MONTANA

STATE UNIVERSITY

Structural studies of titanium alkoxides
by Robert Dale Witters

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY in Chemistry

Montana State University

© Copyright by Robert Dale Witters (1964)

Abstract:

Dipole moments of four alkyl titanates were determined in n-heptane solution by the method
Halverstadt and Kumler. It was found that the values obtained for the ethyl, n-propyl, and n-butyl
orthoesters were for the trimers, but those found for tert-butyl titanate were for the monomers.
Variations of the dipole moments of these compounds with temperature change indicate the potential
energy barrier to rotation of the alkoxy groups is of magnitude kT.

The crystal and molecular structures of monomethyltriethyl titanate was determined by x-ray
diffraction techniques. Crystal data obtained are: a = 12.14 A a = 76°56' density (meas.) = 1.244 g/cc b
=12.13 B =77°2" density (calc.) = 1.236 g/cc ¢ = 16.93 y = 74°15' Z = 8 Space Group Pl In the solid
state the molecules are linked together to form tetramer units. In the tetramers the four titanium atoms
form a planar diamond shape, sharing oxygen atoms so that each titanium atom has a coordination
number of six.

A preliminary investigation of an hydrolysis product of tetraethyl titanate was carried out. The unit cell
of this crystal contains approximately 60 titanium atoms. Due to the complexity of this crystal and also
to the fact that the molecular formula of the compound is uncertain, the structure determination was not
completed. Crystal data obtained for this compound are: a =27.92 A density = 1.305 g/cc b = 22.40
space group P21/ac=23.30p=117°15'
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ABSTRACT

Dipole moments of four alkyl titanates were determined in
n-heptane solution by the method Halverstadt and Kumler. It was
found that the values obtained for the ethyl, n-propyl, and n-butyl
orthoesters were for the trimers, but those found for tert-butyl
titanate were for the monomers. Variations of the dipole moments
of these compounds with temperature change indicate the potential
energy barrier to rotation of the alkoxy groups is of magnitude kT.

The crystal and molecular structures of monomethyltriethyl
titanate was determined by x-ray diffraction techniques. Crystal
data obtained are:

a s 12,1412- o = T6°56° density (meas.) = 1.244% g/cc
b = 12.13 B = TT° 2! density (calc.) = 1.236 g/cc
C = 16.93 vo= 7)-}015' "Z =8 -

' Space Group Pl

In the solid state the molecules are linked together to form tetramer
units. In the tetramers the four titenium atoms form a planar .
diamond shape, sharing oxygen atoms so that each titanium atom has

. & coordination number of six.

A preliminary investigation of an hydrolysis product of
tetraethyl titanate was carried out. The unit cell of this crystal
contains approximately 60 titanium atoms. - Due to the complexity of
this crystal and also to the fact that the molecular formula of the
compound is uncertain, the structure determination was not completed.
. Crystal data obtained for this compound are:

o)

a = 27.92 A density =« 1.305 g/cc
b = 22.40 space group P2 /a
C = 23.30

B = 117°15"




INTRODUCTION

The chemistry of organic compounds of titanium has been of interest
for a number of years. In many ways the orgenic titanates exhibit unusual
properties, some of which have lead to industrial uses-iq the paint and the
electrical industries. To a large extent, however, understanding of their“
chemistry has been limited because the strpptures were not‘knpwn, On;y‘in
very recent years have attempts been made to determine.their structures by
eny of the various methods now useér ipe research rejorted in this dis-
sertation ie an atteﬁpt to_provide soﬁe of the first aecﬁrate structural
information about these epmpounds; Before describing the methodszepd reeu;ts.
a brief review of the knowledge a;ailable at present will be given;

(2

Gllman and Jones ) have summarlzed early. attempts to prepare
organic t1tan1um compounds. In 1875 Demarcay< 1) reported the flrst pre-
paration of an alkyl titanate, but later investigators(3 ) were unable to
dupllcate hls work and showed that his compounds were probably a mixture of
'oxy-ethyl tltanates, Probably the flrst preparation of a pure alkyl tltan- ,
ate was carried out in 1923 by Blschoff and Adklns(]f)° They reperted
obtaining the tetraethyl, tetraiso-propyl, and tetramethyl titanates.

Since the early l9h0'e chemists have become cencerped with the etrue-
~tures of theee compounds and the mechanisme of their,reactiens, part;cularly
with“watern All of the alkyl titanates react with water, the rate of re-
action generally increasing with decreasing polecular weight of the compound.

Much of the work carried on in this laboratory and described in this

dissertation began with the investigation of tetraethyl titanate; as this




2

is probably the most unusual of this group. For several years it was
reported in the llterature to be a llquld at room temperature, however

in 1950 Caughlan and Crpwe( 15)

showed that 1ts_normal state is solid.
The pure compound is obteined as & liquid by distillation.  If the
liquid is allowed to stehd for a considerable length of time, usually
several months, smell c:yete;s fetm on the sides of the container,
and eventuei;y the ehtire”liquid solidifies.'

In this laboratqry research en‘ofganic titanates sterted with &
study‘of the‘dieiectric properties of these comphunds and the molecu}e:
welghts in solution.. Results of the molecular weight ihvestigations'
showed that all of the orthoesters studied had an associstion number

of” three(ls)

. This association is not surprlslng when one considers

- the fact that the.coordlnation number of tltanlum is 31x, whereasilts
primary valence number in the monomeric titanate is only four, To
satisfy the coordination number of six, oxygens from surrounding
titahate molecules must be used. The structures proposed for the
trimer are shown in Figure 1; the linear structure in Figure la is the
one that moet generally has been accepted.

As already mehtioned.most of the alkyl titanates react readily
with water For small amounts of water the major products of the
reaction are polymers, the size of the polymer depending on the amount
of water added. D. C. Bradley and his aespciates have made a very
thorough investigation. of the hydrolysis.of Ti(OCEH5)h and, based on
the trimer structure proposed by Caughlan, have proposed & set of re-

actions for the hydrolysis and structures for the hydrolysis products

(2) (3), (),




(W)
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In order to confirm the trimeric structure of the alkyl titanates
it was decided to“detgrminel?he structure of the tetraethyl titanate by
. sihgle c;ystaiaxf?aytdiffractipn techniques. Crystals were .obtained
from an ethanol solution, and cell dimensions were determined from x-ray
data. It was apparent in the early stages of this investigatioﬁ tﬁat%
the crystals were not of the tetraethylate but of one of the hydrolysis
products. Since good crystals of the hydrolysis product were now on’i
hand, it was decided to continue the x-ray stfucture determination of this
'ébﬁpbund.‘ | | |

Crystals of monomethyltriethyl titanate were obtained by the
héfbod described by Varma and Mehrotra(3h), Since this compougd is aiso
. trimeric.in solution, determination of this structure would serve to
Gefify that proposed for the trimers. Accordingly, a major poition of
this research is on the structure of Ti(dCHs)(OCQHS)s.

In addition to the x-ray examination of the two crystals mentioned,
the dielectric properties of tetraethyl titanate, tetra-n-propyl titéﬁaﬁe,

tetra-tert-butyl titanate, and tetra-n-butyl titanate have been meéasured

in n-heptane at 0°, 25°, and 50°C.




Proposed Structures for Trimeric Titanium Tetraethylate
(Carbons not Shown)

Figure 1
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CPART I

Dielectric Studies of Alkyl Titanates

The dipole moment of a compound is determined by its molecular
structure. Aside from translational or rotational motion of the mole-
culé as a whole, its atoms are not in fixed locations; they afe in constant
vibration about an average point, and atoms or groups of atoms may rotate
about some bond in the molecule. Greater vibrations of the atoms at in-
creased temperatures generally have little effect on the dipole moment
since the average positions of the atoms are not changed. The degree to
which an atom or group of atoms rotate about an axis may be affected by
temperdture, however, tﬁus changing the dipole moment of the ﬁolecule.
Comparison of measured and theoretically calculated dipole moments for
alkyl titanates has indicated restriction of rotation of the alkoxy groups.

This dielectric study of the titanates was therefore undertaken to
learn how the dipole moments are affected by temperature. Fron this,
insight into the degree of restriction of rotation of the groups and to
the energy barfief to rotation may be obtained.

Theory and Discussion of Methods

A detailed review of the theory of dielectric constants, polariza-
tion, and dipole moment may be found in the references {(1k4), (20), and
(29). However a brief discussion of the general theory will be given here.

Molecules, although neutral, possess small centers of negative and
positive charges. In polar molecules there is a finite distance of separ-

ation between the centers of the negative and positive charges, and the
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polarity of a molecule becomes.less as these centers approach each other,
When placed in an electric field a polar molecule will tend to orient it-
self, the charges lining up in the direction of the field. The force
required to orient the molecule depends on the magnitude of the charges
and on the distance between them. The dipole moment is a ﬁeasure of these
two quantities; it is the product of either charge e by the distance be-
tween them: M = er. It serves as a useful quantitative measure of the
extent to which a molecule is polar. Thus dipole, or dielectric, studies
provide some information concerning the shape of a molecule.

The dielectric constant of a substénce is related to its degree of
polarization in an electric field. Polarization is determined iﬁ this
research by determining the extent to which the substance in the dissolved
state in a solution of a nonpolar solvént contributes to the dielectric
constant of tﬁe solution. By extrapolating the measurements of dielectric
constant to infinite dilution, a value is ob@gined which cofresponds to a
situation in which the molecules are so fgr apart that they do not induce
charges i# each other. ] | . >

The molar polarization of a substance can be calculated from the

dielectric constant € using a formula developed by Clausius and Mosotti

on the basis of theories of electric charges induced by electric field:
p-£-1M
e+ 24d
where P 'is the molar polarization, M the molecular weight, and d the density.

For a binary solution the equation can be written as .

€12 -1 -
= - e i © +
Pip = ¢;F) + cofFa = glp 33 e

dio
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where P is the molar polarization, € the dielectric constant, d the density,
¢ the concentration, and‘M molecular weight. The subséripts 1, 2, and 12
refer to solvent, solute, and solution, resp.

Assuming the dielectric constant and the specific volume of a
binary solution to be linear functions of concentration, Halverstadt and
Kumler(ES) arrived at the following equation:

€ 3Av_M
En = =1 M vy + MB) + 1. ’
w = g e | (R

where the meanings of the symbols are as follows:
P,y is the molar pdlarization of solute at infinite dilution

€ 1 is the dlelectrlc constant of solution at infinité dilution
(intercept)

vy 1is the specific volume of solutlon at infinite dilution
(intercept)

M; and My are the molecular weights of solvent and solute, resp.
A is the slope of the diéiectric constant-concentration curve

B is the slope of the specific volume-concent;ation curve.

The method of Halverstadt and Kumler takes into account the fact

that the dielectric constant of the solvent may be considerably different

from the measured dielectric constant of the pure solvent. This may be

due partially to the absorption of water. This solvent polarization error
is essentially eliminated by obtaining the dieiectric constant of the pure
solvent from extrapolation to infinite dilution. These authors point out
that solvents with a low dielectric constant must be used.

The molar polarization determineduby tﬁis'method is the total
pqlarization and is the sum of the orientation polarization, th§ atomic

polarization, and the electronic polarization. The dipole moment of a
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molecule can be calculated from the-orientation‘bolarizationu Thus the

atomic and electronic polarizations must be determined and subtraéted from
Pgp . Hence, €%4= Foo = Pegf%Pawwhg?élgﬁyjfggﬁﬂpé,ﬂand P, are the orienta-
tion, total, electronic; and atoﬁic“pélarizations, resp.

The electronic polgrization an@:molar:refréction of a coﬁpound
theoretically are the séme for a high‘freqﬁency oscillating electric field.
According to Maxwell's relation, € = ne for a non-polar substance, where n

2 is really a neasure of the dielectric

is the refractive index. Thus n
constant with the effects of the permanent dipoles and atomic effects re-
moved. The reason for this is that the frequencies of optical 1iéht are
so great that the dipoles of the molecules are unable to orient fhemselves
fast enough, and only the effects due to electronic polarization are mani-

fest. Thus by determining the refractive index of a substance, and its

density, the electronic polarization may be determined. The molar refrac-

2 .
tion R is given by the relation R = ﬁ?@:«% . % g

The atomic polarization is not so easily determined. This contri-
bution ﬁo the total polarization is usually quite small and is frequently
omitted from calculations; sometimes it is assumed to be about 5% of the
electronic polarization. 1In this wqu on titanium alkoxides the effect
due to the atomic polarization has been neglected. Thus in this case the
orientation polarization is calculated by subtracting the molar refraction
from By : By~ Bo - R - P, where it is assumed that Py=> 0. ?

The dipole moment of a compound carn be calculated from the orient-

ation polarization by the equation

u= 0.0127 x 1078 FETT e.siu. - VE, T Debje.




A. Preparation of Compounds
The tetraethyl and tetra-n-propyl titanates were prepared by the
(1)(31)

sodiuﬁ alkoxide method. Tétra-tert-butyl titanate was prepared by
the pyridine-ammonia methodfs)(lg) while the n-butyl ester was obtained
from E. I. duPont de Nemoﬁrs and Co., Inc.
B. Dielectric Constant Apparatus

The electric‘circuit, the precision condenser, and'the,dielectric

(14)(15)

cell have been described before. The dielectric cell was modi-
fied slightly by placing a thermestated reservoir on top of  the cell{
inc?easing the effective Qolume of the unit from 10 ml to about 25 ml.

An opening in the top of the reservoir permit£ed inserting a metal
thermister directly into the dielectric cell for accurate temperature
measurement. A secopd opening permitted addition of solute to the solu-
tion in the gell. Both openings in the reservoir were sealed with ground
glass stoppers so no evaporation of solvent nor absorption of water could
take place e#éept during the brief periods when solute was being added.
C. Density Apparatus -

Densities of the solutions at 25° and at 50°C were obtained by
the'Westphal balance method. An analytic balance was modified for this
purpose., A plummet 6f 15.65 ml capacity was made by sealing several
grams of mercury into a glass tube., The solutions were placed in a‘
thermostated container (80 ml).for the readings. Additicnal solute was
easily added to this, the mixture being stirred by moving'the beb up and

dowvn. A cork stopper sealed the solution from contact with air except

for a small hole for the wire leading from the balance to the plummet.
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A National Bureau of Standards thermometer also was immersed in the
solution.

This method of‘dgtermining densities of the solutions ﬁas very
satisfactory for measurements at 25° and 50°C? Howe#er at zero denggs
this apparatus_gavé very poor results due to rapid absorption of
moisture from the air, hydrolyzing the solute. Placing the apparatus
in a dry box did not‘help matters.. |

For low temperature density meaSurements two pycnometers
(Figure 2) ﬁere made, one with a volumé of 33.02 ml, the othér‘with a
volume of 30.73 ml at 0°C. The bulb of the pycnometer was attached by .
a capillary to a reservoir which was sealed off from the air by a ground
’glass stopper. The unit was immersed in a bath at the desired tempera-
ture. After thermal equilibrium was established, the §olume of the
solution was adjusted by removing excess liquid by a very fine capil-
lary connected to an aspirator.

D. Temperature Control and Measurement

For density measurementé tempefature was maintained for the 25°
and 50° runs by circulating water through the jacket 6f the cell, the
water coming from a therﬁostat. Temperature of the solution in the cell
wés measured by a calibrated N.B.S. thermometer. Temﬁerature at 0°C
was obtained by immersing the pycnometers directly into a water-ice
mixture in a Dewar flask.

