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Abstract:

Part I A slightly yellow, viscous, polymer-like compound was prepared by reacting ethylene glycol
with titanium tetrachloride. A method of purification by precipitation of the compound from a solution
in ethyl alcohol with dry diethyl ether was tried.

An analysis of the product of the reaction indicates the presence of 21.98 percent titanium, 16.53
percent ohlorine, 5.34 percent hydrogen, 26.92 percent carbon and 29.23 percent oxygen. The
empirical formulae calculated from these data are TICIH12C504 based on one Ti atom, or C6H1505
based on 6 carbon atoms.

The molecular weight determined by the freezing point method is 30. This value is too low to be
correct.

The conductivity of a solution of the product of the reaction between ethylene glycol and titanium
tetrachloride was measured. A. concentration of four grams of solute in 1000 grams of ethylene glycol
exhibited a specific conductivity of 10.9 x 10”-5 reciprocal ohms. Bxe specific conductivity was found
to decrease linearly with increasing dilution. The values obtained for the solution of the compound
were compared with values for a solution of HCI and a solution of TiCI(OC2HS5)3 in glycol and found
to be more like TiCI(OC2HS5)3.

This compound is decomposed rapidly by heat and slowly with time, with a subsequent loss of
chlorine. A second compound which is similar in behavior was made by reacting
monochlorotriethoxytitanlum with ethylene glycol. Its properties were not tested since it was also
decomposed by heat end with time.

The apparatus used for analysis is described and an attempt made to explain the experimental results.
Part I1.

Tetracthoxytitanium has been prepared and purified. The behavior of the dielectric constant of the pure
liquid was studied at frequencies ranging from 30 to 100 megacycles, and at temperatures from -54°C
to 25°C.

The dielectric constant did not decrease with increasing frequency within the range of measurements,
and, therefore does not exhibit anomalous dispersion at those temperatures end frequencies.

Monochlorotriethoxytltenium was prepared end en attempt made to measure the dielectric constant at
1000 cycles end 25°C. It was found, however, that monochlorotriethoxytltenium conducts electricity
and the dielectric constant was not measurable with the equipment available.



The specific conductivity of pure monochlorotriethoxytltenium was measured at 25°C and found to be
1.34 x 10”-6 mhos.

A discussion of the difficulties involved in the use of a Q meter is presented.

The apparatus used for measurements is described.
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le  ABSTRACT

A slightly yellow, viscous, polymer-Ilke compound wee prepered by
reectlng ethylene glycol with tltenlum tetrechlorlde. A method of purifi-
cation by precipitation of the compound from e solution In ethyl alcohol
with dry diethyl ether was tried.

An analysis of the product of the reaction indicates the presence
21.98 percent titanium, 16.53 percent chlorine, 5,3k percent hydrogen,
26.92 percent crfbon and 29.23 percent oxygen. The empirical formulae
calculated from these data are TiCIHjgCgOif based on one Ti atom, or
CgHjgOANTIiCl based on 6 carbon atoms.

The molecular weight determined by the freezing point method is 30.
This value is too low to be correct.

The conductivity of a solution of the product of the reaction between
ethylene glycol and titanium tetrachloride was measured. A concentration
of four grams of solute in 1000 grams of ethylene glycol exhibited e
specific conductivity of 10.9 x 10~5 reciprocal ohms. The specific con-
ductivity was found to decrease linearly with increasing dilution. The
values obtained for the solution of the compound were compared with values
for a solution of HCI and a solution of TiCI(OCgHQg)® In glycol and found
to be more like TICI(OCgHQg)".

This compound is decomposed rapidly by heat and slowly with time,
with a subsequent loss of chlorine. A second compound which is similar
in behavior was made by reacting monochlorotriethoxytitanium with ethylene
glycol. Its properties were not tested since it was also decomposed by
heat and with time.

The apparatus used for analysis is described and an attempt made to
explain the experimental results.



I1.  INTRODUCTION

Tn the courFe of en Investigation by Crowe”” on the dielectric proper-
ties of pome esters of tltpnium tetrachloride, the rerction of this compound
with <ome polyhydroxy rlcohols ves considered. > viscous, resinous meterisl
wps produced which on snelysle was shown to be nonhomo”eneous. Upon con-
sulting the literature, it was found that practically nothing is reported
on the chemistry of the reactions of metal halides and polyhydroxy slcohols.
Uardiner and Bieloues™*” have proposed the following reactions, although

they have established no proof that these are the actual reactions:

I. TiClil + RHOCH2Ch20H ----------- AT i- OCH2 4 2HCL

Cl CH20H-CIH

and on further heating!

