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bp 63-64°(8mm) [lit., bp54191°(760 mm)] was obtained. Thepmr 
spectrum verified the structure. 

/ro«s-ChIoro(2-isopropylphenyl)bis(triethylphosphine)nickeI(II). 
The compound was prepared from the Grignard reagent of 2-
chloroisopropylbenzene (17 mmol) and 3.65 g (10 mmol) of trans-
dichlorobis(triethylphosphine)nickel(II) in tetrahydrofuran, using 
the same procedure as for the synthesis of 3a. Recrystallization 
from hexane of the material obtained in the hexane trituration 
step afforded 3.20 g (70%) of crude product. A portion of this, 
0.76 g, was chromatographed on acid-washed alumina under ni
trogen. Recrystallization from hexane of material afforded by 
elution with 1:4 ether-hexane gave 0.65 g of golden brown crystals, 
mp 121-122°. 

(54) R. R. Dreisbach and R. A. Martin, Ind. Eng. Chem., 41, 2875 
(1949). 

Although a large number of transition metal alkoxides 
i. are known1 and have been used for a variety of pur

poses for decades, only in the rather recent past have 
attempts been made to study the structures of the poly
meric species which are soluble in the common organic 
solvents. One of the few X-ray crystal studies of such 
compounds has been performed by lbers,2 who deter
mined that titanium tetraethoxide in the solid state ex
ists as a tetramer represented by Ti-O6 octahedra sharing 
edges. A similar structure has been assigned to the 
solid methoxide3 derivative. 

A large number of benzene-soluble alkoxides have 
been studied in solution cryoscopically and ebullio-
metrically by Bradley and others. Bradley4 has pro
posed a structural theory which relates the coordination 
number, stereochemistry, and the minimum degree of 
polymerization of polymeric alkoxides. Specifically 
it has been asserted that metal alkoxides adopt the 
smallest possible structural unit consistent with all of 
the metal atoms attaining a higher coordination number. 
Choice of structure is limited also by the condition 
that the coordination number of oxygen not exceed 
four. 

For example, Bradley and Westlake6 have predicted 
that a trimer should predominate in solutions of ti-

(1) D. C. Bradley, "Progress in Inorganic Chemistry," Vol. 2, 
Interscience Publishers, New York, N. Y., 1960, p 353. 

(2) J. A. Ibers, Nature, 197, 686 (1963). 
(3) R. W. Adams and G. Winter, Aust. 1. Chem., 20, 171 (1967). 
(4) D. C. Bradley, Nature, 182,1211 (1958). 
(5) D. C. Bradley and A. H. Westlake, ibid., 191, 273 (1961). 

Anal. Calcd for C2iH4,ClNiP2: C, 56.09; H, 9.19. Found: 
C, 56.05; H, 9.13. Thepmr spectrum (C6D6) exhibited aromatic 
proton multiplets at T 2.62 and 3.13, a single doublet at T 8.64 
attributed to the isopropyl substituent CH3 protons, and two Et3P 
proton multiplets near T 8.77 and 8.99. The "benzylic" proton 
resonance (Table III) consisted of a septet with line separations 
identical with those in isopropylbenzene. 
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tanium tetraethoxide since such a structure will allow 
all titanium atoms in the molecule to be six-coordinate. 
The structure proposed can best be described as a linear 
molecule with three TiO6 octahedra sharing faces. Yet, 
it is apparent that a tetramer exists in the solid state, 
not a trimer. 

All structural assignments for titanium tetraethoxide 
in solution have been based heavily upon cryoscopic 
and ebulliometric measurements. Unfortunately, agree
ment upon molecular weight values from study to study 
has not been good. For instance, it has been reported 
that the molecular weight in benzene varies with time6 

and that after several hours the substance behaves as a 
monomer. Other workers have claimed that extensive 
depolymerization78 occurs in dilute benzene solutions. 
More recently, Bradley claimed that the degree of ag
gregation is precisely three and is concentration-in
dependent. 9 Early structural studies were n ot especially 
successful. Dipole moments10-12 reported for titanium 
alkoxides ranged in value between 1.0 and 2.0 D. In
terpretation of these data in terms of structure has been 

(6) A. N. Nesmeyanov, O. V. Nogina, and V. A. Dubovitskii, Dokl. 
Akad. Nauk. SSSR, 128, 964 (1959). 