Temperaturé of the solutions in the dielectric cell was obtéined
by passing a liquid (water at 25% and 50°, isopropyl alcohol at 0°)

through the Jjacket of the cell. A constant temperature bath was used at
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Pycnometer

Figure 2
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-the two higher temperatures,- a refrigeration unit at the lower temperature.
Témperature in the cell,itself was determined by measuring‘the resistance
of a metal thermister inserted.in the inner caVity of.the cylindrical
capacitance unit. The termister was calibrated.against the N.B.S. therm-

ometer,

E. - Data and Results

-The calibration of the pycnometer at 0° and of.the dielectric cell
at 0%, 25°, and.50° was-made using n-heptane as.a standard. The dielec-
tric. constants of heptane:which were used at these‘tempefatures are-those

(22)

reported by Dornte and Smyth; densities are “those given by Smyth'and
(30)

. Stoops. The capacitance of‘the dielectric cell was determined.at the
start of each run,

The n-heptanenused in these determinations was obtained from
.Phillips Petroleum:Co. and.was dried by distillation.from.sodium.

Dielectric constantS‘and—densitieszwere determined ag described.
Resu}ts of these measurements:are.tabulated iﬁ Tables-I. through X and
.depicted in Figures 3 through 22. Molar polarizations at infinite
dilution were calculated by the method of Halverstadt and. Kumier-as
described on page 6. . The slopes and. intercepts of fhe dielectric congtant-
mole. fraction and specific-&olume-mole fraction curves were obtained by
the method of least .squares.

For the calculations involved,. a.program:was written for.the
I.B.M. 650 computer. This program:computed the intercepts and slopes

. of the dieleetric constant and. specific volume versus mole fraction

curves by the method of least sdquares, and. also calculated the-total
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polarization and the dipole moment. Results of these calculations are
shown in Table XI. Values for the refractive indices and densities of
the pure liquids are givén in.fable XII.

In the compounds investigated there is the possibility of rotation
of the hydrocarbon chains about the titanium-oxygen bonds. If there is,
restriction of rotation, the dipole moment should be a function of temp-
ture. As the temperature is‘increased, more thermal energy is available
to overcome the potential energy barrier to rotation. Thus the dipole
moment should vary with~tempefature and approach the theoretical value
calculated assuming complete freedom of rotation. Using the Eyring equa-

tion(23) Crowe and Caughlan(ls)

calculated the dipoie moment of titanium
tetraethoxide‘assuming complete freedom of rotation of the ethoxy groups
and obtained a value of 2.11D,

Figure 23 shows gfaphically,the variation.bf dipole moment of
the' ethyl, n-propyl, and n-butyl eéters with tempefature° The dipole
moment of each is seen to increase with temﬁerature toward the computed
value of 2.11D for the ethyl titanate, indicating that the molecules do
not exhibit complete freedom of rotation...This result suggests that the

potential energy barrier is of the same order of magnitﬁde as the thermal

energy, i.e., kT.

:
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.Temperature -

1k

Tetraethyl Titanate

Table T

Sﬁecific<Volume-Value§

50°

Dielectric-Constaﬂt-Valges

mole

~ fraction
: :6;606412
,008535
;097135»

.003340

.00k8ho
004826 .
-009506 .

.003598
.00L6T79
.001959

.000000

dielectric L .mole - specific
'Ncongtant fraction Yolume
1m8944T 6;601114 - 1.5189
,1;8985 .002kk2 \ 105171
.1.8957 .003686 | , 1,5i55
1.8888 L00kB94 . 1.5138
1.8916 .006085 . 1.518h
-~i;8916 Joofho9 1.5106
51;9055 A quoooo 1.5205
1..8900 |
18008
11.8851

1.8810
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L Tetraethyl: Titanateé

Table II
Temperature Dielectric'éongtant Valges
| mole . “dielectfic
fraction constant
25° . 0.0048h4k 1.9289
.005553 1.9305
.003875 1.9265
.007396 1.9338
003633 1.9273
.003911 1.9273
.00582L 1.9310
.00T705 1.9346
. 004567 1.9277
-.002015 1.9220
009035 1.9363
. 000000 1.9180

Specific Volume Values

‘mole ~ specific
fraction volume
10,0009k 1.4702
.002110 °  1.L687
.003031 1.4676
.00k0o0k4 1.4663
.004975 1.4652
.006596 1.4632
»000000 1.4713
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! Tetraethyl: Titanate

Table III
Tempgrature Dielectric Constant Values Specific Vo;ume Values
mole’ dielectric . mole specific
fraction ~ _constant ’ fraction volume
o°c 0.006281 L%n' 0.026517 1.3961
.00k279 1.9622 .018505 1.4055
.002840 1.9597 . -, 012689 1.4125
008256 1.9715 .009174 - 1.L4168
004876 1.9638 . 000000 1.4278
004626 1.9638
.002860 1.9597
006476 1.9675
. 006499 1.9678
.005259" 1.9650

000000 1,954%0
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"¢ Tetrapropyl Titsnate

Table IV
Temperature Dielectric Constant Values Specific Volume Values
| mole dielectric ‘mole specific
fraction constant fraction volume
50° . 0,004170 1.8892 0.00221k4 1.5169
.005630 1.8932 .003541 1.51h49
°053092 | 1.8883 .. .005200 1.5122
',010429 1.9037 .006959 1.5098
L0041 1.8977 : .008907 1.5070
.007228 - 1.8969 000000 1.5205
.004293 1.8908
. 006476 ©1.8957
.010867 1.9042
.003823 1.8892

.000000 - 1.8810
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‘Tetrapropyl Titanate

Table V
Temperature Dielectric Constant Values Specific Volume Values
| mole dielectric mole specific
- fraction constant _ - fraction volume
25°C 0.005723 | 1.9313 0.000456 1.4705
.003013 | 1.9261 ‘.001276' 1;h69u-
.005762 1.9310 ;002206 1.4680°
.003622 1.9265 .003385 1.4661
.006229 1.9322 .064358 1.4649
.003499 1.9265 .005409 1.4634
.003755, 1.9269 000000 1.4713
,002375 1.92ko |
.009647 1.9391
.005315 1.9301
.007352 i,93uu

»000000 1.9180
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. ¢ Tetrapropyl Titanate

Table VI

+ Dielectric Constant Values

mole

fraction

o;oo6119

1005425

001837
.008402
.00257§
.005575
.003418
.006580
002777
005930
.01092k

. 000000

Specific Volume Values

dielectric mole
cpnstant fraction
1.9679 0.013070
1.9679 .008754
1.9589 .006053
1.9736 .003995
1.9609 .002863
1.9670 000000
1.9626
1.9695
1,9611
1.9675
1.9784
1.9540

~specific
volume

1.h102
1.4161
1.4197
1.4225
1.4240

1.4278




20 .

Tetra-n-butyl Titanate

Table VII
Temgerature Dieléctric Constant Values Specific Volume Values
mole dielectric mole specific
fraction constant fraction volume
50°C 0.002636 1.8879 | 0.001418 ° 1.5182
.00338%  1.8801 .002721 1.5160
.oo§277 1.9013 + . 004060 1.5137
.002555 1.8875 . ,005265 ¢ 1.5116
005285 . 1.892k .006587 1.5092
- 004861 1.8920 _ 007932 - 1,5070
009510 1.9034 o . 000000 ~ 1.5205
o00b728  1.8916
.005445 1.8932
.003993 1.8900
.005833 1. 8oLk
.008346 1.9005
.000917 1.8846
.007346 1.897
002251 1.8871
- ,001108 1.88k7

. 000000 1.8810
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© Tetra-n-butyl -Titanate

Table VIII
'Temgerature Dielggtric Constant Values vSpecific Volume Values

mole , | dielectric mole specific
fraction - constant fraction volume
.25°C 0.00396k 1,9285 0.0009kk4 © 1.4697
., .002845 . 1.92k49 .001911 1.4681
-,006618 1.9338 . .002642 1.k672
.001949 1.9236 . - .00341L 14660
005114 - 1.9301 0 Lo0k168 1.4646
.001959 1.9232 005067 1.463Y4
.003675 1.9273 000000 1.4713

.004093 1.9281

005286 1.9301

.000000 1.9180

.006321 $1.9326
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© . Tetra-n-butyl Titanate

Table IX
Temperature - Dielectric Constant Values Specifié Volume Valueg
mole dielectric . mole specific
“fraction constant ﬁraction ~_volume
., 0%  0,00&616 1.9658 0.0617;1 T l.kes2
.005135 1.9666 .001278 1.k259
°063003 1.9610 ,003013 1.4233
.006410 1.9695 _ .003415 1.h226
‘.002782 . 1.9617 | .003742 1.h223
002626 1.9609 | .001268 - 1.4259
.00T667 - 1.9727 000000 1.4278
.oo6763 1.9695 | '
.002549 1.9613
.008611 1.9748
.002860 1.9617

.000000  1.9540
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. Tetra-tert-butyl Titanate

Table X

Teﬁgeratqre Dielectric Constént Values Specifie Volume Values -
| mole dielecfric’ ﬁole specific
. fraction constant fraction ‘ volume
25°C 0.000000 1.9180 0.000779 1.4705
| "‘ .001290 | 1.9215 .001536 1.4696
.002295 1.9239 .002326 1.L4688
.003385 1.9272 003150 1,u678—
004486 1.930k | .004101 1.4667
‘-.005017 1.9318 : 005216 1.4654
.005970 1.9345 000000 - 1.4713
.006727 1.9365
.00726h 1.9383

- .008103 1,9410
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Compound Temperature

T1(0CoHs)),

Ti(OCéH?)h
n
Ti(OChH9)h

Ti(ochng)h

50°C
25°C
o°c
50°C
25°C
0°c
50°C
2540
0°C

25°C

Results

A

2,0129

. 2.0763

2,1371
2.,1635
2.1389
2.2053
2;1677
2.2695
2.3274
2.8316

L5

Table XI

B
-1.3286
-1.2336
-1.1972

-1,5141

-1.4599
‘-1.3h69
’-1;7145'
-1.5559

-la )'|'9lo

"1013)+8

&
1.8816
1.9181
1.9537
1.8811

1.9188
1.9548
1.8818
1.9187
1.9547

1.9177

of Dielectric Studies

1.5204
1.4713
1.4278
1.5203
1.4712

1.4278

1.5206

14712

1.4278
l.h7lh

o

109.60
109.51
108.32
129,30
125,34
125.92
14k .29
146.20
145.11

172.27

ik

1.60
1,5k
1.45

1..60

1.47
1.h2
1.56
1.53
1.h5
1.86
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Table XIT

Densities and Refractive Indices

Compound
T1(0CoHsg ),
Ti(0C3H7 )y
Ti(OChﬁg)h_n

T3 (0C)Hg)y,~tert

for Pure Liquids(3l}

t
d

n

1.5051/35°

1.4803/35°

1.4863/35°
1.4436/20°

t
dy

e ———

1.107/35°

0.9970/35°

0.9927/35°
0.8893/20°




PART II

PRELIMINARY INVESTIGATION OF THE HYDROLYSIS PRODUCT OF TETRAETHYIL TITANATE

This cfystal structure investigation began with the intent of de-.
termining the structure of tetraethyl titanate. Analysis of the crystals
obtained b& evaporation of a;cohol soluﬁion indicated that they were not

'Ti(OC2H5)h but were one of”the.hydrolysis products of the'alkyl titanate.
In this section, the crystal structure investigation, aithough incomplete,

is described.

Preparation of Crystals

The best method found for obtaining crystals was to grow them by
slow eQaporation of alcbbol'solution in the apparatus shown in Figure 24,
The apparatus was constructed from a large test tube. Thé rubber plugl
at the top waé obtained from a hypodermié kit. .

Alcohol, distilled after refluxing over calcium hydride, was
used to prepare a solution of Ti(OCEH5)u° The concentration of the
solution was about 1 parp ethyl titanate to 10 parts alcohol by volume.
This solution was placed in the apparatus and dry air was passed slowly
through the system to evaporate the alcohol. In about two weeks cryst-'
als of convenlient size formed on the side of the tube. These were then
knocked to the bottom énd scooped up by the spoon which extended up
through the rubber plug. The scoop was then raised to the side arm, &s
much supernatant liquid as possible was drained off, and dry alcohol was
run through thé scoop tube to wash the cr&stals into the side tube with‘

the capillaries. ' This side tube was then disconnected from the crystal-
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growing apparatus and immediately.attached to an aspirator to remove the
alcohol. The dried crystals were shaken into the capilléries and sealed;
off under vacuum.

Chemical analysis showed that the crystals were not the ethyl
titanate but é hydrolysis product. Apparently enough moisture got into
the system tq cauge crystallizationnéf thé\hydrolysis product instead
of the ethyl titanate, even though the air which was passed through the
apparatus during formation and growth of the crystals was dried with a
long column of sodium hydroxide pellets aﬁd two bubble chambers contain-

ing concentrated H,yS0),.

Analysis of Crystals

‘ Crystals for chemical analysis vere grown in the apparaqu'shown.
in Figure é5. The alcohol solution of Ti(OCEH5)u was placed in the tube
and dry air was passed slowly through the system via the stopcocks to
remove alcohol. When a sufficient number of crystals were obtained, the
solution was poured off; the crystals were rinsed twice with dry alcohol.
The remaininé aLcohol was removed by applying a vacuum to the system{ Dry
air was then aﬁmitted and the apparatus we;gged. Crysta}s were thén trans-
ferred into a previously ignited and weighed crucible, tﬁe apparatus Eeing

reveighed to determine the weight of the sample. The crystals were con-

1
verted to TiOp by acid hydrolysis following the method of Speer (3 );
. The results of the analysis are shown below.
FTi0,
Analysis of sample 43,2

Theoretical for Ti(0C,Hs), ' 35.0
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Theoretical for Ti60h(OC2H 4.7

5)16 (3)
Analysis of hydrolysis product by Bradley" 3 43.5
It was apparent from these results that the crystals formed were
not Ti(OCEH5)h. The formula T§604(002H5)16 is the firét hydrolysis
product proposed by Bradley (3 ; formed by combining two trimer units
after splitting off four -OCeHg groups. The analysis suggests that
the crystals formed are this cémpound. Accordingly, since crystals of

this were available, a crystal structure analysis of this compound was

started.

Density Determination of the Hydrolysis Product

" The flotation method was.used to determihe the density of the
crys£als. Benzene, dried over sodium and carbon tefrachloride, dried
over calcium chloride, were mixed to give a solution in which the cryst-
als reﬁained suspended. The density of this solutioh was determined‘by
a Wegtphal balance which was adjusted with distilled water at 26°C.

A measurement ‘gave for the crystal a density of 1.305 g/cc. Two

additional measurements confirmed this value.

Collectidg of X;Ray Data

One 6f the crystals sealed in a pyrex capillary was selected for
the x-ray analysis.. This crystal was used throughout the collecfion of
data for cell dimensions and intensities. The x-réy détarwerecaollected
using a Norelco X-ray power supply Type 12045, and a copper tube, type

32112, Cu K} rédiation was obtained by using a Ni filter.
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Rotation and Weissenberg pictures were obtained with Supper
Weissenberg camera. Integrated intensity data were obtained by placing
three films in a Weissenbérg camera which ﬁad been modified for inte-
gration, Preceésioh photographs were used to determine the interaxial
angle.