/[ OCH2 .OCH2
?. T 1”~- OCHo 4 HOCH2CHO9OH  ------------- » TI-CCHO 4 H90 4 HOCHICHICI
I~ o p | 2 / “O0H2 2
Cl CH20H-CIH Cl CH20H

The water was supposed to react chemically with the chlorine to form a
hydroxyester and the freed hydrogen chloride might have converted more
glycol to chlorhydrin. The reaction produced ? complex mixture of compounds,
none of which were isolated or identified by those workers.

It seems probable that the product might be of considerable interest
and importance since the nature of the reaction and the properties of the
product indicated the possibility of e polymer formation. If polymer
formation is possible, these might exhibit some very unusual and valuable

properties. Up to the present time no macromolecules containing titanium

have been reported.



* more thorough study of the reectlon of the method of purification
pnd of the product or products obtained appeered to be of considerable
velue.

A comparison of the method used by Crowe, pnd that used by Srrdiner
rnd Bielouss for reacting the glycol end titanium tetrachloride indicated
that the reaction carried out by Crowe was similar to the first stage of
the Sardiner and Bieloues reaction. Elimination of the second stage should
make the reaction less complex, and the separation of the titanium
glycolate product should not be too difficult. Identification of the
compound should follow from a complete analysis and a determination of its
molecular weight.

Simplification of the reaction products should result by the use of
monochlorotriethoxytltanium and ethylene glycol, or of monochlorotriethoxy-
t Itanixim and monosodium glycolate. A possible reaction between aonochloro-
triethoxytitanluin and monosodium glycolate is:

HOCH2CH20ONa + CITi(OC2H5)3 ---------- - HOCH2CH20Ti(OC2H5)3 + HacCl
whereas, with the monochlorotriethoxytitenium and the ethylene glycol, the
reaction may proceed as follows:

CITI(OC2H5)3 4 CH20OHCH20H ---------- - C2H50H + TIiCI(OC2H5)20CH2CH20H
with the ethyl alcohol splitting off rather than the highly negative chlorine
atom.

The problems in this first part will bet

(1) to find the reaction which will give the same product or products

each time,

(2) to determine a reliable method of isolation and purification of

product, and
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(3) to determine the structure using enelytlcel, molecular weight.

conductivity end other dete on the phycicel properties.



- 8 -
I11. REACTION QT TITANIUM TETRACHLORIDE WITH ETHYLEXfR JLYCOL

The procedure used wee essentlplly thet of Crowe, except thet the
titanium tetrechlorlde wee dissolved in benzene, instead of being added
directly to the glycol. In detail, it is ae follows. Eight grains of
ethylene glycol were added dropwlee from e dropping funnel to e solution
of five milliliters of titanium tetrachloride dissolved in forty to fifty
m illiliters of dry benzene in p small three neck flask. The flask was
equipped with » mechanical stirrer, a delivery tube, and an outlet tube
leading into a solution of sodium hydroxide. Benzene made s good medium
in which to carry out the reaction since It reacts with neither of the
reactants, and the product was insoluble in it.

The product of the reaction was separated from the benzene by fil-
tration and heated with en oil bath to 125-130°C at reduced pressure for
about ten to fifteen hours. The dark brown solid residue was dissolved
in dry ethyl alcohol and precipitated as a white solid by addition of
anhydrous diethyl ether. After drying in a desiccator at a pressure of
20 mm of mercury for two to three hours a tan colored solid remained.
This product was only slightly soluble in ethylene glycol and ethyl alcohol
and Insoluble In benzene, hexane, cyclohexane, carbon tetrachloride end
acetone. It was found that rapid decomposition took place on further
heating to 1000C. A fter continued drying in a desiccator at 20 mm Hg.

pressure for fifteen to twenty hours, the residue was analyzed.



IV. AIAIYStS £? COMPOUND

To an?lyze for tltpnlum, the bample was ignited over a Meker burner,
and the titanium calculated on tne basis of titanium dioxide. Results of
the analysis of the compound for titanium, in this manner, showed thet an
increase from ?2.b6v Tl to 30.95j Ti resulted from heating In an oven at
1900C for 2-3 hours. The remainder of the compound was kept in e
desiccator ova.r phosphorus pentoxide. The titanium content after two
months was 22.63$% and after ten months 25.26$.