(7) C. N. Caughlan, H. S. Smith, W. Katz, W. Hodgson, and R. W. 
Crowe, J. Amer. Chem. Soc, 73, 5652 (1951). 

(8) R. L. Martin and G. Winter, Nature, 197, 687 (1963). 
(9) D. C. Bradley and C. E. Hotloway, Inorg. Chem., 3, 1163 (1964). 
(10) B. A. Arbusov and T. G. Shavsa, Dokl. Akad. Nauk SSSR, 68, 

859(1949); ibid., 79, 559 (1951). 
(11) R. W. Crowe and C. N. Caughlan, J. Amer. Chem. Soc, 72, 

1694(1950). 
(12) C. N. Caughlan, W. Katz, and W. Hodgson, ibid., 73, 5654 

(1951). 

A Structural Study of Titanium Tetraethoxide in Solution 
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Abstract: A special light-scattering photometer equipped with a He-Ne CW laser source has been used for the 
precise measurement of the anisotropic Rayleigh scattering needed to calculate the optical anisotropy of titanium 
tetraethoxide in cyclohexane and carbon tetrachloride solutions. Turbidity measurements have confirmed the 
existence of a trimer unit in solution. The anisotropy values of likely titanium ethoxide structures have been cal
culated using a A-function model to obtain bond polarizabilities. Comparison of calculated and experimentally 
determined anisotropy values has indicated that the structure in solution consists of three polyhedra sharing edges, 
with the central titanium atom being six-coordinate with respect to the oxygens and the two terminal titanium 
atoms being five-coordinate. Raman, ir, and nmr data also support this structural assignment. 
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difficult because of large uncertainties in the magnitude 
of contributions to the dipole moment due to bond 
moments and atomic polarization. In the last reported 
effort to solve the problem, Weingarten and Van Waser'3 

attempted a structural study of titanium tetraethoxide 
using pmr measurements. They observed rapid ex
change of ethoxide groups, and, hence, were unable to 
make an unambiguous assignment of structure in solu
tion. 

In the study reported below, the structure of titanium 
tetraethoxide in cyclohexane and carbon tetrachloride 
solution has been assigned. The degree of polymeriza
tion has been determined by light-scattering turbidity 
measurements, and the molecular geometry has been 
ascertained unambiguously by the measurement of the 
intensity of depolarized Rayleigh-scattered light. The 
general method of structural analysis14 used has been 
outlined previously. 

Experimental Section 

Light-Scattering Photometer. Intensities of horizontally and 
vertically polarized Rayleigh-scattered light were measured using a 
specially constructed photometer described elsewhere.14 A Spec
tra-Physics Model 122 CW laser was used to provide a vertically 
polarized light source of wavelength 6328 A. AU depolarization 
measurements were made using a 30 X 30 mm cell purchased from 
the Phoenix Instrument Company. The cell was painted on the 
outside, except for the entrance and exit slits, with a flat black paint 
to minimize reflections. The calibration of the photometer was 
accomplished based on scattering from either pure cyclohexane or 
carbon tetrachloride as the occasion demanded. Solution re
fractive indices were measured by means of a Brice-Phoenix differ
ential refractometer, Model BP-2000V. 

Solution Clarification. Dust-free solutions were obtained by 
pressure ultrafiltration. A Gelman Model 4280 pressure filtration 
funnel equipped with a Millipore Corporation filter, Type VCW-
PO4700 freed solutions from dust after three filtrations. However, 
as a general practice six or seven filtrations were performed on 
each solution and scattered-light intensities were measured after 
each filtration. Intensity minima were reproducible to 1-2 %. 