The film used was Kodak Medical X-ray Film--No Sereen. The
pictures were developed 10 minutes in Kodak X-ray Developer, immersed
in a stop bath, and fixed 15 minutes'in Kodak Rapid Fix with'Hardénér°
The films were then washed for one hour, rinsed with distilled water?
and dried. The development and fixation of the films were carried out
at a constant temperature of 25°C.

Intensities were read visually by comparing the photograph with
a standard intensity scale. This scale was made by exposing a triple
film through a small hole at 5 second intervals, up to 120 seconds,
the film being displaced a few millimeters after each exposure. All
levels of the Weissenberg photographs were given the same exposﬁ?e, 100
hours, and the-same development. Thus it was assumed that the,intenw'
sities from level to level were on the same scale. One thousand two
hundred fifty eight unequivalent reflections were observed on levels

zero through six.

Space ‘Group -
The angle between the reciprocal lattice axes on the zero level

- Weissenberg film was measured as 90°. On upper level pictures the b¥

axial line was no longer straight, thus indicating that the crystal
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belongs to the monoclinic system. Con@itipns for reflection were h = 2n
for hOZ and k £ 2n for OkO; thus the symmetry must be that of spaée group
P21 /a. . The condition (0kO, k = 2n) implies a two-fold screw axis along
the axis b; the condition (h0/f , ﬁ = 2n) implies a glide plane along axis

a,
i

‘The term "b* axial line" refers to a line parallel to the b¥ axis
and péssing through a reciprocal lattice point. This connotation will

i

be used throughout this thesis.

Cell D%ﬁensions

The camera dismeter was calibrated with a sodium chloride crystal
which was ground to a very sléﬁder rod. From a zero ievel Weissenberg
picture measurements were made on 4 reciprocal lattice points, and an
effective camera diameger calculated for each measurement. The followl

ing results were obtained fcf‘the diameter: 56.85, 56,67, 56.81, and

56.75 mm. The value used for my calculations is the arithmetic average,

56,77 mm.
From the distances measured between layer lines on a rotation

or oscillation picture the cell edge cén be calculated directly. Since

the crystal was mounted on the c axis,
2, 2y1/2
(r® + yg)
¥

C = ni

n

where n is the level to which the measurement is made, y, is the distance
to the n-level line from the zero level line, and r is the effective
camera ‘radius. The derivation of this expression is given in Appendix

N O A
A. TFrom this the average value of ¢ is 23.30 A. These measurements
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are shown in Table XIIX. ‘
Since the monoclinic crystal was mounted on the ¢ axis, b and a-sinp
. could be calculated from measurements on a zero level Weissenberg film,

Fo; a camera of 57.3 mm. diameter, the distagce in millimeters from the
center line on fhé film to the particular refléction is the angle ©-in
degrees, However,'since the effective camera diameter is less than 57.3
mm, @ = 57,3/56.77 deg. Table XIV shows the measﬁrements from the center
line to the reflections 6n the a* and b* axial lines and shows the values
of a-sinpB and b calculated therefrom. The average Qalues from these |
measurements are

a-sinp = 24.82 X and b = 22.40 X,

The angle B was méasured from a zero level precession picture
and is l;7°15', (The angie also was calculated from measurements on an
upper level Weissenberg film by a formula derived in Appendi# B.) With
this value of B, a = 27.92 K°

Using these cell dimensions, the density of'the crystal, and a
molecular formula of'Ti6Oh(OEt)6, the number of molecules per unit cell
was calculated to be 9.50.

A sumsry of the crystal data is given in Table XV.

Choosing the Axes

The reciprocal lattice axes on precession photographs were chosen
in the fbllowing manner, Since the crystal is mounted on the ¢ axis and
is precessing about b, the vertical line on a precession photograph is

a¥, c¥* could be chosen in two ways as indicated in Figure 26.
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Table XIII

"Determination of ¢ from Rotation Film

effective camera diameter = 56.77 mm

calculation from formula c = BA (2% yg)%
yn
Layer Line (n) Yn c

3 | 5.75 23.28 &

L 7.81 23.2?

5 9.95 23.29

6 12,25 23,34

T 14.85 23.28

8 17.70 23.31

9 21,05 . 23.30

o
average: ¢ = 23.30 A
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Table XIV

T -] ot Ll 13 1l

Determination of a:.sinf and b from Weissenberg Film

effective camera diameter = 56.77 mm

5.
- 537%7x = 1.0093%

X = distance in mm.from‘cénter line’ to spot

4 ) o
calculation from Bragg's law: d = n) /2sin @ A = L.542 A

Calculation of assin B

Reflection Used X 4]
(400) 7.066 7°7.8!
(16,0,0) 29°50¢

29.56

Calculation of b

Reflection Used - X e

(ouo)' 7.825 7°521
(060) 11.80 11°5k4
(0,12,0) 24,13 2L4°20!

)
average: b = 22,40 A

a.8in B
2&.851-2

o]
2h.795 A

o)
average: a-sinf = 24.82 A

b

’ (o]
22.42 A
o]

22,38 A

(o]
22,40 A
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Table XV
Summary of Crystal Data for

Hydrolysis Product

o)
a8 = 27.92A
o

b = 22,40 A
o o
c = 23.30 A
' B - 117°15°

~ Molecules per unit-cell = 9.50

Densify = 1.305 g/ce




58

c* axis
c* axis Zchoice i

choice 2

* *
Choosing Axes on a ¢ Net

Figure 26
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‘ Consi@er thé-index of thé circled reciprocal lattice point. With
choice #1 for the c* axis the spot would be indexed as. Okl; Qith choice
#2 the index'would\bé 1. |

In choosing the c¥* axis for this crystal one choice would meske the

value of B about 112°, the other 117°. Generally one would probably choose
the axis so as to give B-a.value as near to 90° as possible. However, the
larger angle was chosen to keep the indexing consistent with that required
for space group P21/a. If the smaller angle had been chosen, the reflec-
tion condition (hOZ , h = 2n) would have been violated for values of £ odd.
Figure 27 shows the cholce of axes and the cOrrespondencé between axes on
the zero lével Weissenberg fiim aﬁd the precession éictures° Azimuth
values are indicated on the Weissenberg drawing. Also this choice of

axes gave positive "Z " values for higher level Weissenberg pictures.

Indexing Weissenberg Photographs of Monoclinic Crystals

- Once the reciproéal lattice axes have been éhosen, the indices of
the reflections are fixed. Indexing a zero level Weié;enberg film using

a templatg can be done without problems. Bowever, for monoclinic crystals
not mountéd on the b axis indexing upper level photographs is slightly
more complicated since the line‘ij for any particular level (£ = n)

is no longer & straight line.

For lower level films the b¥ axial line which passes through the

point (00£) is usually the first festoon above (or below) the center line
. of the film. If thé angle B is large, however, -the first festoon on the

bottom half of the film on a lower level photograph may become the first
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119°

~pk
/ /
() o
rotation 2 551
spindle /

)
zero-level Weissenberg
a* axis
/ ¥ axis
rotation
spindle
00

b* out of plane
azimuth = 175° 20"

zero- level precession

Relationship between the Precession and Weissenberg
Films

Figure 27
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festoon on the upper half of some h;ghgr level film. Then the first b¥*
axial line on the upper half of the film will pass through the ﬁoint
(102), (or through (10£), depending on how the axes were chosen). Another
"crossing over" of a b¥ axial line may happén again on some higher level
film. The following method allows one to calculate the k index of the
first b¥* axial line on any level Welssenberg photograph. Once this is’
known for any level, indexing is done as usual. . j

Refer to Figure 28 which depicts the arrangement of the reciprocal
lattice axes with respect to the sphere of reflection for an equi-incli-
nation Weissenberg picture. The top drawing iS'a front view, the bottom
drawing a top view, Rotation is about the ¢ axis. The roint O is the
reciprocal lattice point -(000); the point O' is the point at which the
rotation axis cuts the sphere of reflection (at the 'L level); and the
point O" is the reciprocal lattice point (00£). R is the radius of the
circle of reflection for the £ level; D is the radius of the circle formed
by the point O" as it rotateé about the rotation axis; and d*oogis the
distance from the point O to the £ level. The distance along the a¥
axis between reciprocal lattice points is called a¥*.

D increases as . increases. As long as D remains smaller than
a¥*, no particular problem arises; the first b* festoon above the center
line will be the b¥ axial line passing through the point 0" (or 004).
However, when D exceeds a¥*, the first festoon is the b¥ axial line passing
through the point (10£); then the axial line passing through the point
(008) is the second festoon above the center line. On some higher level

film D may exceed 2a¥; then the first b¥ festoon passes through the point
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(Ebg). Of course when this happens, the first b¥* festoon on the opposite
half of the film passes through the point (30@).

From the figure it is seen that D = d*f cot B¥. There also exists

col
‘ : 1 1 1.7
3 ¥ - # . = 3
thelrelatlon doqg = and a¥ - T asinp Thus D and a¥ are

easily determined and one can readily calculate when a festoon changes to

the other half of the film.

D was calculated for each level and was compared with a¥ = ans}nB':
§ET%§—_ = 0.04029. The results are shown inthe idllowing table. .
level (2) dgol _ ME_ Ta%
1 .oueée .02212 0.5490
2 L0858k .okk2k 1,098
3 ;;é .12876 . 06636 1.647
w7 17168 .08848 2,196
5 21460 . 11060,  2.745
6 .25752 .13272 3.294

Thus it is seen that on the 2nd, bth, and 6th levels the first b*
festoons pass through the points (012), (024), and (036), resp. The
general appearance of the hth level Weissenberg picture is as pictured
in Figure 29a.. Figuie,Eéb shows the reciprocal lattice arrangement with

respect to the circle of reflection.

Attempt to Determine Strhcture

The raw intensities were reduced to structure factors by correcting
for Lorentz-polarization and extracting the square roots with the Univer-
sity of Washington Data Reduction Progrgm 5303. The computer used for

this and subsequent calculations on this crystal was the IBM 650.
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(b)
Appearance of b* Axial Lines (Festoons) on 4th Level Weissenberg Films

Figure 29
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witson (3%) has shown that [_I'_‘:[g/ {if‘j‘? _ e~ (2B sin®e) ®
B is the overall tempefature factor of thé atoms and K is the constant
which scales |F|Z to [F |?. Thus by plotting In <i§"72/;z fi ) against
sin°0 / 1 , the intercept obtained is lm K, and the slope is -(2B) The
;raph is made by dividing the rec1proéal lattice into a number of S1n29
zones. The average value of the observed structure factors is obtained
for each zone, and the plot is made. For this to be valid there must
be a large number of reflections (feciprocal lattiée points) in each

zZone- so that an appropriate averaging takes place. The absolute scale

; Wherne

factor and overall ’ce‘mperafure factor were obtalned in this manner'giv'ing :

values of K = 0.023 and B = 6.95. To scale the F,'s to the F,'s, the

F_'s must be divided by VK.

o]
A three dimensional Pa‘tterson map was calculated. Each seétion

has a center of symmétry since in developing the Patterson map with the

Fourier séries all sine terms drop ou"c...

This can be seen from the following. |F(hkf)| « [F(hkZ)| for

this spacé group. Thus the sqiiare’s of these terms are equal. The

general form of the Patterson function is

Pyyz VZ Z ZlF(hkl), cos 27 (hx + ky +.£z).
2z

~h -
Since the crystal is mounted on the b axis, this expression, by apply-
ing Friedels' law, can be written as

Z ZZ‘.z 7 ( hk[)f cos 2n(hx + ky +4z)
2

i— i IF(hk[I cos 2xky cos 2n(hx +4£z)

-

: nyz

H]
<o <
z‘er,

% i IF(th)l sin 2xky sin 2n(hx +£z).

k- o
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‘Since the expression is summed from -h and -4 to +h and +u?, the sine
term will drop oﬁf, for sin 2x(hx +,£z) = -sin 2y (-hx -afz)i Thus the
function for each Patterson section contains only cosine terms and will
‘be centrosymmetric on each section.

This can also be seen from the equivalent positions of this
space group, i.e. X,¥5%; X,¥,2; x + 1/2, 1/2 - &,z; and 1/2 - x,y + 1/2,
7. The vectors to the points from the origin of the unit cell are

AL - S
ix + Jjy + kz

H
| el
"

To = “ix -jy - &z )
= 1(x + 1/2) + 3(1/2 - y) ; &z
Ty = §(1/2 - x) + 3(1/2 + y) - %z,

The coordinates of the peaks on a Patterson map represént,the
vector distances; in crystal space, between atoms. On a.three-dimen-
sional maé there are eight origins, one at each corner of the parallel-
epifed forming the unit e¢ell in vector space. Thus g peak'in a Patterson
map is-the vector.distancelfrom each of the origins, If a peak is ob-
tained by the vector distance between two atoms in crystal space from T
a given origin in vector space, the same peak would bé formed due to
the same atoms with respect to a different origin.

The peaks-arisiné on the vector map for the crystal are due to

differences of the.above vectors. There thus will appear points as |

determined by the following vectors:

1) 1 -7 = 2xi + 2y3 + 27k -

2) T - Ty -1/2? + (2y - 1/2)'3
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3) T - F o= (2x - 1/2)T - 1/297 + 22k
h) Tp - Ty eo-(2x+ 1/2)1 -1/23 - 27k
5) 5 -l = -1/21 - (2y + 1/2)F
or ), - T = 1/21 + (2y + 1/2)F
.6) f} - fL = 2x1 - 2y3 + 2zk

A

or I—"):‘ - Fs = —QXE + 2}":]? - EZE.,

These vectors are with respect to the origin at x = 0, y = O,

3

and 2 = 0. However, for an adjacent cell in vector space this.same origin

- will have coordinates x = O, ¥y = 1, and z = O. Then with reference to
the new origin vector (2) will be

2) 0+ 3+ 0-1/21+ (2y - 1/2)7 = -1/21 + (2y + 1/2) .

In a similar manner with reference to the origin at x = 1, y = 0, and
z = 0, vector (3) bécomes

3) T 0+ 0+ (2x - 1/2)T - 1/23 + 22k = (2x + 1/2)% - 1/23 + 2dk.
Since there is no unique origin, all of these vectors arise from each
origin.

For a section on y to be centrosymmetric the x and z coordinates
of two of these vectors must be of equal magniﬁude but opposite in sign.
The -three pairs that satisfy this condition are (1) and (6), (2) and (5),
and (3) and (4). Therefore each sectién on y wiil be centrosymmetric.

Calcuiation of the number of molecules per unit cell gave a value
of 9.50,: '.assumi‘ng the molecular formula to be Ti60h(002H5)16, .The
height.of the origin peak on the Patterson map is proporfional to the
sum of the squares of thé atomic numbers of all atoms in the wnit cell.

Assuming ten molecules per unit cell, this makes the height of the origin
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peak 54160. The program was scaled to give an origin peak of 640. Thus
all the other peaks on the map will be 640/54160 of actual absolute

‘magnitude. The heights of some single vectors on the map are calculated

below:
txpe vector E”l&J o peak height
S Tio- T ' 22 x 22 « L84 4Ll . x 6h2 - 5.7
54160
Ti - 0 : 22 x 8 = 176 | 2.1
0-0 8x8 = 64 : 0.8

Even a single titanium-titanium vector peak would probably be lost in the
backgrouqd._ In addition to the origin peak there were eleven peaks with
a height over 100 on the map, and many were.over 25. Thué any, peak ob-
served on-the;map is due to the superposition of several peaks.’