The analysis for chlorine was carried out in the manner described by
Crowe. A sample was weighed into a small round bottom flask fitted with a
reflux condenser. A volume of alcohol equal in milliliters to 157 Xx
weight of sample, and a weight of sodium equal In grams to 19.5 * weight
of sample, were added to the flask. The mixture was refluxed until the
sodium had all reacted. Forty milliliters of water were added and the
alcohol distilled off. The solution was acidified with dilute nitric acid
end enough silver nitrate was added to precipitate all of the chloride.
The solution was then made basic with concentrated ammonium hydroxide, and
the titanium hydroxide filtered off. The filtrate was made acid with
nitric acid and the silver chloride coagulated by digestion. The silver
chloride precipitate was then poured into e gooch crucible, dried, and
weighed. The percent chloride was calculated on the basis of silver
chloride and was found to be 16.53 end 17.11 in two different samples.

To establish the empirical formula, it was necessary to analyze for
carbon and hydrogen. There is no reliable end simple method to analyze

for oxygen, so the amount present was obtained by subtracting the total
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percentp”e of TIl, C, H pad Cl from 100 percent.
The spmple wps burned In en etaosphere of oxygen in e combustion tube

such PR thrt shown In figure I.

Figure |1

As shown In the figure, the combustion tube contained from left to
right, 2 eplrpls of copper oxide, the porcelain bost containing the
semple, 2 bopts containing molecular silver to repct with the chloride,
copper spirel end wire, and finally e reduced copper spiral. The drying
tube shown just to the right of the combustion tube contained concentra-
ted sulfuric acid to dissolve the weter from the combustion, and the potash
bulb contained a solution of potassium hydroxide to react with the
carbon dioxide from the combustion. The tube and H2SOj4, and the bulb and
KOH were weighed before and after the experiment. The weights of H20 and
CO2 were the increase in weight in each case. The percent of hydrogen
was calculated on the basis of water. The percent of carbon was calcula-
ted on the basis of carbon dioxide.

Results of the analysis gave: 21.98” titanium, 16.53" chlorine,

26.92% carbon, 5.3UC hydrogen, and by subtraction, 29.233% oxygen.
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The enplysis indiceted sn empirical formula of either TICICMH120U b?se<i

on one Tl atom, or CgK”OjjTiCl based on 6 carbon atoms.



V. MOLRCULAB WBICHT DBTBRMIWATION

In order to find the retuel foramie of the compound under investiga-
tion the moleculer weight should be determined. Since the compound is
soluble in ethylene glycol end the freezing point of ethylene glycol is
-15°C, this eppepred to be e convenient solvent to use for moleculpr weight
determinations by freezing point depression method. The molsl freezing
point constant for ethylene glycol wee obtained using rn equation which

msy be found in pny beeic physical chemistry book. The equation is:

Mp X At x Wj
& - ioou x w2

where Kf, wg, WL, M2 end At ere the molel freezing constent, the weight
of solute end solvent, the molecular weight of the solute end the freezing
point lowering, respectively.

Teble | gives the dets pnd results for the molsl freezing point con-
stent determinetion using dioxpne es p solute. The molecular weight of
the titanium glycol?te wns celculeted, using the same equation, end the

mol pl freezing point constant given in Tshbhle 1.

TABLE X.

Determination of the Molel Ereezinr Point Constant &£ Ethylene. Clycol

wt. of Wt. of K :

Trlel Dloxane Clvcol At L

5 I .8678 24.9087 2.44 3.64 :
2 1.3174 24.5336 2.14 3-50 I
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Teble Il gives the dete end results of the molecular weight determina-

tion.

TABLE 11.

EetermliInstion sif. IM Molecular Wel At of Tltgjalua llycolate

Wt. of Wt. of :

: Titanium Kf 1
! Trial Olyeolate Hlvcol . At M :
I .109 32.479 .37 3.64 29.84 i

t

2 .133 25.221 .58 3.50 30.03 1

The vslue of 30 is too low to be the molecular weight of this com-
pound. This low molecular weight may be p result of any or all of the
following: (1) dissociation or reaction of the compound with glycol;
(2) association of dloxene and glycol causing an incorrect freezing

point constant; (]) Impurities in the compound and glycol.
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VI. CONDUCTIVITY

Conductivity measurements were made to check dissociation of the com-
pound. Dissociation was indicated since an aqueous or ethylene glycol
solution of the compound gave an acid test with litmus. It seemed most
probable that chloride ion dissociated from the rest of the molecule, the
chloride ion resulting from one or both of the following sources. It might
be attached to Ti atom by a partial ionic bond, or it might be bound to a
glycol group as molecular HCI.