Filtration of titanium tetraethoxide solutions presented a difficult 
problem because the solute hydrolyzed upon contact with air even 
in solution. Naturally, colloidal hydrolysis products interfere with 
scattering results and must be removed completely. The only 
technique of the many tried that worked well involved filtration in 
an inert atmosphere box flushed with dry nitrogen and saturated 
with solvent vapor. By means of this method clarification of 
solutions was carried out with no interference from hydrolysis 
products. 

Actually, it was found that the presence of a very few dust par
ticles in the liquids studied did little harm. Due to the very small 
scattering volume subtended by the phototube the dust particles 
could be detected as "spikes" on the intensity vs. time plots. Contri
butions from reflections were very small.14 

Reagents. Spectrograde solvents were purchased from Eastman 
Organics, Inc., and used with no further purification. Organotin 
compounds were purchased from Alfa Inorganics. 

Titanium Tetraethoxide. Purified titanium tetrachloride (25 
g) purchased from Eastern Scientific, Inc., was distilled directly 
into a dropping funnel attached to a three-neck reaction flask con
taining 150 g of dry ethanol. The titanium tetrachloride was 
added slowly to the ethanol over a period of 45 min with continuous 
stirring. Ammonia, which had been dried by first passing it 
through a 6-ft coiled column immersed in an ice bath and then 
through a trap held at —20° to remove all water, was added until a 
weight gain of 10 g was achieved. The mixture was then heated 
for 1 hr with an oil bath maintained at 70°. The mixture was 
allowed to reach room temperature and then filtered in the drybox. 
The filtrate was concentrated by means of a rotary evaporator and 
diluted with benzene to precipitate any residual halide. Pure ti
tanium tetraethoxide was obtained by vacuum distillation. The 

(13) H. Weingarten and J. R. Van Waser, J. Amer. Chem. Soc, 87, 
724 (1965). 

(14) W. R. Russo and W. H. Nelson, ibid., 92, 455 (1970). 

fraction analyzed boiled at 128-129° with 1.5 mm pressure. Anal. 
Calcd: C.42.13; H, 8.77. Found: C,42.14; H, 8.79. 

Raman and Infrared Spectra. Ir spectra in the 1200-250-cm-1 

range were observed for pure liquid titanium tetraethoxide dis
persed in Nujol and pressed between polyethylene disks. Raman 
spectra were determined for the pure liquid and a 50% cyclohexane 
solution. The Raman spectra were obtained on a Spex Ramalog 
spectrometer using the 5415-A line of an argon laser as the exciting 
radiation. Strong absorptions of interest were noted in the ir at 
590 and 715 cm-1, while only one sharp peak at 615 cm-1 was ob
served in the Raman below 800 cm-1. Ir spectra were run on a 
Perkin-Elmer521. 

Calculation of the Molecular Polarizability Anisotropy 

Values of the polarizability anisotropy were calculated 
according to the method of Bothorel.15 The pure sol
vents were used to calibrate the instrument to measure 
the Rayleigh ratio for both total scattering and aniso
tropic scattering. Turbidity values16 reported by 
Carr and Zimm were used throughout. 

Since the incident laser beam was vertically polarized 
the calculations had to be modified accordingly. 
Actually no change had to be made in the equations of 
Bothorel at all, but in the calibration of the instrument 
it had to be taken into account that Rv - 2RJ(I + Pn). 
Rn and Rv are the Rayleigh ratios for the solvents in
teracting with unpolarized and vertically polarized 
light, respectively. Pn is the depolarization ratio for 
unpolarized light. Using the Carr and Zimm value for 
Rn and the Bothorel value for Pn one obtains for cyclo
hexane Rv = 8.35 X 10-6 at 5460 A. Therefore, at 
6328 A Rv is 4.65 X lO"6. For the horizontally polar
ized component of the light scattered from the laser 
beam 

** = ( 4 - 6 5 x 10-6)(nhr) 
Since Pv = 0.0304, Riv = 13.5 X 10-8Cm-1. 

For carbon tetrachloride using Carr and Zimm's 
value of 5.88 X 10-6 for Rn at 5461 A and a value of 
0.020 for Pv, Riv = 12.28 X IO"8 cm-1. To solve the 
Bothorel equation for the polarizability anisotropy the 
refractive index, n, of the solvent is required. Values 
were obtained from application of the Cauchy formula. 
Refractive indices at 6328 A are, for cyclohexane, n = 
1.42489; and for carbon tetrachloride, n = 1.46060. 