Little progress was made beyond this point. I was unablé at that
time to interpret the Patterson map although one large peak of magnitﬁde
310 is probably due to superposition of several titanium—titahium véctors,
The length of the vector is approximately 3.2 X, which is about the
correct distance betﬁeen two titanium atoms sharing one or more ;)xygens°
One other peak, of height 250, appears to hold cOnsiderable information.
This peak is found at coordinatesx(os,o,o) indiéating many of the atomé
are separated by one-half a cell edge alogg the a qxis fro? other atoms.

One other observation that may.shed light on the'cg&stal structure
is the occurence of a larger cell in reciprocal spacg, this large cell

being formed by regions of reciprocal lattice points.of large magnitude.

(The magnitude of & reciprocal lattice point is the magnitude of the
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structure factor bearing that particular index.) If there is a small
group of atoms of fixed arrangement which repeats itself in a regular
manner within the unit cell, this group of atoms is called a subcell,
or substructure. The subcell causes the iarge cell in reciprocal
space. Taking the reciprocal of the large reciprocal cell gives back
the subcell. Vand and Bell(33) used this method as)an aid in solving
the structure of trilaurin. Buerger(B) gives considerable discussion
to the subject.

A zero level precession pieture indicated the poésibility'of g
suﬁsﬁructure. A plot was made of the hkO net, the reciprocal lattice
points being given thé‘weight of the structure factor of the corres-
ponding index (figure 30). Two possible large reciprocal cells were
found on this net. The side of one cell corresponds to an intefatomic
distance of 5.20 X, likely a titanium-titanium distance, while g side
of the other cell indicates an interatomic distaqce of l.55 X which
may be a carbon-carbon distance ér possibly a titanium-oxygen distance.

A review of the progress and findings at this point brought about
the decision to suspend work on this crystal. It appears to be very
couplicated, especially when one considers the Qery la;ge number of
atoms per unit cell. Furthermore there was no previous knowledge of
organic titanates.to.giQe a clue to the possible arrangement of atoms,

In addition, the value obtained for the number of molecules
_per unit cell, 9:30, indicated an .uncertainty in the assumed molecular
formula. Tﬁe cell dimensions are quite accurate so the calculated

number of moleculeé should be much closer to a whole number. ZEven if
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the calculated volume were\slightly in error the number of molecules
would be either 9 or 10. Nine molecules per unit cell wouid bé,impossible
for this space group and ten would be rather unusual.
Thus before continuing with the sclution of this structure it was
decided to investigate a simpler compound in hope that this might give
a plue to the structure of the more complgx hydrolysis product and to

it molecular formula.
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- PART TII
THE CRYSTAL STRUCTURE OF MONOMETHYLTRIETHYL TITANATE

Preparation of Crystals

Ti(OCH3)(002H5)3 was. prepared by the method of Varga and Mehrotragsh)
Ti(OCEH5)u gnd méthanol were mixed in stoichiometric proportions in dry
benzene. Thé compound is very soluble in hot benzene but much less
soluble in cold benzene. The crystals were dissolved by warming the
mixture. The hot'éolution vas poured into the apparatus shdwn in Figq;e
2L, Crystals from the cool solution were obtained in capillaries by the

procedure described for the hydrolysis product in Part II.

Density Determination of Ti(OCH3)(OC,Hs)o

The density of the crystals was determined by measuring the
densify of a solution of carbon tetrachloride in benzene in which the
crystal remaiined suspended. The density of the crystals was determined

to be 1.24kg/cc.

Experimental: .X-Ray Apparatus and Intensity Measurement
. <

The X;Ray power supply and the method of development of the films

were as described in Pért”ii.

Intensities were measured visually as previously éescribed from
multiple-film, ﬁon-iﬁfegrated pictures using thé Supper camera, Inpensi«
ties measured on the second and third films were put 6n the same scale as
those measured on the first film by multiplying by the factors 3.56’and

12.3, resp. These film factors were determined by comparing intensities

of the same reflections on the three films. All the films used for:
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intensity measurements weré given the same exposure and the same develop-
ment. Thus it was assumed that the intensities from level to level were
on the same scale: 751 unique reflections were observed on levels zero
through six.

The intensities were corrected for spot size.by using a method
similar to thaf of.Phillips(EB). The formulas and curves given by .
Phillips are approximations and do not thd for reflections of small
reflection angles. The formulas given by Phillips wefe used for lérge
angles while an empirical -correction was used for rgflections of small
angles. The curves used for the intensity corrections are shown in Figure
31l. Intensities measured on the fop'half of the films‘were multiplied By
the factor obtained from the necessary curve; intensities on the bottom
half were multiplied by the value'obtained by suptracting this factor
from 2.0. The values of E were measured using the chart of Figure 1hk

W,

in reference:9.
In later stages of refinement the levels were scaled together by
running a structure factor caleculation for each level, obtaining a scale

constant for each level, and rescaling each ievel from these individual

scale factors.

Space Group
From thé zero .level Weissenberg film the angle between the recipro-
cal lattice axes was measured to-be-different from 90°. In addition, both

axes trailed off ana became festoons on upﬁer level picturés. Thus the

_ecrystal belongs to the triclinic system. There are only “two. space groups
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Cin the-triclinic.system;,one centric: (P1) and.one nqnéentric:(Pl). In the
early stages of the ;fruétﬁre-determination it was’assumed_thatﬂthe crystal
Fwas:centric, .This‘greatly facilitéted calculatidns. iHOWevef‘in the final
stages. of refinement- it was put.in.sﬁaqe group Pl. . Refinement proceeded
.faster and.further-thénfanlthe.ceﬁfric:spaée.grouf. Thus it was concluded
_that the-space éreup‘isfPl;'.-'. |
Ngne of the staﬁisfiqél‘methdds:was.applied to:distingﬁiéh_between
. the two space_gfpups.gince.haif.Qf'the.titanium.andqoxygen‘atomsvwere very
nearly‘relétéd;ﬁo-the-othef'half“by a center of symmetry. This pseudo-
cenfric:character:oﬂ ﬁhésgiheavierfétomSjwould.prébably-comple#ely dominate

.the statigtics giving-ambiguousﬁrésults}

. Cell Dimensions and Eh@ice'efwaes
_ After obtaining”the-éelludimensions it turned. out- that . the crystal

was mounted. en.the. b éxis.’:ThUS.from-méasurements on an-osoillétion-fihn-
. ’ - . 1

A (12 - y2)2

| . . | ° s

(see Appendix-A). The value of b .thus.ebtained is 12.13 A. Table .

+the value for‘b-isidetermined”direetly,using\the formula b=

- XVI shows the meaéﬁrémentéiénd.results.

From- a zere.ievéanéigsenberg'picturé one: reciprocal lattice angle
-and_two.interplanar‘spacingé cén-be'determ;nedf The two cell.edges, a ard
. Cy cannet.ﬁe determinéd_ﬁntil the‘remaining-angles;hawe.beenvfound, The
results. of measurements:madé-dngthe zero;level“Wéissehberg:filmmare d100 =

o .9 o “ Co
11.51 A,.4d54, = 16.2k4 A,-and’ﬁ * = 80,0.. The measurements- and results

Ol
from;fhis film,ére given in Tgble XVII. Bragg's law. was -used to:calculate

-the interplanar spacing.
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Table XVI

‘Determination of Cell Edge b from Rotation Film

Ti(OCHs)(002H5)3

effective camera diameter used = 56.62mm

, ' 2 2,4
calculation from formula b = B2 (r‘ + In )?

In
Layer Line (n) In b
2 T.45 mm 12.12 A
3 ' 11.65‘ ’ 12.15
b o 16.75 12.11
5 - - 23.30 - 12:13

o
average: b = 12.13 A

Ly A & L)
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Table XViI

Determination of Interplanar Spacings from Weissenberg Film

effective camera diameter used:

56.62

X = 1.0120X

56.

62 mm

X = distance in mm from center line to spot

calculation fr

om Bragg's law

A= 1.542 2
‘Calpulation of leO l
Reflection Used X g ' 5399
020 7. 60mm ToUL. 4t 1L522-
030 11.425 1;°33,7'- 11.5%
oko 15.40 15935' 11.48
avergge: leO = 11.51 K
Calculation of dngy
Reflection Used X e d100
002 5 « 4Omm 5°27.8" 16.20 &
00k 10.80 .|1o°55.7' 16.26
006 16.30 i6°29,6' 16.28
- avefagé: a | = 16,2k A

00l
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For sake 'of completeness the general arrangement of the precession and
Weissenberg-photographs are given along with the axial diregtioﬁs in
Pigure 32.

The convention in choosing axes and angles for a triclinic cell
is to selecp them in such a manner as to have the angles all obtuse .or
all acute. With this cbnvéntion as a restriction, there are two types
of triclinic cells: (1) those with all interaxial angles obtuse and
(2) those with all interaxial angles acute, if one is to maintain a
right;handed coordinate system (7). There are also’two types in a left-
‘handed coordinete system;

If one is to choose a right-handed coordinate system with either
all anéles acute or all obtuse, one is limited to labeling the recipro-
cal axes and angles as shown in Figures 3é and 33 to be consistent
with the settings for the Weissenberg gnd precession pictures.

The crystal is rotating about the b axis, the positive direction
being away from the rotation dial. Thus upper level Weissenberg pictures
will have positive values for the k index.

~ The reciprocal angléé were measufed from the precession pictures
.giving o =,100012' and ¥ = 103°26°., All the cell aimensions can be

calculated using the following relations (10):

cos® = cos B ¥cos ¥y ¥ - cos o ¥
sin B ¥sin y *

cos B = cos O ¥*cos y ¥ - cos B *
sin ¢ ¥*sin y *

cos ¥ -=.” cos & ¥cos B ¥ - cos y ¥

8in @ *sin B *
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a* and y¥* are reqpifed to calculate the rest of the qell dimensions.
These angles are most easily méasured fromyprecession pictures. A derivation
is gi&en, however, of a method by'which thése two reciprocal lattice angles |
can be determined from measurements on upper-level Weissenberg films. This
method is derived in Appendix B.

Care must be taken to mount the crystal on the goniometer head in s
-specific position in order to obtain precession pictures of the désired
reciprocal lattice nets. BSince none of the interaxial angles is 90°, when
the crystal is transferred from the Weissenberg to the precession camera
and the azimuth set so that one of the reciprocal lattice axes is vertical,
fhe desired reciprocal lattice plane is not parallel to the film. In other
words, the horizontal axis will not record on the film. The crystal must
thus be rotated about the vertical reciprocal lattice axis to bring the
plane into the desired position. Unless the crystal is mounted in a speé-
ial manner, this rotation involves both axis of the goniometer hgad and |
the process becomes very complicated.

After a zéro level Wéissenberg picture was taken to determine the
. setting of the crystal on the goniometer. head, the crystal mounting was
readjusted so that the reciprocal lattice axes appearing on the Weissen-
berg film were approximately parallel to the axes of the goniometer head.
Then to take a precession ﬁicture only one arc néeded to be moved. By
mounting the erystal in such a manner it was quite simple to obtain pre-
cession pictures of bot? the a¥b¥* and the b¥c¥* nets.

In choosing the axes of & triclinic crystal great care must be

taken in correlating the precession pictures with the Weissenberg films.
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a = ) A
a¥*sinp sin y ¥ a¥ = __ 2
‘ d100
(o4 = A
c*¥sin® sgin B * c* - )
d
b* ‘= by 001

bsin @ ¥*siny

From the values thus obtained the number ' of molecﬁies per unit cell was
calculated to be 8.05. A summary of.the cell dimensions of this compound
is given in Table XVIII. 'The calculated density is 1,236g/cc° Since such
excellent agreement was obtained between the mg&sured and calculated

dendities, no analysis was made of the compound.

Indexing Weissenberg Photographs of Triclinic Crystals

It was shown in Part II that t@e indexing of Weissenberg pictures
for monoclinic crystals mounted on the a or c axis required more caution
thah for crystals of higher symmetry since the b* axial line is no longer
stréight,on upper-level pictures. Moreover, ogchsionally a festoon on the
lower half of thé film shows up on the upper half of the film at a higher
Jevel. ’ |

For indexing a triclinic crystal the situation is still more
complicated. Both axial lines on the zero level Weissenberg filﬁs be-
come curved on upper levels. TThé method used to determine the positions
of the festoons on upper-level Weissenberg films will now be given.

Figure 33a shows a sterographic projection of the arraﬁgement of
the sphere of relfection and the reciprocal latticé axes for a triclinié

cell set for an upper-level equi-inclination Weissenberg picture. Figure
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(b) Circle of rotation and reciprocal axes.

Figure 33
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Table XVIII

Summary of Crystal Data

Ti(0CH3) (0CoHs) 5

' (o]

a = 12,14 A a™z 0.1340

b = 12,13 l b*= 0.1342

c=16.93 c*= 0.09495
o = 76?56! a¥= 100°12°'
B - Tre2! B*= 100° O'
y = "()4°15! . 7*w 103026'

density (measured) = 1.244 g/cc

density (calculated) = 1.236 g/cc
molecules per unit cell = 8

space group Pl
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33b sh6WS-thé_to§ view of the circle of reflection and the reciprocal
latticé a#éé,a¥'and c*.t The.érystal is rotating about tﬁe b axis.

As is,seeﬁ-ffom the figﬁre neithgr reciprocal axls passes through
_O', the @oint of roﬁétiop. Thus .on ﬁpper-levgl pictures. both of these
B axes will appeaf as curves;- For both-axes some festoon may pass from the
" lower to the upper‘half-of thg picture for some n-level picture.' To
determine when this occurs it is necessary to'calculate the values of
Sn ana Tﬁ and cdmpafe these With the values of tﬁe reciprocal lattice.

»

inte_m')la;n‘ar spacings, P and Q, reép, Sn and. -Tn are the respective. dis-
E ﬁanceé f‘rom the point. of rptétidn to the ¢¥* and é* axes; Dn is the radius
“of thé circle forme;i by.the point (0kO) as the crystal rotates, and B is
'th'e angle ‘_betwlee'n D, and c¥*, ‘

A. The niaénifudeféf ".DnA depends on the aistance from the po‘in‘b (000)
. to the ;éoin;b ,(Okb) _and on the size of the angle f, the angle between the
b axis and the b¥ éx_is -(Figure ‘3)4).

' From Figure 3k, lthe'féll‘owing relations are obtained:

Dn

Kb*.sin p, _ (1)

E D,cosd = kb* sinfcoss,

but also, B = kb* cos (180° - g*).
Therefore cos(180° - a*) = sinf cos & . (2)

Similarly for F, one finds

.F Dnco's-( .[3.?“' -S).z kb*__sinfcos ('B*--a), )

and - F. '}«:"b*‘cqs ,_(4180_."”- 7*).

Therefore i 'sinf cos(B*-8) = cos (180° - v ¥) .. . (3)
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Reciprocal Axes Arrangement

Figure 34
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Dividing equation (3) by equation (2), one obtains

cos ( B* - B8) = cos(180° ~‘7f)
cos & cos(180° - a*) .

With a little manipulation this equation becomes

tan ® = cos(180° - y¥) .
cos(180° - oF)  °°° B* /sin P (8)

Rearranging equation (2) gives

sin = cos(180° - %) - (5)
cos B

From equations (4) and (5) the values of § and f-are found, and then
D, is found from (1).

Now from Figure 33b it is seen that T, = Dnsin( B¥* = 5) and
Sn = Dnsin‘S° Thus the values of T, and Sn are determined. From the
same figure the values of P and @ are seen to be‘Q = c*sin Bp¥* and
P = a*sin(180° - B*). |

To determine when a particular festoon will have changed from
one half of the film to the other it is only necessary to compare P and

Q with 8, and T,.