A comparison has been made between the specific conductivity of a
solution of the compound in ethylene glycol, a solution of HCI and a solu-
tion of monochlorotriethoxytitanium in the same solvent. The values of
concentration and conductivity for hydrochloric acid solution in glycol
are much larger then for the compound because the concentration of ions
was much greater in the former solutions; whereas, the concentration and
conductivity of the monochlorotrlethoxytitanlum compared favorably in
magnitude. The results are recorded in Table IIl and shown in Figures 2

and 3
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WIJILE 111,

Concentration of Solutions &£ Tltenium pyPOIr.IS, # y 4 Chlpridg

AnnrhlorotriethoxytltznlTa la C-lyc.Ql ££& CorTSSrsadlaS SPSCIfIS
Conductivity la mhoa at 2521

i Uonochlorotriethoxy-

AJ | PtA HCI titenium —------m-m-—-
e flnnr=.~ Ifiond- T Cone.x sCond . X 105{S Cone.? [Cond. X 10> 3
i 812 . 2133 80.41 ;$ 2210 1 1272 |2 4 3
: U.06 I 10.91 40.20 1700 6.14 146 g
E 2.03 3 5-98 20.10 ;s 1130 3.73 2 6.54 g
Ii 1.02 3 3.17 10.05 630 ? 2.60 2 2.90 g
I! 51 ; 1.75 5.02 A 330 3 2.22 | 1.34 g
; 25 2 94 2.51 L 180 :I% 1.96 g 75 .
3 3 125 i 100 | 8

comparison of the results for tltenlum glycolete end HCI Is mede
In Figure 2, wherees, In Figure J the comparison is between the monochloro-
triethoxytitenium solution znd the titenlum glycolete solution.
It should be noted that the specific conductivity of the hydrogen
chloride solution end titenium glycolete solution were divided by ten to

Pl low e comparison of the slopes of the curves in figure 2.

1 The concentration is in grams of solute per 1000 grams of solvent.
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in grams solute/1000 grams solvent

Concentration

10.0

8.0

7.0

6.0

5.0

h.o L-O

3.0

2.0

1.0

CONCENTRATIONS OE SOLUTIONS OF TITANIUM GrLYCOLATE AND HYDROGEN CHLORIDE
IN ETHYLENE GLYCOL PLOTTED AGAINST SPECIFIC CONDUCTIVITY AT 25°C

O Titanium glycolete

solution
O—Hydrogen chloride
solution
10 15 20 25 30 35 x 10

Specific Conductivity in mhos
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in grams solute/1000 grams solvent

Concentretioa

10.0

9.0

8.0

7.0

6.0

5-0

3.0

2.0

1.0

CONCENTRATIONS Of SOLUTIONS OF TITANIUM OLYCOLATE AND MONOCHLOROTRIETHOXYTITANIUM
IN ETHYLENE OLYCOL PLOTTED AOAINST SPECIFIC CONDUCTIVITY OF THE SOLUTIONS AT 25°C

O Titanium glycolete

Monoehlorotriethoxytltanium

26 xIO
Specific Conductivity in mhos



VIl. OTHER COMPQUaPS MitPB

ftt this point it wse decided that because of the complexity, the prob-
lem should be sttacked from a different an»le. If less complex compounds
of ethylene glycol and titanium of definitely Icnown structure could be made,
and their properties determined, a comparison might be possible between
these compounds and the compound just described. It was hoped that com-
pounds made by reacting monochlorotriethoxytitanium with glycol or sodium
glycolate would fit that description.