Given the value of Riv at 6328 A for the solvent, the 
molecular optical anisotropy, y2, of a solute in solution 
with cyclohexane can be found easily from the experi
mentally measured intensity of the horizontally polar
ized light scattered from the solution. Given 

p _ fs p 
Io 

where Rivs = the Rayleigh ratio of horizontally polar
ized light scattered from the solution minus Riv, 
Riv — the Rayleigh ratio of the solvent assigned to hori
zontally polarized scattered light, is = the horizontally 
polarized scattered light intensity of the solution minus 
z'o measured in relative units (mV signal), and i0 = the 
horizontally polarized scattered light intensity of solvent 
(mV signal), then 

' 32Trlp(n2 + iy 

(15) A. Ananue and P. Bothorel, Bull. Soc. Chim. Fr., 573 (1964). 
(16) C. I. Carr and B. H. Zimm, J. Chem. Phys., 18, 1616 (1950). 
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Figure 1. Increments in total scattering at 90° due to solute mole
cules. 

a io 

Figure 2. HCIT* VS. concentration plot for titanium tetraethoxide in 
cyclohexane. HcIT* equals 1/A/at c = 0. 

Anisotropy values for titanium tetraethoxide are very 
large. (See Table I.) 

Table I. Molecular Optical Anisotropy of 
Tetraethyl Titanate 

Solvent 

Cyclohexane 

Carbon 
tetrachloride 

Concn, 
M 

0.03 
0.05 
0.10 
0.20 
0.40 
0.60 
0.10 
0.20 
0.60 

Rw 

0.400 
0.400 
0.400 
0.400 
0.400 
0.400 
0.860 
0.860 
0.860 

Riva 

0.140 
0.230 
0.450 
0.920 
1.68 
2.49 
1.15 
2.21 
6.05 

72, cm6 

1.11 X 10-4S 

1.11 X 10-" 
1.09 X IO"46 

1.14 X 10-" 
1.09 X 10~46 

1.11 X 10~46 

1.15 X 10~46 

1.13 X IO"46 

1.11 X 10"46 

Molecular Weight Determinations 

A molecular weight determination of titanium tetra
ethoxide was attempted using a Mechrolab Model 
301A vapor pressure osmometer. In spite of the use 
of the inert atmosphere attachment, hydrolysis could not 
be prevented completely, and consequently the osmome
ter was placed in an inert atmosphere box which had 
previously been flushed with nitrogen and dried with 
P2O5. However, it was found impossible to operate the 
osmometer effectively under such conditions. Gen
erally for hygroscopic materials we have found os
mometry to be a very poor method of determining 
molecular weights. 

The molecular weight of tetra-«-octyltin on the 
other hand was easily measured by the osmometer since 
the compound is relatively inert. Results at several 
concentrations in the vicinity of 0.1 % solute by weight 
indicated a molecular weight of 570 as opposed to the 
calculated molecular weight of 571 for a monomer. 

Because of the failure of the osmometry to determine 
the molecular weight of titanium tetraethoxide, tur
bidities of solutions were measured (Figure 1). From 
the turbidity difference between solvent and solutions, 
the molecular weight of molecules can be determined 
(Figure 2) in solution as follows 

1/MW = 
/ U z W 
\dc) T* 

The symbols have the standard meanings.17 c is ex
pressed in grams of solute per milliliter of solution. 

The refractive index increments (Figure 3) were ob
tained using a Brice-Phoenix differential refractometer, 
Model 2161. Solutions for instrument calibration 
were prepared from dry KCl and distilled water. 

(17) P. Debye, J. Phys. Chem., 51, 18 (1947). 

Figure 3. Plot of the increase in the refractive index, An, vs. the 
concentration, c, of titanium tetraethoxide in cyclohexane. 