Using the reciprocal cell dimensions for Ti(OCHE)(OCEH5)3 it is

found that & = 56°27.5' and f = 18°41.5'. Also, Q = 0.0934 and P = 0,132,

. These values are to be compared with those of S, and T, given in the

following tabulation.

(e*) (a*)

Q = 0.093%4 - P = 0,132
D; = 0.0430 T) = 0.0296 Sy = 0.0358
Do.= .086 - To = .0592 So = L0716
D3 = .129 T3 = 0888 83 = .1075
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Dy = 172 Ty = 1185 8), = .1433
D5 = .215 Ts = 1481 S5 = .1791
Dg = .258 ' Tg = L1778 Sg = .215
Dy = .301 Ty = L2074 S, = .251

From this table it is seen that a* festoons will change from the lower half
of the film to the upper half on levels 4 and T, and c¢¥ festoons also on
levels 4 and 7. This indeed was observed. Figure 35 shows how the fes=-

toons on the 3rd level differ from those on the kth.

Determination of the Structure

An IBM 1620 Digital Cdmputer.was used for most of the calculations
in structure determination. |

Reduction of the raw intensity data was corrected for Lofentz and
polarization effects using & program of Chi Tang Li. At the same time

a Wilson plot (35)

was obtained_giving an approximate over-all temperature
factor of 4.73 and an approximate absolute scale factor of 0.112 for
putting the structure factor on an absolute basis. Dividing the structure
factors obtained from the data reduction program by this scale faetér puts
thém on an approximafe absolute scale.

Three- dimensional Patterson and sharpened Patterson maps were
calculafed. Before trying to interpret the maps, peak heights due to
single interatomic vectors were calculated. The 6¥igin peék is proportion-
al to ¥ z? = 8080. Theé Patterson function was scaled so that the height
of the grigin peak was 999: The peak height due to the vector hetween atoms

i and J is then %2%“ Zizg’ where z; and Zj are the atomic numbers of the
030
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Level 4
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Comparison of 3d and 4th Level Weissenberg Films

Figure 35
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atoms., This gives the following peak heights for the type peaks indicated.

Type Peak Peak Height
Ti - Ti 60
Ti - 0 | 22
Ti . c 16
0-0 : 8

Any peak due tb an oxygen-oxygen vector or any peak due to the interaction
of smaller atoms would be lost in the background. Even a Ti - O peak
would not be seen if it were in the neighborhood of a large peak formed
from super-position of individual peaks. Twenty peaks had a height of
over 100, and many more were greater than T75. Thus there is much over-
lapping of peaks on the maps, and it is doubtful that a peak representing
a single vector could be found. |

Ibers 27) reported the approximate structure for titanium tetré-
efhylate determined by X-ray methods. He reported a tetramér with the
titanium atoms lying in a plane and forming a diamond-shaped pattern.

The first thing I quked for on the Patterson map was a diamond. These
peaks were found in the ab plane almost immediately as they were quite
large.

Also exactly half way down the c¢ gxis 6n the Patterson map was a
peak one-half as high as the oxigin ﬁeék. This immediately suggegﬁed the
other tetramer unit to be one—hélfla ﬁnit cell length along the c:axis,
parallel to the first tetramer unit, with corresponding titanium atoms in
the two units having the same x and y coordinates, or nearly so. Tﬂe

vectofs'on the Patterson map indicated & center of'symmetry in the tetfamer
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unit with respect to the titanium atoms, and also a center of symmetry
between-the two units of titaniums.

Eight titanium atoms were éiven coordinates such that each tetramer
unit had a center of symmetry and so that there was a center between thé
units. From these coordinates positions of other possible peaks on the
Patterson map were calculated. This gave rise to six additional peaks
which were found on the map, giving supéort to tﬁis arrangement of atoms.
The heights of the peaks were approximately proportional to the humber
of superposing Ti ~ Ti peaks. Howeve; there was some lack of agreement
with the predicted heights probably due to superposed Ti - O o;vO‘-’b
vector peaks. These predicted peaks and their‘obsérved héightsfare
listed in Table XIX.

The eight titanium atoms were given the coofdihatés as tabulated
below and a structure factor calculation was made to determine the dis-

crepancy index at this point.

Number of titaniums X y %
T 0,700  0.360 0,250
2 .300  .700  .250
3 5875 5875 .250
4 4125 L4125 250

.TO0 .300 .750°
.300 °7bo 750

5875 5875 .7T50

o N O o\

L4125 Lb125  L750
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Table XIX

Patterson Peaks Used for Locating Titaniums

Peak Height X pA z Multiplicity of Peak
498 .000  .000  .000 o
,hu2- .105 . 720 .005 L
197 .180 175 .985 2
390 ‘0287 890 »995 L

Additional Patterson Peaks Predicted from Titanium Locations

Peak Height = x ¥ z  Multiplicity of Peak
223 105 .720 .505 h .
65 .180 .180 490 2
220 | ,283 897 495 4
390 287 .890 . 995 L

7 . .390 .605 - 995 2
130 .390 .610 495 2
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An,overall temperature fagtor of 4.73 was used. The discrepancy index was
58.52%. The discrepancy index (reliability factor of R factor) as used
throughout is a measure of the agreement between oﬁserved and calculated
structure factors and is defined as R - Zisk[Fol - IFc)} /;[ JFJ . In
this expression F, and F, are the observed. and calculated sﬁructure factors,
resp., and k is the scale constant to scale the F,'s and F.'s to the same
scale.

It was observed that when any of éhe titanium a%éms’ﬁere removed,
the R factor decreased. This caused some confusion, but then it was
realized that this was due to the effegt §n reflections forﬂwﬁic$,£ is

odd. The structure factor is calculated from the express10n ;

Fhkz _ Z lf e-n 1(hx + Ky, + oz )

I,q::
- nzlf [ cos2y (hxn + ky + Lz,)+ i s1n2n(hxn+kyn+£z s
where the.sum is over-tﬁe N atoms. Sincé-the titanium:étomé Wefe aésigned
coordinates such that £here was a center of symmetry between the two tetra-
mer units, for each x,y,2z there was a -X;-y,~%Z. This made the sine terms
drop out of the éxpres:sion° Also, for every value of x,y,z there‘was an
equivalent position x,y,z + 1/2. This c;ﬁsed the cosine terms to cancel
out whenever £ w:é odd. This caused ZzgkﬁFél - ]ch to be unusually large,
since F, = 0 whenever £ is odd. Accordingly, if the.titanium atoms were
near the correct positions, only the oxygens, carbons, and hydrogens would
contribute to the gtructure factors when £ is odd. ’Since the titanium atoms

are the strongest x-ray scatterers in the crystal, the F,'s would be rather

weak for all odd values,of £ . On checking the Fo,'s this was indeed the case.
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Next an electron density map was run using only the reflections for
which Fé and F, were both large. This wmap showed peaks at the postulated
titanium positions; and also showed 24 other large peaks on the map cover-
ing half the unit cell. If one entire tetramer unit be considered, this
put 48 peaks around the four titanium atoms, all of which gave bond dis-
tances to the titaniums fog short to be titaniumwcérbon distances. The
peaks thus were due to oxygens. Since only reflections were used for
which F; and F, were both large, this involved only those for whick A2
. values were even. BEssentially this had £he effect of treating the four
titanium atomé in one tetramer unit as being eguivalent to those in the
other unit, so on each tetramer unit appeared its own oxygens plus all
the oxygens from the other unit. |

Considerable time was spent in trying to obtain structures which
were chemically likely, one sf.the restrictions imposed being the fact
that the coordination number of titanium is 6. After such consideration,
oqu one structure could be found, and this was essentially the seme as
that reported by Ibers for the titanium tetraethylate.

Assuming the s£ructure to be centrie, a new structure factor cal-
culation was made, the uneguivalent atoms being four titaniums end twelve
oxygens. The discrepancy index with these atoms was k2%, After placing
the oxygens on the tetramer units there no longer could be a center of
symmetry between the tetramers, if it is assumed that there is'a center
of symmetry for the tetramer unit itself. If there were centers in the
tetramers and also cne between them, one unit would be generated from
the cther by simpie "s:Jc*’erlnsl.a‘t:icm_s and this would have the effect of reducing

the length of the ¢ axis by half. Thus a center of symwmetry could not
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exist between the two molecules.

As mentioned, it was assumed that each tetramer had a center of
symmetry, at least with réspect_to the titanium and 6xygen atoms. This
assumption came from the appearance of the electroh density map and
from the tetraethylate structure reported by Ibers. With the planes
of the titanium atoms situated at z = 0.250 and 0.750, it was difficult
to code the structure factor programs with a ecenter of éymmetry within
each tetramer unit. Thus the z coordinates of all atoﬁs.were changed
so the titanium planes were in the ab plane at z = 0.000 and 0,500,

By including the twelve oxygens for‘the second electron density
map the ambiguity found on the first map ﬁas removed. The remaining
oxXygens were ;ogated from this map. A structure factor calculation was
determined with all the titanium and oxygen atoms inéluded, giving a
discrepancy index of 36%. Slight refiﬁement of these gave an R-factor
of 33%. The carbon positions could not be determined from the electron
density maps since the carbon peaks were hidden in the iafgér oxygeh
peaks. This lack of resolution is probably caused by insufficient aata,

A difference map was calculated using the most intense reflect=
ions. From this four carbons werellocated, Several‘minimum function
maps (8) were calculated using various numbers of vectors, from one to
five. When only titanium-titanium vectors were used the same ambiguity
was present as on the first electrén density maps; oxygens and carbons.
belonging to one tetramer unit appeared on both units on the map, but not

all the oxygens appeared on these maps. When oxygen»titgnium vectors were
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used, the ambiguity was removed.

From the minimum function maps nine additional possible carbon
positions were located. At this point in the structure determination
the atom positions were refined b& several cycles of least squares. The
program used was the one written by van der Helm (32) for the IBM 1620
with tape input, modified by G. Svetich for card input. An approximation
is obtained to the solution of the normal eguations by using a block-
diagonal matrix. A full matrix solution is hof possible on the 1620

computer. A discussion of the use and theory of the least squares re-

finement method can be found in references (6), (16), (17), (18) and (26).

Least squares cycles were begun with fourteen carbons ﬁlus 81l of
tﬁe oxygens and titaniums. Since I wés unfamiliar with the use of least
squares I did not use all of the observed reflections at first. The
reflections used were those included in the (hof), (hk0), (Ok.f) zones
plus selec%ed reflections  with large structure factors for (hkﬂ} indices.
This was done to decrease the time per least squares cycle. About 300
reflections were used.

Refinement by least squares began with the discrepancy index at
32.2%, for these selected reflections. During the first six cycles of
refinement four additional carbons; located from minimum function maps,
were added. At the end of six cycles the discrepancy index dropped to
21.7%. For the next cycle all observed reflections wére used. The
R-factor jumped to 32%. This indicated the ‘necessity of using all déta
when refining by thé least squares method, in order to be overdetermined

by as much as possible. The unknown parameters included the three
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coordinates of an atom and its isotropic temperature factor, i,gg four
parameters per atom. In this series of refinements the number of atoms
being refined was 38, or 152 parameters. Thus for 300 reflections it
was only over-determined by a factor of four for least équares refinement,
and many investigetors reguire at least a factor of six.

Carboﬁs which appeared to be in bad positions were removed, and
least squares refinement began again usiﬁg all oxygens and titaniums
plus six carbons. All observed reflections were used. Refinement began
at R » 36.5%. Six cycles reduced this velue to 26.28%. During this
period five reflections were removed as they appeared to be.suffering from
extinction, |

At.this point each level of fhe reflection deck was rescaled by
obtéining a scale factor for each le?el from & structure factor calcula-
tion. Reflections of each level were multiplied by the individual scale
factor.

A difference map was then calculated and fourteen carbon positiohs
were sélected,"“The’hext seven cycles éf refinement decressed the dis-
crepancy index from 28% to 23%. 'Refinemént apparently stopped at this
point.

Consideration of the possible‘structure of the erystal suggested
that even if the titaniums and.oxygens in the tetramer unit were éelated
by a centef of symmetry, there was no réason to believe the structure was
centric with respect ﬁo the carbons. In the first élace there are four
methyl groups per tetramer, and there is no reason to suspect that these

methyl groups are related by a center of'symmetry° In the second'place
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there is a possibility of partial rotation of the meth&l and ethyl carbons
about the axis of the titanium—qugen bond which might cause the carbdns
to be non;centric with respect to each other. 'Therefore it was decided
to continue refinement by putting the crystal into the ﬁon—centric space
group PL. If the crystal is actually centric, the atoms should refine to
centric positions.. _ '

Least squares refinement for space group Pl was carried out on 60
atoms -- 8 titaniums, 32 oxygens, and 20 carbons. This more than doubled
the time per cycle. At the start of this refinement R = 28.58%; at the
end of six cycles the R-factor hgd dropped fo EO,MS%. Then a difference
map was run using all data, observed and unobserved, and twenty-six more
éarbdns were located., The parameters of the ofher atoms were adjusted
somewhat; and refinement continued starting with R at 24.80%. Five cycles
reduced R to 15,41%, Bond distances and angles were calculated by a pro-
gram written by the author. Many bond distances looked chemically
unreasonable.

It was decidéd to take the data to the University of Washington
for a full mat¥ix'least squares cycle on the IBM TO9 computer. The program
used was that of Busing and Levyu(lg) "Three passes were made for one
cycle, 30 atoms being refined on each of the first fwo pasées and 26 on
the third pass. The reflection deck had been scaled again level-to-level
before going to Seattle.

At the beginning of the run the R factor was 15.1%. It dropped to
lh.T% on the first pass, lh,3% 6n‘the secénd pass, and was predicted to be

13.6% after the third pass. On the first cycle the temperature factor of
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one atom went non;éositive definite and another dropped to less than unity.
These two temperature factors were reset ﬁb 5.0 for the second pass. After
this one eycle of the fuli matrix least squ;res, the temperature factors of
some carboﬁs'were quite large ~-= one as higﬁ as 18.9. The weighting scheme
used with the 1620 program was that of.Hughes,(26) which was built into
the program. The program was not functioniﬁg when an external weighting
scheme was applied:. The weighting scheme‘used on the IBM 709 was one used
by Jensen of the University of Washington. This gives unit weight for
.reflections for which Fcf<thin’ and a weight of i;glg for reflections for
which Fy ) WF . . °

At this point bond' distances were calculated. Many still looked
improbablé.' Undoubtedly this is due to a lack of data. With 86 atoms
Being refined with isotropic temperature factors, the number of parameters
to be adjasted is 344, The number of observed reflections used was 46,
giving an'OVerdeterminaiion of 2,17. Evidently this is not enough even
for a full matrix.