Thus, compounds were prepared as follows: a solution of ten grams of
monochlorotriethoxytitanium in glycol was added to four grams of mono-
aodium glycolate in a email round bottom flask equipped with a reflux con-
denser. Mo reaction took place at room temperature, so the reactants were
heated using a water bath until a white precipitate appeared in the flask.
Thie occurred at a temperature of about 80°C. The reaction flask and
contents were heated for about one-half hour and then allowed to cool. The
liguid was decanted off and distilled at reduced pressure. It did not con-
tain the desired product. The solid residue in the reaction flask was
soluble in water, and ethyl alcohol, and. insoluble in benzene, hexane,
carbon tetrachloride, acetone and cyclohexane. It tasted like sodium
chloride. The problem of separation of the compound from the salt was not
solved satisfactorily. The sodium chloride was not entirely insoluble in
ethyl alcohol. Water was used finally, but hydrolysis took place in the
water solution. This was indicated by the analysis for titanium which

was too high for the compound expected.
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With the Idea in mind of finding a process which produced a product
which would be eerily purified, the reaction between monochlorotrlethosy-
titenlum end ethylene glycol wes tried. There is e possibility that the
reaction could be represented by the equations

HOCH2CH20K + CITI(OC2H5)3 --r-mmmm- »HOCH2CH20Ti (OC2H5)3 + HCI
However, with the highly negative chlorine atom the reaction might also
proceed as mentioned earlier, i, e.,

TiCI(OC2E5)) + HOCH2CH20E ---------- - TiCI(OC2H5)20CH2CH20H f  C2H50H
For the reaction 2.85 grams of ethylene glycol were added to 10 grams of
monochlorotriethoxytitanium in a small round bottom flask fitted with a
reflux condenser. There was no evolution of heat, or other indication of
f reaction, to the flask and reactants were heated to about 75 0 when the
liquid began to reflux. Refluxing was continued for two and one-half
hours and the volatile substance distilled off.

The odor and a boiling point indicated the volatile substance was
ethyl alcohol, which in turn indicated that the second possibility shown
above took place. The residue was a very viscous, clear, colorless liauid
which solidified when the pressure was reduced in the flask. The white
solid was Uowdered and it was found to be soluble in ethyl alcohol end
ethylene glycol, but not soluble in benzene, hexene, carbon tetrachloride,
acetone or cyclohexane. The product was decomposed by heat. Its proper-

ties are similar to those of the titanium tetrachloride ethylene glycol

product.
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VIIl. DISCUSSION C£ BKFSEIHSfrITAL RESULTS

Oood pgreemsnt was obtained between different semplee in the anelyele
of the compound described in Section IV for titanium. This indicated that
the product is quite uniform. Repeated attempts rt making the compound,
produced slightly different results in each case. That would seem to in-
dicate several concurrent reactions or stepwise reactions.

There is a possibility that with the multiple alcohol groups attached
to p central atom, the titanium glycolate compound is similar to the
acetals. When acetals containing primary alcohol groups are dissolved in
other primary alcohols, it is possible that there will be an exchange of
those alcohol groups with the solvent which tends toward an equilibrium.

As an example:

, OCH1
HO — OCH- J- CH-OH
solution A"OCHgCH3 3

There is no proof that the above type of reaction takes place with the
titanium compound. However it has been demonstrated with the reaction of
monochlorotriethoxytita-nium with glycol, that one or more ethyl groups on
the molecule have been replaced by the glycol. The analytical date and
empirical formula for the product of the reaction of titanium tetrachloride
with glycol indicates that for one titanium atom, the types of structures

shown below are possible.

or
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One Is shown here es e unit of e polymer, where the free bonds ere ectuelly
etteched to other carbon atoms of incompletely drawn glycol molecules.
The conductivity dat-' gives evidence that these structures ere more probable
than those possible if the empirical formula is based on six carbon atoms,

that is, C~AH”OATIiCl where the structure may be represented by:

HCI KCI
HOCH2CH20 OCH, HOCH2 CHgO'
CH20 'OC2H5 E5C20 - OCH2

with the chlorine present as molecular hydrogen chloride. Although less
probable, this structure could also be possible, since the specific conduc-
tivity of both the compound and HCI vary linearly with the concentration.

If this titanium glycolate compound does behave similar to the acetals,
there is a possibility that the two structures shown above, and others.
were in equilibrium when the ether was added to precipitate the compound.
If that was the case, precipitation does not purify the compound. Further
work is required to determine this conclusively.

The compound made by reacting aonochlorotriethoxytitanium with ethylene
glycol behaves in much the same manner and there is a strong probability

that it is the same type of complex mixture.
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XX SUMVARY

1. Apolymer-1lke compound ws prepared by reacting titanium tetra-
chloride with ethylene -jlycol, Precipltetion by dry diethyl ether was
not nroven to be # method of purificetlon.