For the purposes of molecular weight determination 
the photometer was calibrated by measuring the scat
tering from solutions of a molecule of known molecular 
weight, tetra-n-octyltin. Since depolarization ratios 
were small for the molecules observed, turbidities were 
assumed to be proportional to the vertically polarized 
scattered light intensity at 90° to the incident beam. 
From the data summarized in Figures 1-3 it is apparent 
that the molecular weight of titanium tetraethoxide in 
cyclohexane solutions is 694 g/mol and that the molecule 
is a trimer over the range of concentrations studied. 

To ensure that the turbidity measurements obtained 
were truly due to the solute, and not increased due to the 
presence of colloidal particles, turbidity measurements 
were made on a centrifuged and a noncentrifuged 
sample of tetra-n-octyltin. A sample centrifuged at 
100,000g for 2 hr exhibited the same turbidity as 
one which had merely been subject to ultrafiltration. 
The fact that the plots of excess turbidity vs. concentra
tion are linear and pass through the origin also indicates 
clear solutions. 

Calculation of Bond Polarizabilities and Group 
Polarizabilities for Titanium Tetraethoxide 

The Ti-O bond polarizabilities were calculated using 
a method described by Lippincott and Stutman.18 

Bond lengths used were obtained from the crystal 
X-ray work of Ibers. Calculated bond and group 
polarizability values appear in Table II. It is 
expected that differences between calculated and true 
values of the polarizability components will be in the 
vicinity of 10%. Bond polarizability values not ap
pearing in Table II were taken from ref 18. 

Calculation of Anisotropy Values for Candidate 
Titanium Tetraethoxide Structures 

Several of the structures considered most likely can
didates for describing titanium tetraethoxide in solu
tion have been described by Van Waser.13 These 

(18) E. R. Lippincott and J. M. Stutman, ibid., 68, 2926 (1964). 
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Figure 4. Crystal structure of Ti(OEt)4. 

o <h 

Figure 6. Structure II. 

Figure 5. Structure I. 

Figure 7. Structure III. 

molecular polarizability tensor, axx = 765 X 10~2 

= bu avv = 771 X 10-2 5 = b2, and au = 731 X 10~2 

cm 3 = bi. The anisotropy, y2 = 1M(^i — ^ ) 2 4 
(bi - b3y + (bs - bxy] = 14.0 X 10-4 8cm6 . 

structures are shown along with Ibers' solid-state struc
ture2 in Figures 4-7. There is little doubt that the 
structure in solution is trimeric. 

Table II. Calculated Group Polarizabilities 

Group 
a X 1026 ax X 1025 

cm3 cm3 

Ti-O (bridged) bond 
Ti-O (terminal) 
Terminal ethoxide 

(free rotation about Ti-O bond) 
Bridged ethoxide 

(free rotation about C-O bond) 

25.0 
17.3 
47.2 

6.0 
6.0 

50.6 

56.5 46.0 

Structure I. The principal axis (C3) was chosen to be 
collinear with the z coordinate axis. It follows that 
there are five different T i -O bond types, described in 
Table III . Then using the equations of Smith and 

Table III. Ti-O Bond Types for Structure I 

Bond type 

I 
II 
III 
IV 
V 

Description 

Four bridge bonds 
Two bridge bonds 
Two terminal bonds 
One terminal bond 
Six terminal bonds 

9 

90 
90 
90 
90 
0 

4> 

60 
0 

60 
0 
0 

Mortensen1 9 one obtains, for the diagonalized polariz
ability tensor of the T i -O skeleton, axx = 163.8 X 1O-25, 
ayv = 164.0 X 10-25 , a n d a « = 157.8 X 10- 2 6 cm 3 . 

There are five different types of ethoxide groups de
scribed in Table IV. The net contribution of the 
ethoxide groups to the molecular polarizability can be 
diagonalized to give axx = 601.5 X 1O-26, ayv = 606.8 
X 10~25, and azl = 573.0 X 1O-25 cm3 . Adding the 
diagonalized tensors one obtains, for the diagonalized 

(19) R. S. Smith and E. Mortensen, J. Chem. Phys., 32, 503 (1960). 