Inteﬁsities were rechecked for those reflections which haﬁ poor
agreement between the observed aﬁd calculated structure factors. Two
intensities had been recorded incorrectly. These were corrected; and
minor adjustments were made on thirteen additional reflections, Three
more reflectiohs were coded extinct, while one which had been.coded ‘extinct
was removed from extinction,

Due to the lack of data the atomic coordinates obtained from least

squares refinement were likely rather poor. Probably more correct coord-

inates could be obtained frém an electron density map. Using the coordinates
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and temperature factors obtained from the full matrix least squares refine-
ment, and using the a.bcwe«-=m.enticmecl‘c:‘:cnc“rc-:zc':‘c.ions‘y structure factors were
calculated, giving an waéctor of 16.35%. For these calculations seven
carbons which seemed to be in very unlikely positions were removed. .Also
all temperature factors which were greater then 10 were set to 9,999, the
maximum allowable for our structure factor progfamso

This Fq deck was used to calculate an electron density mep. From .
this, atomic positions were recorded for all peaks-which were resolved
and which had a peak height over 100.. Ti%anium peak heights were approxi-
mately 900. Coordinates weré thus obtained for all the titanium and
oxygen atoms, plus eighteen carbon atoms. All remaining carbon peaks were
uhresolved or hgd a peak height less than 100,

Bond distances were calculated using pargmeters from the full

matrix least.squaées refinement and also usiné the parameters obtained
from th; electron densify map. These are compared with each other in
Table XX, Table XXI gives the atomic coordinates obtained from the two
methods. Figures 36 apd 37 show the genefal arrangeﬁent of the titanium
and oxygen atoms in a tetramer unit. Two numbers are by each atom refer-
ring to the atoms in the different tetramer units.. Figures 38 and 39
show the structure with bond distances ineluded,

~Table XXII gives O = Ti = O bond angles using‘parameters obtained
from the least squares refinement.

Investigation of the crystal structure was stopped at this point.

It is apparent that more data is needed to locate the remaining carbon

atoms. Also additional data will very probably give more reliable bond
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Table XX

Bond Distances

Distance, from
Least Squares

Distance, from
Electron Density -

3.3967 &
3.
1.
2.
1.
1.

20

2

3.
.2862

2

.BJ
2,
1.
2.

2.2317

3713
789k
0011

3492

2959

Lh13

. 3540

2743

.8218
.0919
.5561
0247
- OUT3

.0302

4179
1455
5300
3033

3.373L &
3.3460
1.951k
.2,2353
1.9028
1.5613
2;2010
$2,1865
' 3.3186
"3.28L40 |
1.7k25.
2,1902
1.7816
2.0300
1f9607
2.0182
3.3765
1.9916
1.7347
2,2122

2.3082
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Table XX

(continued)
From .Atom To- Atom .Pistance, .from Distance, from

Least Squares = Electron Density

3 37 - 2.0387 . 2.0983
3 Lo 2,0625 . -2.0755
4 26 1.7460 .1.8609
i o8 1.8589 1.9345
L 3L 1.9940 ﬁ 2.0358 i
L 32 2.1993 2.0949
L 38 2.0502 2.1130
I 39 2.0925 - 2,0893
5 7 3.4630 3.33k7
5 88 3.4216 3.3279
5 g 1.8285 1.9600
5 11 1.9935 2.1984
5 13 1.7459 '1.8201
5 15 _ 1.7273 1.7289
5 117 . 2.2996 2.2830
5 19 ' 2.2167 . 2.0041
6 7 : 133323 | 3.3491
6 8 33471 3.3880
6 10 - 1.7399 . L.e1se
6 12 . 2.1665 2,2306
6 Th 1.8059 1.9073
6 16 ‘ 2.0046 1.9433
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Table XX
(continued)
- From Atom . To- Abon Digtance,, from  Distance, from
~Least Squares. Electron Density

6 18 ‘1,7074 .- 2.0796
6 - 20 . 2,0110 2,1109
7 8 3.5259 . 3.4168
T 1T 2,4307 2.2435
7 12 2,3821 2.2992
7 17 1,8685 1.87h2
7 20 2,2167 . 2,1299
7 o1 I.6452 1.9798
7 23 2.3319 1.9353
.8 11 . 2.2361 - 2.9825
8 12 2.0908 | . 2.,2188
8 18 2,1083 | 2,1034
8 19 , 2,180k . 1.9727
8 'uaé 1.hg72 1.7189
8 24 2,160k 1.9211

1T ‘ 7 1.0860

11 61 2.1883

12 L8 1.3619

12 62 1.6339
i5 57 . 2,1326 1.8587
16 ' . 58 1.943k 1.8618

17 63 . 2.9948.
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Table XX

(continued) _ 4
Distance, from  Distance, from
From Atom To Atom Least Squares Electron Density

7 85 1.2391 1.5955
18 64 . 2.6059 2.0868
18 86 , 0.9025 |
19 b3 1.7802 X.5482
19 | 53 ) 11.9760

- 20 bl i.639é 1.5517
20 5k 2.3130
21 s 2. 417k 2.0391
21 65 1,388
22 56 -1.8924
22 e 1.2432
23 59 1.6261 1.8581
o) .60 ‘ 1.6132 1.7587
25 g 67 | 1.6192
25 69 1.9516 1.9015
26 68 1.9500 |
26 70 | 2.6057
29 7 o 1.7370
29 79 1.72i6 1.6849
36 I78 1.9648
30 86 , .2,6675
31 45 ‘ 1.4410 1

3872
32 46 1.1466
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(zﬁinﬁd)
From . Atom To Atom -Digtance, from - Distance, fronf
) ‘,I{eaiSt Squaré.s: .E;ectron, D{e-nsitym

33 81 ' i.5u69' |
33 83 1.0785
34 8l 2. 9452

35 Lo | 1.7645 1.8659
35 73 1.9982
36 72 1.6898
36 Th 2,374
37 %9 LT 1.6806
37 75 2.5545 : : '2.372"9
38 . 50 - 1.5789 . 1.5331
B 6 2.0759
39 L L. 160k
39 . 51 2.0419 2.0293
ko - ke L7779

ko 52 3.4956 2.0898
L1 51 1.4625

b2 52 1.6314
43 53 1.6705
Ll ' sh 14éh33
Y7 _ . 61 -1.1317
48 | . 62 0.7111

hy | I g.182k 1.9310
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.50~
55

.56
- 63
64
67
68
71
.2
7
78,
81
83

76
65
66
85
86
69
70
.73
h
79
. 80
82
8l
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.Table. XX
(continued)

Distance, from
.Least ‘qu:ua;r“es _

1.3169
- 1.3905
1.5983
1.8272
1.9362
-1.0692
1.8355
. 1,1696
2.3863
1.6995
1.8310
17416
2.5098

Distance; from
Electron Density




Atom Type
and Number

Ti
Ti
Ti
T4
T

i
T4

Ti

0

0

n

= W

O O N O W

12
13
1
15
16
17
18

106
Table XXI
Atom Paramefers‘
from Least Squares from Electron Density
b’ y Z B X .y Z

0.3013 0.6951 0.0162 6.830 0.3050: 0.7000 0,0050

- (.0021) (.0024) (.0019 (.875)

6946  .3085 -.0029 6,048 L6940 .3050  .0000
(.0022) (.0024) (,0018 (.886) B

16 4103 .0012  k.760 210 4130 .0030
(,0019) (.0023 (.0017  (.843) T ,
.5910 ~ .5878 .0002 6,668 .5900 ,5850 «,0010
(;0022) (.o02k4) (.0018) (.855)

23021  .7055 L4899 L4.830 .3050 . .7030 4960
(.0020) (.0022) (.0016) . (.829) '
6925  .3055 .5066 7.969 .6940 .3050 ,5030
(.0022) (.0024) (.0018) (.89%) ’

4075 L4069  .5098  6.250 4090 L4170 .5050
(.0020) (.0024) (.0018) (.87k4) ‘
S5R5 L5937  JA930  6.372  .5880 .5950  LL49T70
(.0022) (.0025) (.0019) (.881)

J1949 - .6713 Al 9,870  .2020 6600 . 4hOO

_(30066) (.007L) (.0049) (2.42)

ST676 L3193 5788 9.705 .7T780 .3290 L5710
(.0070) (.0074) (.0052) (2.47)

4399  .5963  .L4385 5.000% ,4580 ,5840  .4390
(.0063) (.0070) (.0053) '
.5598  M37L 5641 5,977 .5520 4280 . ,5700

- {.0063) '(.0070) (.0052) (2.32)

1934 7641 5660 7.970  .1900 ,7800  .5670

-(.0065) (.0068) (.0048) (2.26)

JTTT3 +2535 .hiks  7.979 .7880 .2200 4200
(.0069) (.0074} (.0051) (2.32)

23608  .8091 k175 9.k20  ,3610 .8050- 4200
(.0059) (.0068) (.00L45) (2.10)} , . :
6557 1545  .5687 6.002 .6620 ,1600 5690

(.0063) (.0070) (.0048) (2.31)

.3096° .5220  .5669 9.550 .2950 .5200  .5650

(.0063) (.C069) (.004k7) (2.25) '
LO9WT LWl L4503 5.579  .T080 L4680 L4350

(.0062) (-@075) (.00k9) (2.09)

*0On the first pass of the full matrix least squares the temperature

factor of oxygen=11 dropped t0.1l.,260. This was put back to 5.00 for the

remainder of the cycle, Numbers in parentheses are standard deviationse
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Table XXI
(continued)
Atom Type - from Least Squares from Electron Density
and Number
x y Z B X y z
019 0. h3u2 0.6750 0, 5690 8.360 0.43%0 0.6580 0.5650
(.006k4) (.0072) (.0050) (2.89) .
0 20 5679 2992 . 4480  T7.284 5570  .3080  Lhikhho
(,0065) (. 007#) ( 0056) (2.38) . -
021 23949 ,2830 5712 7.330 L3900 L.2720 .5830
(.0057) (.0069) (,0045) (2.15) '
0 22 6403  .6859 U307 5.139 6420  .6970 L4210
' (.006%) (. oo72) (.0049) (2.13) '
0 23 « 3171 4239  ,3983 8.580 .3150 L4000 L4320
(.0063) ( 0068) (.0045) (2.1k)
0 24 6949 5953 ,5818 8.749 6820 6000 .5370
: (.0066) (.0068) (.0049) (2.41)
0 25 2662  .3827 .0930 8.830 .2700 .3830 0830
: (.0063) (.0065) (.0046) (2.28) -
0 26 6984 6221 -.0827 5.469 .7100 .6280 =,0820
(.0062) (.0066) (.0046) (2.08)
0 27 4036 3341 =.0560 6,830 4120 .3250 =.0650 .
(.0059) (.0067) (.0045) (2.19) :
0 28 6010 6606 0830 T.872 .6000 6700 .0800
(.0063) (.0070) (.0048) (2.28) ,
"0 29 842 6265 0656 6.240 .1700 L6400 L0650
(.0056) (.0063) (.0042) (2.0k4)
03 - 8178 3458 =,0784 11.366 .8160 .3350 -,0700
‘ (,0066) (.0070) (.0050) (2.k4k)
0 31 U321 5651 L0517  4.270 L4350 .5500  .0600
(.0060) (.0066) (.0051) (2.26)-
0 32 5849 4511 -.0636 2,881  .5850 L4580 ~.0650
(.0065) (.0066) (.0057) (2.35)
0 33 L2774 .759% -,0568 8,920 .2180 ,8080 =.0720
(.006k4) (.0073) (.0054) (2.33)
. 0 34 .7315  .2033  .0655 8,116 .T600 .1850 L0700
: (.0068) (.0075) (.0052) (2.30)
0 35 <3097  .T733 .O778 5.930 .3150 .T730 .0670
(.0065) (.0071) (.00Lk9) (2.29) .
0 36 6738 1809 =.053k . 7.796 .6770 . .1850 =,0600
(:0064) (.0070) (.0049) (2.42)
0 37 23287 5513 =.0709 4,730 .3290 .5650 =,0690
(.0060) (.0064) (.0046) (2.05) :
0 38 6733 4307 0602 5.844 ,6680 4250 .0670
‘ (.0062) (.0065) .(.0047) (2.00) -
-0 39 L4781 7036 -.0746 2,980 4750  .7050 =.0720
(.0056) (.006k4) (.0050) (2.01) - -
0 k4o : 5374  .2739 .0508. L4.609 .5350 ,2850 0600

(.0057) (.0062) (.0045) (1.93)
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Table XXI
(continued)
Aton Type from Least Squares from Electron Density
and Number ‘
b's y z B x y z
C k1 O.4kogk 0.7591 =.1391 7.9%0
-(.0097) (.0129) (.0088) (3.83)
C 42 , .5203  .2001 JAS5UT  7.bT5
(.0093) (.0113) (.0079) (3.95)
C 43 4592 7207 6549 4,730 450 7100 .6390
(.0086) (.o0104) (.0073) (3.07) '
C 44 .6121 . .2758 .3531 5,982 ,6000 .3800 ,3600
(.0104)- (.0109) (.0082) (3.63) :
C 45 L4243 5812 <1347  5.890 4150  .5400  ,1450
(.0101) (.0111) (.0091) (k.01} . - .
C 46 6232 460k «0,1325 2,392
(.0108) (.0109) (.0091) (3.93)
C 47 L4567 633k 23735 5.000%
(.0092) (.0097) -(.0081)
C 48 .5hl48 4383 6461  0.645
(.0081). (.0090) (.0067) (2.72) :
C k49 L2717 6132 =.1632 5.810 .2700 .6070 =.1550
(.0094) (.0103) (.0073) (3.59) _ )
C 50 6885 U525 152 2,967  JT100  LAh0O 1420
(.0094) (.0102) (.0074) (3.13) :
C 51 4972 8700 - 1177 .9.230 L4800 .8750 =.1100
(.0098) (.0125) (.0076) (3.75) - :
~C 52 .5006  .0841  .1317 8.91% .5080 .1270 .1320
: (.0098) -(.0120) (.0078) (3.65) -
C 53 o WJhTih 8231 5709 T7.880
(.0092) (.0110) (.0075) (3.h47)
.C 54 - .5419 1713 <3749 7.739
= (:0097) (.0109) -(.0075) (3.34) o
C 55 .3070 1345 - .6636 T7.510 .3200 .1400 ,6550
: (.0095) (.0102) (.0070) (3.46)
C 56 .T000  .7902 .3405 12,966
(,0105) (.0112) (.0078) (3.85) . :
C 57 2042 9779 .3520 T7.M20  .3000 .9540  .3670
(.0093) (.0100) (.0067) (3.3L),
c 58 .T08% -,004T  .6233 6.467 .T120 ,0030 .6120
(.0099) (.o114) (.007T7) (3.51) ' -
C 59 LUz 3542 .3655 5.700 2360 . 3600 .3650

(.0087) (.0097) (.0066) (3.02)
On the flrst pass of the full matrlx L.'S. the temperature factor of carbon-

o 47 went negative. This was put back to 5.00 for the remainder of the

cycle,




Atom Type
and Number

c

C

60
61
62
63
64
65
66
67
68
69
70
71
T2
73
Th
™
76
7
78
19
80
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Table XXI
(continued)

from Least Squares

X .

