of the XY 3 type, we used the method of progressive rigidity in the solu- 
tion of the vibrational problem. In this connection the independently determinable values 
were only the diagonal elements of the force matrix in symmetry coordinates F11, F22 , F33, 
and F44. At this stage we analyzed the intensity curve obtained from sM(s)ex p after subtract- 
ing 7% of the contribution from the TiCI~ molecule. In the interpretation of the experimental 
data with respect to both possible models we obtained the same value reh(Ti-Cl) = 2.183 
with virtually the same error factor (Rf = 6.3%). However, for the model with C3v symmetry 
we found an equilibrium value of 119.5 ~ for angle CI-Ti-CI (Table 2); within the limits of 
the experimental error, this makes it possible to assume that the molecule is planar. We 
therefore subsequently limited ourselves to an examination of this model, for which the pa- 
rameters of the force field were obtained from the experimental data (see Table 2). The set 
of frequencies obtained on the basis of these parameters is in good agreement with the spec- 
troscopic data; this is particularly the case for frequency v3 (Table 3). At the same time, 
one must note that we have obtained for the first time the experimental value of frequency 
91, which is absent in the IR spectrum because of the planar character of the model of the 
TiC13 molecule. In addition, the v I value that we obtained is significantly lower than the 
estimates of this frequency previously presented in handbooks of molecular constants [2, 3]. 
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The frequencies of the vibrations found and estimated for TiCI~ and TiC12 are presented 
in Table 3 for comparison. Vibrational frequencies v 2 and ~ in the TiCI~, TIC13, and TiC12 
molecules are close, while frequency v1 displays a regular decrease on passing from TiCI~ to 
TiC12 . 
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