Table IV. Ethoxide Groups of Structure I 

Bond 
type Description 

I 

II 

III 

IV 

V 

One bridged group, 
rotation about C-O bond 

Two bridged groups, 
rotation about C-O bond 

One terminal group, 
rotation about Ti-O bond 

Two terminal groups, 
rotation about Ti-O bond 

Six terminal bonds, 
rotation about Ti-O bond 

90 

90 

90 

90 

0 

0 

60 

0 

60 

0 

Structure II. The z coordinate axis was chosen to 
include all three titanium atoms. The four different 
types of Ti -O bonds are shown in Table V. Using the 

Table V. Ti-O Bonds of Structure II 

Bond type Description 

I Two terminal bonds 
II Four terminal bonds 
III Four bridged bonds 
IV Eight bridged bonds 

54.5 
54.5 
54.5 
54.5 

0 
60 
0 

60 

method of Smith and Mortensen the net T i -O con
tributions to the diagonalized polarizability tensor are 
axx = 218.0 X 10-2 6 , avy = 209.1 X lO - 2 6 , and <xzz = 
207.3 X 10~26 cm3 . There will result four symmetri
cally different ethoxide groups described in Table VI. 
One then obtains for the ethoxide-group component of 
the diagonalized molecular polarizability tensor axx = 
572.7 X 10-2S , ayy = 604.8 X lO"25, and <x„ = 573 X 
1O-26 cm3 . For the molecular polarizability one then 
obtains the following components: axx = 790.7 X 
10-« = bu avv = 814.0 X 10- 2 5 = bi, and Ot11 = 780.6 
X 10 _ 2 6 cm 3 = b$. The value of the anisotropy result
ing is 9.0 X 10-4 8cm6 . 

Journal of the American Chemical Society / 92:6 / March 25, 1970 



1525 

Table VI. Structure II Ethoxide Groups 
Bond 
type Description 8 0 
I Two terminal groups, 54.5 0 

rotation about Ti-O bonds 
II Four terminal groups, 54.5 60 

rotation about Ti-O bonds 
III Two bridged groups, 90 0 

rotation about C-O bonds 
IV Four bridged groups, 90 60 

rotation about C-O bonds 

Structure III. Structure III can be visualized as 
three polyhedra, a central octahedron, and two trigonal 
bipyramids, brought together in such a manner that 
they will share edges. By choosing again the molecular 
z axis to be collinear with the three titanium atoms, four 
different types of T i -O bonds and four nonequivalent 
ethyl groups can be defined. The T i -O bonds are 
described in Table VII. Components of the diagonal-
Table VII. Structure III Ti-O Bonds 
Bond type Description 6 <j> 

I Four terminal bonds 54.5 60 
II Two terminal bonds 54.5 O 
III Two bridged bonds 90 90 
IV Eight bridged bonds 45 0 

ized tensor representing net T i -O contributions are 
axx = 194.4 X 10-25 , avy = 141.4 X 10-2 6 , and a„ = 
194.4 X 10~26 cm3 . There must be four symmetrically 
different ethoxide groups, described in Table VIII. 

Table VIH. Structure III Ethoxide Groups 

Bond 
type Description 9 <t> 
I Four terminal groups, 54.5 60 

rotation about Ti-O bond 
II Two terminal groups, 54.5 0 

rotation about Ti-O bond 
III Two bridged groups, 90 90 

rotation about C-O bonds 
IV Four bridged bonds, 90 0 

rotation about C-O bonds 

The net contributions to the diagonalized polarizability 
matrix due to the ethoxide groups are axx = 643.0 X 
10-2 6 , avy = 574.0 X lO"26, and a „ = 580.4 X IO"25 

cm3 . Combining the two contributions, the elements 
of the diagonal molecular polarizability matrix are 
axx = 837.4 X 10~26 = by, ayv = 715.4 X 10~25 = fa, 
and azl = 775.0 X 10~2S cm 3 = b3. The resulting cal
culated value of the anisotropy is 111.6 X 1O-48 cm6, a 
very large value. 