0.8130
(.0106)
b2
(.0097)
.5120
(.0107)
.1043
(.0098)
.8889
(.0110)
.3641
(.0118)
<6451
(.0123)
. 1452
(.0126)
.8115

(.0120)

172k
(.0104)
.8712
(.0113)
2755
(.0112)
o T135
(.0112)
.2525
(.0017)
.T815
(.0109)
. 1422
(.0098)
< T
(.0111)
. 1661
(.0116)
.8880
(.0127)
.0550
(.0106)
(.0112)

y Z B

0.6251 0.5904 9,270
(.0107) (.007k) (3.57)
6930 ,3122 9,312
(.0108) (.0070) (3,34)
©3951 .6616 12.985
(.0118) (.008L) (3.93)
4154 .6333 3,879
(.0106) (.0071) (3.46)
M967  .3732  L4.840
~(.0116) (.0079) (3.88)
JATTS5 .5866 14.859
(.0125) (.0087) (4.68)
.7850 .4360 16.220
(.0226) (.0091) (4.29)
3427 L1073  9.027
(.0129) (.0099) (k.64)
sTOh3 -=,0738  7.561
(.0126) (.0095) (k4.54)
2737  .1558  3.504
(.0107) (.0083) (3.71)
6958 -.,1825 7.809
(0108} (.0083) (4.16)
8483  .1613 -9.387
(.0130) (.0090) (4.25)
2193 =,1562 12,307
(.0126) (.0079) (4.21)
.9300 .1106 9,290
(,0133) (.0093) (k.16)
0152 =,1122 7,877
(.0112) (.0076) (3.60)
5156 =,0958 6,776
(.0103) (.0071L) (3.L46)
U505 L1175 12,544
(.011k) (.0078) (4.07)
5698  .1703 1k.017
(.012L4) {.0082) (k.27}
23695 =.1956 17.069
(.0128) (.0088) (&.20)
.669L  .1301 7.733
(.0112) (.0079) (3.49)
2798 =,1686 13.117
(.0122) (.0078) (3.77)

from Electron‘DeASity

X

y

0.8030 0,6460

.8670

01630

.2700

.1630

.OlT70

«5060

«2930

.8780

«5150

«6630

2

0.5830

23750

<1450

.1400

= 00900

+1350




Atom Type
and Number

Cc 81

c 82

c 83

c 8k

C 85

c 86
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Table XXI
{continued)

from Least Squares
b4 y Z B

0.1684% 0.8263 0-.0952
(.012k4) (.0134) (.0085)
L1763 .9701  -.1349
(.0132) (.0142) (.0095)
“LT702 2040 .1168
(.0121) (.0121) (.0086)
8933  .0009 1429
(.0119) (.0125) (.0083)}
.2238 L4889 . 610k
(.0123) (.0123) (.0087)
L7278 .L4873 4071
(.0110) (.0113) (.008k)

15.536
(4.46)
18,869
(%.79)
13,566
(4.55)

8.003
(4,11)
10,062
(4,19}

6,45k
(u.13)

from Electron Density

X y Z

.1990 .5000 6450




large atoms are titanium atoms small circles are oxygen atoms

Structure of Ti(OCH3)(OC2H5)3 Tetramer

Figure 36
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X = Titanium

O = Oxygen above plane
@ *= Oxygen below plane
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X = titanium atoms

(= oxygen atoms above plane

‘ = oxygen atoms below plane \ y,
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= titanium atoms

= oxygen atoms above plane Q
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Atoms
(0-29)=(Ti1)=(0~31)
(0-29)~(Ti-1)~(0-33)
(0-29)-(Ti-1)~(0-35)
(0-29)-(T1-1) - (0-37)
(0-29)-(T1-1) -(0-39)
(0-31)-(T1-1)~(0-33)
(0-31)-(T1-1)-(0-35)
(0-31)-(T1-1)-(0-37)
(0-31)-(T1-1)-(0-39)
(0-33)-(Ti-1)-(0-35)
(0-33)-(T1-1)-(0-37)
© (0-33)-(Ti-1)-(0-39)
(0-35)-(Ti-1)-(0-37)
(0-35)=-(Ti-1)-(0-39)
(0-37)-(11-1)(0-39)

(0-30)-(Ti-2)-(0-32)

(0-30)-(Ti-2)-(0-34)

(0-30)~(Ti-2)-(0-36)
(0-30)-(Ti-2)~(0-38)
(0-30)=(Ti-2)-(0-L40)

(0-32)~(T1-2)-(0-31)

-115
Table XX1II1

0=Ti<0 Bond Angles

Bond Angle

Atoms

7.95°
3.65°)
108.97°
( 4.819)
105,86°
(ho2k°)
79.13°
(3.26°)
152.58°
(3.53°)
134.81°
(4.18°)
93.61°
(4.10°)
4. 47°
é3413°)
8.21°
(3.15°)
112,07
(5.19°)
25.85°
4.35°)
71.48°
(4.36°)
167.74°
(3.99°)
98.75°
- (3.87°)
4. h2°
(2.81°)
88.86°
(3.68°)
112.88°
(4.53°)

(0-32)=(Ti=2)=(0=h0)

(0-34)-(Ti-2)-(0-36)
(0-3k4)-(Ti-2)-(0-38)
(0-34)-(Ti-2)-(0-40)
(0-36)- (i-2) - (0-38)
(0-36)-(Ti-2)-(0-L0)
(O=38)—(Ti-2);(0-h0)
(0-25)=(Ti-3)-(0-27)

(0-25)-('131-3')—(0-'31) _
(0-25) - (Ti-3)-(0-32)

(0-25)-(Ti-3)-(0-37)
(0-25)=(Ti-3)-(0-40)
(0-27) =(Ti-3)=(0-31)
(0-27)-(T1-3)~(0-32)
(0-27) - (T1-3)-(0-37)
(0-27)-(Ti-3)-(0-L0)
(0-31)=(Ti-3)-(0-32)

1(0-31)-(T1-3)-(0-37)
(0-31)-(Ti-3)-(0-L0)

(0-32)- (T4-3)-(6-37)

(0-32)=(T1-3)~(0-40) -




(0-32)-(Ti-2)-(0-36)
(0-32)-(Ti-2)-(0-38)
(0-26)-(Ti-h5-(0—31)
(0-26)-(Ti-k)-(0-32)
- (0-26)- (Ti-})- (0-38)
- (0-26)- (Ti-4)-(0-39)
(0-28)- (Ti-4)-(0-31)
(0-28)-(Ti-4)-(0-32)
(0-28)- (Ti-4)-(0-38)
(0-28)-(Ti-k)-(0-39)
- (0-31)- (Ti-k)-(0-32)
(0-31)- (T4-1)- (0-38)
. (0-31)-(Ti-4)-(0-39)
: (0-32)-(Ti0k)-(0-38)
(0-32)-(Ti-4)-(0-39)
(0-38)=(Ti-4)-(0-39)
(0--9)-(ri-5)-(0-11)
(0= 9)-(Ti~5)-(0-13)
(0 =9)-(Ti-5)-(0-15)
: (0-- 9)-(Ti-5)-(0-17)
(0--9)-(Ti-5)-(0-19)
+(0-11)- (Ti-5)-(0-13)
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Table. XXTIT
. (continued)
Bond. Angle " Atoms
- 99.28° - (0-37)-(Ti-3)- (0L0)
- (3.50°) ‘
. 76.26° (0-26)-(Ti-k4)-(0-28)
- (3.35°)
~15h,11° -(0-15)- (T1-5)-(0-17)
(3.92°) ‘
,85.98° (0-15)-(Ti-5)-(0-29)
{3.57°) :
. 102.80° " (0-17)-(Ti-5)-(0-19)
(3.68°)
83.49° (0-10)-(Ti-6)- (0-12)
13.60°) .
- 93.42° (0-10)-(Ti-6)-(0-1k4)
) (3-730)
160,59° (0-10)-(1i-6)-(0-16)
(3.7k°)
1 90.33° (0-10)-(Ti-6)-(0-18)
(3.61%)
.108.82° (0-10)-(Ti-6)-(0-20)
- {(3.66°)
.80.51° (0-12)-(Ti-6)-(0014)
(3.32°) ' '
. 93.86° (0-12)-(Ti-6)-(0-16)
(3.41°) o
73.95° (0-12)-(Ti-6)-(0-18)
(3.33°) )
. 71.86¢° - (0-12)-(Ti=69- (0-20)
(3.17°).
© 87,430 (0-14)-(Ti-6)-(0-16)
(3.21°) o -
. 157.56° (0-14)-(Ti-6)-(0-18)
- (3.44°) : -

- 96,23° (0-14)-(Ti-6)-(0-20)
(3.80°) . :
,91.23° (0-~16)-(Ti-6)-(0-18)

(4,01°) :
. 106,48° (0-16)- (Ti-6)-(0-20)
(4,08°)
83.90° . (0-18)-(Ti-6)-(0-20)
(3.54°) ‘
157.33° - (0-11)- (ri07)-(0-12)
(3.82°)
159.35° -(0-119-(21-70—(0717)

Bond. Angle

. 165.29°
(3.42°)
:105.97°
(3.99°)
153.51°
(3.78%)
- 93.47°




 Atoms
(0-11)-(Ti-5)-(0-15)
(0-11)- (T1-5)- (0-17)
(0-11)-(Ti-5)-(0-19)
| - (0-13)-(Ti-5)-(0-15)
(0-13)-(T1-5)- (0-17)
(0-13)-(Ti-5)-(0-19)
(0-12)- (T1-7)- (0-23)
- (0-17)-(Ti-7)-(0-20)
(0-17)-(Ti~-7)- (0-21)
(0-17)- (Ti-7)- (0-23)
(0-20)-(Ti-7)-(0-21)
(0-20)-(Ti-7)-(0-23)

(0-21)-(Ti-7)-(0-23)

(0-11)-(Ti-8)- (0-12)
(0-11)-(7i-8)-(0-18)
(0-11)-(Ti-8)-(0-19)

- (0-11)-(T7i-8)-(0-22)
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. Table XXITI
(continued)
_Bond. Angle - Atoms
. 82.86° (0911)-(Ti-7)-(0-20)
(3.82°) .
S T71.66° (0-11)-(Ti-7)-(0-21)
- (3.03°) '
;75.33° (0-11)-(Ti-7)- (0-23)
- (3.439)
113.4hoe . (0-12)-(Ti-7)-(0-17)
(k.15°)
90,11° . (0-12)-(Ti-7)-(0-20)
(3.61°)
-90.50° (0-12)-(Ti-7)-(0-21)
(3.71°)
150,06° (0-11)- (T1-8)- (0-2k4)
(3.20°)
160.51° . (0-12)-(Ti-8)-(0-18)
- (3.82°)
. 105.00° (0-12)-(Ti-8)-(0-19)
(k.17°)
103.32° (0-12)-(Ti-8)-(0-22)
(3.51°) ;
8hi06e (0=12)-(Ti-8)- (0-2k)
(3392°)
89.8Le° (0-18)-(Ti-8)-(0-19)
(3.25%) '
107.66° (0-18)-(Ti-8)-(0~-22)
(30820) . '
83.82° (0-18)-(Ti-8)- (0-2k)
(3.35°)
933,888 -(0-19)-(Ti-8)- (0-22)
(3.41°)
 71.43° (0-19)-(Ti-8)-(0-24)
(3.26°)
1 99,37° (0-22)-(7i-8)- (0-24)
- (k.19°) :

A1l numbers in parentheses are standard deviationse

Bond. Angle

1 97.53°
(3.23%)
169,84°
(3.91°)
&2, 0%
(2.98°)
85.93°
(3.48°)
. 75.74°
(3.24°)
96,94
(3.80°)
160, 70°
(3.41°)
6L,18°
(3.47°)
.84,93°
(3.46°)
165.65°
(k,148°)
87.50°
(3.40°)
147,38°
(3.65°)
101,54°
(4.34°)
97.80°
(3.46°)
109,37°
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distances. The essential features of the structure, however, have been

determined.

Review of Structure

The crystal data are shown in Table XVIII. There are eight mole-
cules of Ti(OCH3)(OCEH5)3 per unit cell, the molecules being grouped
together into fwo tetramer units. The titanium atoms of one tetramer aré
very nearly parallel to the ab plane of the crystal and fo?m a diamoﬁd-
shaped structure, the oxygens lying approximately in two planes ébove and
below the plane of the titaniums. The other tetramer is displaced one-
half a cell length along the ¢ axis and ié turned over with respect to the
first.

Each titanium atom has a coordination number of six, oiygens being
shared between titaniums. This gives rise fo three different types of
oxygen atoms in the tetramer with respect to bonding. Eight okxygen atoms
are bonded to only one titanium atom, four oxygens are bonded to £wo
titaniums, and two oxygens are bonded to three titanium atoms. In general,
the titanium-oxygen bond.distances are greater to those oxygens which are
shared with the greater number of titanium atoms. This is essentially the

(27)

structure reported for titanium tetraethylate by Ibers.
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DISCUSSION

The purpose of determining the dipole momeﬁ£s of the Qarious titanium
alkoxides at different tempe;atunes was to obtain some idea of the potential
energy barfier to réstridtion of rotation of the alkoxy gfoups, if rotation
was at all hindered. It was shown that with an increa;e in temperature the
dipole moments increased tqward the theoretical value calculated éssuming
complete freedom of rotatioﬁ, and from this it‘was concluded that rotation
is hindered and that the potential energy bdrrier is of the same order of
magnitude as the thermal energy, i.e., kT. X

Although some of these titanates Eave been shown to be trimers in
solution, the calculations for the dipole moments were matie assuming the
compounds to be monomers. By obtaining the molar polarizations by extrap-
olating the curves to infinite dilution, it ééemed reasonable to expec%
that values for monomers were being obtained.

As would be expected, for each temperature at which measuréments
were made; the dipoie moments determined for the ethyl, the n-propyl, and
-the n-butyl titanates are very nearly the same. . However, the dipole
moment for tert-butyl titanate is considerably higher than for the ofper
three esters ét the same temperature (at 25°C, 1.86.D. for the tert-
butylate and 1.5k D. for the ethylate). One would expect less freedom
of rotation of phe alkoxy groups in the tert-butyl compound than in the
other titanates, due to greatervsteric?hindrance. However, reétriction
of rotatioﬁ would tend to cause thé tert—bu?ylate to have a lower dipole

moment than the others. A different explanation for this differeﬁce‘in

v
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values must then be found.

In a privéte communiéation to C. N. Caughlan, D. C. Bradley stated
that he and his co-workers have made very careful molecular wéight measure~
ﬁents of tetraethyl titanate cryscopically and have found its association
number to remain 3 in very dilufe solution. This then might indicate that
the dielectric measureménts obtaingd are for trimers, not monomers. A
second consideration of the dielectric.constants and the specific volumes
as a function of concentratién (Figures 3 through 22) suggests that for
a given température the association number of these compounds does not
change with concentration. If there were a decrease in molecular complex-
ity as the concentrations were decrgased, these curves might be expected
to be non-linear, especially at lower concentfations. The fact that these
curves are lineafrgives support to Bradley's findings that the molecular
association is not dependent on concentration, at least in dilute solutions.

Bradley also reported that tert~butyl titanate is‘monomeric in
solution.cS) Thus the differences between the dipole moment of tert-
butylate and those of the other alkyl titanates is probably due to the
fact that the tert-butylate is monomeric and the other esters studied are
trimeric in solution.

In Part I the interpretation of the increase of the dipole moments
with temperéture was that there was more rotation of the alkpxy groups at
the higher temperature, thé values approaching the theoretical value cal-
culated assuming complete freedom of rotation. Even if the titanate
mqlecules are trimers as is indicatéd, it is very likely that at least part

of the variation of dipole moment with temperature is due to a change in
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“the degree of restriction of rotation. This variation may also be due to

a decreése in the molecular complexity with an increase in temperature,
Molecular weights of alkyl titanates determined ebulliémetrically are lower
than those measured cryoscopically. Thﬁs part of the increase of dipole
moment with temperaﬁure nay be due to a decrease in association number.

X-ray investigation of Ti(OCHs)(OCQH5)3 was undertaken in an attempt

.to determine the general structure for the trimeric alkyl titanates.