Discussion 
The Molecular Weight of Titanium Tetraethoxide. 

Before any candidate structures could be constructed 
for titanium tetraethoxide in solution a molecular 
weight determination was necessary. The molecular 
weight has been subject to some dispute. Reported 
values range from that of a monomer to a tetramer. 
Yet, most recent work seems to point to the existence of 

a trimer9 in solution over a wide concentration range. 
This work shows that in cyclohexane titanium tetra
ethoxide is a trimer and that the degree of polymeriza
tion is concentration-independent over the concentra
tion range studied. 

Assignment of Structure to Titanium Tetraethoxide. 
Light-scattering data indicate rather definitely that the 
structure in solution is the one designated structure III. 
Neither of the other two candidate structures possesses 
a value of the anisotropy which is even close to the ob
served one. 

A comparison of the Raman and ir absorption bands 
for the titanium tetraethoxide solutions shows that 
below 800 cm - 1 there are no bands that coincide. 
This very likely indicates that the molecule in solution 
is centrosymmetric as is structure III but not structure 
I, the cyclic structure. A symmetry analysis of the 
normal vibrational modes of the Ti-O skeleton of struc
ture I, which belongs to the point group D3h, gives us 
the following reducible representation: T = 8E' + 
5A' + 3A' + A " i + 4A'2. Since the modes associated 
with the 8E' are both ir and Raman active, it may be 
expected to give Raman and ir spectra quite different 
from those obtained even if one considers the possi
bility that not all the active vibrations would be ob
served. 

Nmr work published earlier by Van Waser, et a/.,13 

also is consistent with the assumption that structure III 
exists in solution. To be sure that work really elim
inates only structure II of the candidate structures. 

Past attempts to calculate bond polarizabilities using 
quantum mechanical principles have been less than 
completely successful. Yet, the A-function model does 
appear to be reasonably reliable since it has been usedls 

to calculate molecular polarizabilities which compare 
favorably with experimental values for a wide variety 
of compounds. Undoubtedly this type of calculation 
may suffer uncertainties of 10-20%. But, it should be 
noted that for many interesting systems such certainty 
may be all that is needed. 

It has been shown that the polarizability anisotropy 
is quite sensitive to molecular geometry, but not nearly 
as sensitive to the exact magnitude of the bond polar
izability. This is basically due to the fact that most 
bonds are much more polarizable in a direction along 
the bond (longitudinal polarizability) than they are in a 
direction perpendicular to the bond (transverse polar
izability). 

Since bond polarizabilities are strongly a function of 
bond lengths, choices of bond lengths must be explained. 
Over the past several years it has been demonstrated20 

that metal-oxygen bond lengths in isopolyacids are 
strongly a function of environment, but that they de
pend in a predictable way upon the number of metal 
atoms to which the oxygen is bound. Thus, it is rea
sonable to assume a characteristic value for a Ti-O 
bond length obtained from X-ray work2 depending upon 
whether the ethoxide concerned is a terminal group or a 
bridging group. 

The value of the coordination number in the various 
structures probably deserves some comment. Of the 
various structures only structure II achieves a maxi
mum coordination number of six for titanium. It 
might at first appear that such a structure should be the 

(20) M. T. Pope and B. W. Dale, Quart. Rev. (London), 527 (1968). 
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most stable. However, a structure described in terms 
of octahedra sharing faces would force the titanium 
atoms so close together, 2.3 A, if normal Ti-O bond 
distances are maintained, that there is no doubt that 
such a structure would be one of very high energy. 
Bringing titanium atoms close enough together to 
actually touch would mean increasing the repulsion 
energies of such like-charged atoms greatly. It is 
probably due to such interactions that isopolyacids of 
groups IV, V, and VI adopt structures best represented 
by octahedra sharing edges rather than faces. It is 
probable also that the degree of polymerization of this 
alkoxide in solution is three for steric reasons. That 
polymerization of titanium alkoxides is affected by the 
bulk of the alkoxide group is known from previous 
work.1 

The findings of the present study tend to be entirely 
consistent with the general structural theory of Bradley, 
which predicts that metal alkoxides will form stable 
polymeric species having the minimum degree of polym
erization consistent with the achievement of a maxi
mum characteristic coordination number for the metal 
"ion." To be sure the maximum coordination number 
of titanium in such compounds appears to be six, and it 
is reasonable to assert that the tetramer appears in the 
solid state because it is the lowest molecular weight 
molecule, with reasonable Ti-O and Ti-Ti atom dis
tances, which can be constructed with titanium of co
ordination number six. Upon melting, however, and in 
solution it is suggested that the additional degrees of 

From a structural investigation of the lanthanide 
carbides Spedding, et al.,2 reported for ytterbium 

the dicarbide, a trimetal monocarbide, and "an inter
mediate carbide" of undetermined composition. More 
recent studies on this system have been concerned with 
the carbon-rich phases. Krikorian, et al.,3 investigated 

(1) To whom inquiries should be addressed. 
(2) F. H. Spedding, K. Gschneidner, Jr., and A. H. Daane, / . Amer. 

Chem. Soc, 80, 4499 (1958). 
(3) N. H. Krikorian, T. C. Wallace, and M. G. Bowman, Proceedings, 

Colloque International Sur les Derives Semimetallique du Centre 

freedom allowed due the ethoxide group rotations re
sult, in the stabilization of the trimeric molecule with 
respect to the tetramer. 

The likelihood of substantial error in the Ti-O 
longitudinal bond polarizability value used is readily 
acknowledged, since bond lengths used were taken from 
the solid state study of Ibers, which involved only six-
coordinate titanium. If the calculated molecular an
isotropics of the three structures were not substantially 
different from one another the correct structural assign
ment might have been difficult. However, the cal
culated anisotropy of structure III is clearly so much 
larger than that of the other two and so close to the 
measured value that huge errors in the Ti-O bond polar
izability would have to be invoked to result in a mis
taken assignment. It appears rather certain that the 
structure in solution is structure III. It should be noted 
that the measurement of the optical anisotropy, 72 , alone 
allowed the unambiguous selection of the proper struc
ture. It is anticipated that many other structures of 
practical or theoretical interest presently inaccessible to 
determination in solution will be studied successfully 
using the method discussed. 
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the dicarbide-carbon eutectic and searched for a tetrag
onal-cubic dicarbide transition. Haschke and Eick4 

presented evidence for a two-phase region between 
YbCi. 5 and YbC2, and consequently for the existence of 
a sesquicarbide. The present investigation was in
itiated to examine the metal-rich portion of the ytter
bium-carbon system and, in particular, to characterize 
the phase diagram near the sesquicarbide composition. 

National de la Recherche Scientifique et Universite du Paris, Orsay, 
1965. 

(4) J. M. Haschke and H. A. Eick, J. Phys. Chem., 72, 1697 (1968). 
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Abstract: The ytterbium-carbon system, YbC1, has been investigated over the composition range 0.33 < * < 2.00; 
samples were prepared by direct reaction of the elements in sealed tantalum bombs. Four phases have been identi
fied by X-ray diffraction and elemental analysis: tetragonal YbC2.M (a = 3.639 ± 0.003, c = 6.110 ± 0.008 A), 
monoclinic YbCL25+1, with 0 < y < 0.16 (a = 7.070 ± 0.005, b = 7.850 ± 0.004, c = 5.623 ± 0.005 A, /3 = 
90.99 ± 0.09°, for samples quenched from 145O0K), YbC0.95, and dimorphic YbC0.5o±, (fee, a = 5.001 ± 0.003 A 
and rhombohedral, a = 6.167 A, a — 33.33°). A linear variation of both the carbon-rich YbCi.25+1, phase 
boundary and the monoclinic b parameter with temperature has been observed. A partial phase diagram for the 
Yb-C system is proposed, and the variation of composition and lattice parameter of the Ybd.25+1/ phase is dis
cussed. 
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