However, the structure which was found shows that the titanates are
tetrameric in the solid state. The structure of the trimer in solution
is still unknown.

Molecular formulas which have been proposed for the hydrolysis
products of tetraethyl titanéte have been based in part ;n the assumptibn
that they are formed from the trimers. The preliminary x-ray investigation
of the hydrolysis product obtained indicate that:the proposed formu;a is |,
incorrect, as mentioned in Part‘II° Possibly this compduﬁd ié formed from
the hydrolysis'of.tetramer'units, |

The crystal study of the hydrolysis product was not carried very
far due to (1) the calculation of 9.5 moleculeé per unit cell, (2) the
high degree of complexity of the crystal--over 60 titanium atoms per
unit cell, and (3) the lack of chemical hints toward structure elucidation.
In view of the structures of simpler alkyl titanates, '1‘-i(OCH3)(002H5)3 in
this dissertation and Ti(OCéHS)h by Ibers,(ET)a fresh look at the Pattersoﬁ

map of the hydrolysis product may yield some clues as to its structure.
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SUMMARY

Reseérch reported in this dissertaion has prévided the following
information.

(1) Dipole moments of ethyl, n-propyl, and n-butyl titanates have
been measured at 0°, 25°; and 50°C and of tert-butyl titanate at 25°C,

(2) The increase in dipole moment ﬁith temperature for the alkyl
titanates may pe due to two factors: (a} a decrease in the degree of
restriction of rotation of the alkoxy groups, and (b} a decrease in molec-
ular complexity{

(3) The essential features of the crystal and molecular structure
of monomethyltriethyl titanate has been determined by xX-ray diffraction
technigques. |

(4) A preliminary x-ray investigatioﬁ of the crystal structure
of a hydrolysis product of tetraethyl titanate has indicated that the

proposed molecular formulas for the hydrolysis products are in error.
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APPENDIX A

Derivation of Formula. Calculation of Axial Length from a Rotation Picture.

Consider & sphere of reflection chosen to be of such a size that its
diameter is equal to the camefa diameter.- The reciprocal lattice is propor-
tionately as large. Refer to Figure 40.

Circles A and B represent the circles of reflection for the zero
level and the n-level feciprocal lattice planes, resp. Let r be the
radius of circle A (and of the circle of reflection) and r-x be the radius
of circle B. Q is the distance from the center, ﬁ, of the sphere to the
point N which is any point on the n-layer line recorded on the film. The
distance from the Zero-layer line on the film to the n-layer line is
designated y,. O is the projection of the point N onto the plane of
circle A.

From the figure it is séen that

1
X = z-r ‘and 2 = &2+3ﬁ)5,
rex r

These two equations are solved simultaneously to give the relation

r-X = __._2..___5;1 o
(r® + yn')2 , (1}
Also it is seen that
@ = r2 - (r-x)°, . (2)

Solving (1) and (2) simultaneously, one obtains

Q = r¥n
(y2 +r
n

2)%

Q is the distance between the two reciprocal lattice planes with
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the radius of the sphere of reflection equal to that of the camera, which
has a radius r. The "normalized" sphere of veflection has a radius .of
unity, in absolute units. To convert to a "normalized" sphere one must
divide by the camera radius. Q/r is then tﬁe distance between the zero
level and the n-level reciprocal planeé in the normalized casé° Dividing
this distance by n gives the distance between adjacent reciprocal planes:
_Q = d%, where d* ié in absolute units.v Substituting the expression

rn
found for Q, one obtains

P - b
d¥ = Q = Jn 5 L'/rn
rn (y2 + r°)2
- yn .
2 2y&
n(rc + yn)a

Depending on the axis about which the crystal is rotating, d¥ is

d*1 50 d%OlO’ or d*doi° The relations between the unit cell edgesyand

the d%'s are .

a = 2 Yy b = A ; and ¢ = A .
* * . %
4* 00 *o10 001

Therefore the unit cell edge is found by the eguation

2, 2v3
cell edge = A = m(r® + y°)2
a* Yn

where A= the wave length of x-rays,

n layer line to which measured

yp = distance on film from zero layer line to n-layer line,

and r camera radiusa. This equation holds for all crystal systeus.,

Now it will be shown that this expression is equivalent to the one

given on page 386, X-Ray Crystallography, by Buerger. Buerger's equation

is o)
cell edge = == tan~1{y /)
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Assume the two expressions are equal:

Rearranging, one obtains sin tan™*(y,/r) s

tan-l(yn/r) - sin~T In
(r® + yp)2

. 1
n - o\ (r+ 2)2
" g By go = -
sin tan (ynfr) Yy
Y
2 s so that

5 B\E
(re + yo)2

From the figure it is seen that
@ = sin™t y; -
| (x? + y°) 2
and also that
-1 Y .
@ = tan (yn/r). e ‘ *
Thus sin~t In. . - tan-l(yn/f);
2 2.3
(r" + y0)°
n .

Therefore thé two equations are equivalent.
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APPENDIX B
Derivation of 'a method for the Determination of Interaxial

‘ Angles from Weissenberg Photographs

In obtaining values for the unit cell-.angles of a triclinic érystal
the precession method is very convenient. One reciprocal lattiqe angle
is measured from a zero level Welssenberg photograph, while the other
two angles are easily measured from photographs from appropriate crystal
orientations on the precession camera. |

If a precession camera is not available, those two angles can be

(11)

obtained from uﬁper levgl Weissenberg films. Buerger describes?a
method of angular lag by which this can be accomplished.. Here is pre-
sented a derivation of a different method, also a metﬁod of angular lag,
b& which these angles can be evalugted. First, the dérivation.will be
cérriéd out for the-mdngclinic case; the derivation then wili be exteﬁded
to ﬁhé more general énd much more complicafed case of a triclinic crystal.

Determination of the angle B .for a monocliniec crystal from. the equi-
inclination Weissenberg photograph by the method of angular lag.

" If the crystal is mounted on the b axis, the angle B can be
measured directly from a zero level photoéraph, If, however, the crystal
is iounted on the a or ¢ axis, upper level Weissenberg films can be used
for this determination.

Consider the sphere of reflection and the orientation‘of fhe
reciprocal lattice for a A -level picture (Figuré L1). Assume rotation

about the ¢ axis. The top figure is approximately a front-view, the
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bottom a top view. For -a discussion of the reci;brocal lattice see
reference 9.

Rotate the crystal (reciprocal lattice) until the point 0k£ makes
contact with the sphere of reflection (lst setting). We wish to i;ind a
relation between B* and @, .the angle through which the crystal must
further be turned until the point OK£ wmakes contact with the sphere

‘of reflection (2nd setting). Since d‘éo is the perpendicular distance

2

between the zero level and the 4 -level reciprocal lattice planes, then

., * -
a% , = £ .
c
: - ax_ ¢ ' ,
From Figure 4l it is seen that tan B¥ = ood = 4 .
b " “&D
Therefore D = A .
c tan B¥
Hence tan w = _kb* = kb*ctari'[?,* .
2 D . £ '

Rearranging, we obtain the expression

CtanpB¥* = &) . tan w .

kb¥*c 2
But for a monoclinic crystal A =z Db, " '
b

Therefore the usable e'xpression ‘for B* is
B* = tan-l(% tan ._"é)— ).
The cell constant ¢ is détermined from a rotation picture, b* from a iero
level Weissenberg picture, and the angle @ from the upper level Weissen-
berg picture. For a monoclinic crystal, of course, 8 = 180° - B*,
B* as determiﬁéd from this formula was compared with that measured

directly from a prepession picture. The data used for this comparison is
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that for the hydrolysis product of Ti(OCgH5)4.

b . 22.h 2 c=23,32 ‘

,z=.6 k =k | /2 = 53.1° @'*75%%‘:’1
L =5 k=6 w2 - 67.3° 62°26°
L =1 | k =k w/2 . 63.5° 62°35"

These values of B* agree very well with 62°16' as measured from a zero

level precession picture.

Determination of interaxial angles for a triclinic crystal from an equi-
inclination Weissenberg photograph by the method of angular lag.

Now the derivation will be extended to the triclinic case. By
measuring the distance between appropriate spots on the same layer line,
on both axes, the other two angles can be determined. The equations
which are derived,; however, are very cumbersome.

Again consider the reciprocal lattice setting with reépect to the
sphere of reflection fof an upper level equi-inclination Weisgsenberg
photograph (Figure 42). In the triclinic case, in general, neither
reciprocal latticé axis passes througﬁ the axis of rotation. Thus both
axes appear as festoons on these upper level pictures. Figﬁres 42a and
b represent, respectively, the front and top views of the reciprocal
lattice and sphere of reflection; Figure 43 represents a sﬁereographic
view of the reciprocal 1attice axes with respect to the axis of rotation.
Again'assume-rotation is about the ¢ axis. Figures lbla and b are
_enlarged views of Figure 42b, .with the sphere of reflection removed,

From Figure 42a it is seen that

R, = (1 - (ax /2))? :
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Picture when Crystal is Mounted on ¢ Axis, for a Triclinic
Crystal

Figure 42
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Relationship Between Reciprocal Lattice Axes and c¢ Axis,
for a Triclinic Crystal

Figure 43
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where Rn is the radius of ;he circle of reflectiop for the n-level;
Letting D be the radius of the precession-circle (the radius of the
circle formed by the spot 004 when the crystal is rotated), and letting
T and S be the distancés from the a¥ and b* axes to the center of this
circle, resp., Figure 42 shows the following relstions:

L * '
D do tan §

oL
and S =D sin ( y* =5)

where § is the angle between the c exis and the c¥* axis, and & is the

angle between the a* axis and the projection of c¢* onto the a¥*b* plane

(or the angle between a* and D).

As'in.the ﬁonoclinic case we must determine the angle through
which the crysta; must be rotated to bring the point OE£ into reflect-~
ing position after the point OkZ was in position. In addition we must
determine the angle through qhicﬁ the crystal must be rotated to bring
the point hO£4 into reflecting position éfter the point Eoﬁ was in
~p6sition, Denote the first of these angles by &y, thg second by cdeo

Now an expression for Ldl will be derived. The meaning of the
symbols used is apparent from a glaﬁce at Figure 44a, which shows set-
tings 1 and 2 for the b¥ axial lines. In setting 1 the reciproéal
lattice point OEB is in reflecting position; in setting 2, point Ok £
position. From Figure Lha the following relations are obtained:

2 2
S + [kb* + D cos ( 7% =3)]

Vl=
2 o 2
m = 8 + [kb¥ - D cos ( y* -8} 1",
Frqm the law of cosines 2 5
14 ™ - el

cos{( W, + =
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Therefore

o . 2 2 .2 ..
Wy = cosLf VIt m - hic ¥ ) - W,
2vlml .

The following equations also are obtained from Figure Lkha:

cos¢‘l = ‘vl£2
« R

n
g = cos™t V1
. 2Rn
m
cos(@) + ) = 1 .
2R,
Therefdre
Wi =cos~l B -g zcosTtH -cost V1
2Rn - 2R, 2R,
So 2 .2 2 -1
W = cos™Lf Vi +m - bkb* Y- cos’ 4 cosl N2
2vlm.l 2Rn ' . 2Rn

Substiﬁh’iting the values of vy and m , and simplifying as much as possible,

one obtains- .
‘ 2 2 2 2 2
1 - 8 -k b¥ <+ Dcos (y* -8)

@; = cos” .

' ' 0 / Pl L
[Sh + 282k2b*2 + {kgb%2 -D cos2 ( y* —6)}2 + 282D2c0s2(7*‘—5)]2

Co . S1 ! N ; ' 1
- dos 11s2 + {kb* - Dcos( y* -8}2] 5+ cost [g 24 {kb* + Dcos(y*-&)}?-]z
2Rn ” 2Rn

. 2.4
where Su.;: D sin( y* -8), R, = [1 -‘\(dgoéz)- 12, and D = d¥,, tan ¢ .

Now in a similar manner with reference to Figure hlb, an expression

will be derived for &,.

Uy = D cosd

vg =T 4+ (ha* + D cos B )2 .
| 2 e

2 T2+(ha* - D cosd )2,

B
0Ny
u
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b* 28 setting

*
First and Second Settings for b Axis

Figure Lla
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setting 1

First and Second Settings for a* Axis

Figure 44b
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From the law of cosines, 5
/) + mg - hhea*z
2v2m2

cos(wy ~ Wy) =

Therefore

The following equations are obtained from Figure bha:
cosfp = 2
Rn

@ =.cos™t V2
- 2R,

cos(fp + W5) = _Eg_ .

2R,
Therefore
-1 -1 m ' -l y
Wo = cos™ ™2 -f@, = cos 2 - cos ‘2 .
So, _
- 2 2 2_42 - _
Wy - cos Lf vo +mz - hn%ax + cos™t M2 - cos™t Y2 .,
2vomy 2Ry 2Rn
Substifuting the valﬁes for v, and Mo, and simp;ifying, one obtains
. . . 2 ‘
&y = cos™t 'I‘2 - h"’:‘a'l*2 + Decos,s )
[T% + 2T2n7a%® + 2T°DPcos®s  + (h“a*e - D2cos p )2] &
- A L - 1
+ cos™t [72 + (ha#* = Dcosis)e]2 - cos-1 [T2 4+ {ha* + D cosd )2]2
2R, 2R,

The relations
* * 2 %
1:):;= dow tan p and Ry = [1 - (doog /2)<]
have already been given. From Figure 42b it is seen that also

T =D sin & .
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Since d*o* is obtained from the rotation picture and ¥ is

ol
determined from the zero level Weissenberg photograph, the only unknowns
are 5 and §. The two equations for ul and (-92 are solved simultaneously
to find & and §.

Once O and § are known (al.nd y*), a* and_:; B * can be found from
fhe following{re‘lati'ons, Refer agdin to Figure U43.

Bex - a0 . [cos ¢

E=Decos(y* -5}

;E/.ﬁc*t= Dcos{ y* -8 ) =d* tan§ cos ( y* -5)
o d 0og /cos @

cos ¥

cos ¢ tan P cos ( y* -5 ).
Thus, cos o* = sin £ cos ( y¥ -8). = - l

Also, ¥ = D cos 5,

Therefore cos p* = F/Bc* = 28085 = G8,p tanf cosd = oy pegs pcos 5.
. —e c* ! * .
da oo /cos ¢

4

Thus, cos B* = sin f cos &.
From the reciprocal lattice angles g¥*, B¥%, and y* the crystal

angles can be found using the relations (Ref.- 10)

cos g = Cos B ¥cos 7 ¥ - cos O ¥
sinB* sin 7*

cos B * cos (o ¥cos y ¥ - cos B ¥
: sin g ¥sin y * . .

cos @& *cos B * - cos.y ¥
. sing¥sin B *

and cos y

Also the cell edges then can be found.

8 = }\_ b= A
a¥sin g sin ¥ b¥sin y sin g *
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The difficulty in using this method for determining cell dimensions
is in solving the two simultaneous equations. This humble person is unable

to do so.
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APPENDIX C

Table of Structure Factors
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Table of Structure Factors

(continued)
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Table of Structure Factors

(continued)
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X
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Table of Structure Factors

(continued)
Fo |7l
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22.9
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Table of Structure Factors

(continued)
EN

28.5
34,2
49.3
7.9
86.8

L,

B
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21.
Ehﬂ

103.

on 0

b1,0
9.0
32.2
30.1
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27.
b7,
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-99.5
33.5
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Table of Structure Factors
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(continued)
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