2. Anelysis of the compound “lvee possible empirical formulae:

TICIC5H120i, or CgH1505TiCl

3. Conductivity deta indicate e possibility of molecular hydrogen chloride
or more probably chlorine bound by partial ionic bond to titanium.

Zi. Difficulty is experienced in determining the correct structural
formula because the correct value for the molecular weight was not
determined.

5. Methods of preparation *nd purification of compounds of nonochloro-
triethoxytitenium were tried. Compounds prepared have properties which
are similar to those of the products of the reaction of titanium
tetrachloride and glycol.

6. It is suggested th*t aubsecuent investigation be made on compounds of
a less complex nature like the monochlorotriethoxytltanium - sodium
glycolete product with the possibility of correlating the data on
those reactions and that of the reaction of titanium tetrachloride

and ethylene glycol.
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EEXI 1.
5. ABSTRACT

Tetrpethoxytitsniiun hss been prepsred end purified. Bie behevior of
the dielectric constsnt of the pure liquid wes studied st frequencies
rsngIn® from 30 to 100 megacycles, rnd st temperstures from -5h°C to 25°C.

The dielectric constsnt did not decreese with increasing frequency
within the range of measurements, end, therefore does not exhibit anomalous
dispersion et those temperatures rnd frequencies.

Monochlorotriethoxytitfinlum was prepared and en attempt made to
measure the dielectric constant at 1000 cycles and 25°C. It was found,
however, that monochlorotriethoxytltanium conducts electricity and the
dielectric constant was not measurable with the equipment available.

The specific conductivity of pure monochlorotriethoxytltanium was
measured pt 2%$°C and found to be 1.34 x 10"° mhos.

A discussion of the difficulties involved in the use of a Q meter
is presented.

Tlie apparatus used for measurements is described.
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ii. INTRODUCTION

Anoraplous dispersion, the decrease of the dielectric constant of
poler liquids with increpalng frequency, hee "been need for raeny yesrs to
eestst in determination of the physical structure of molecules end their
else.

Recently, however. It hes become Increasingly Important in electri-
cal engineering laboratories as a means of determining the best use of
each dielectric or insulating material. In many cases the dielectric
data may be the deciding factor in determining which material Is best for
dielectric or Insulation use. for example, materials which exhibit
anomalous dispersion at low frequencies would not be satisfactory for
dielectrics in electrical equipment unless the region of anomalous dis-
persion could be avoided by proper choice of temperature or frequency.

At the present time an extensive study of the dielectric properties
of esters of titanium containing organic groups Is being carried out in
this laboratory. As a part of this study, measurements are being made to
determine the effect on the dielectric constant of increasing the frequency.

The compounds available in pure state for such e study are tetreethoxy-
t Itanium, monochlorotriethoxytitanlum, tetrapropoxytitanium and tetre-

butoxytitanium. for the present work, an outline of the Debye theory of

anomalous dispersion will be presented, details of the use of a Q meter
will be discussed and measurements made on tetrsethoxytitanium are pre-
sented.

The measurements were made on a Q meter, type IfOA which has a

frequency range of 30—200 me. Since the compounds under consideration are
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polpr, vlecoue liquids, they should exhibit pnonplous dispersion within the

frequency rsnge of the Q meter.
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X11. LITERATURE SUEVEf

He concluded
tiiet the effect which he observed wee censed by certein groups in the
molecules, for exemple, OH or NHg. He besed hie conclusions on experiment
tel results obtained by meeaurements on g ler*e number of compounds.

In 1917 Debye(G) presented a theory in which he gave a detailed
enelysis of enomeloue dispersion. This theory correlated the actual
structure of molecules with the dispersion discovered by Brude. It hes
Aven a nearly complete and simplified picture which hes sided in the
understanding of the concept of complex dielectric constants and dielec-
tric loss.

Oncley end W illiams~'* have tested the Debye theory usin”® dilute
non-aqueous solutions and found that although the theory was basically
sound, corrections were necessary to correlate the experimental with the
calculated results. Kirkwood and Fuoss””, on the other hand, proposed
a theory for anomalous dispersion in polymers which hag been verified by
Smyth~n.  Malsch® ~ has made corrections for associated liquids and
Debye(?) has made a correction for pure liquids based on a quasi-
crystalline concept. Measurements of anomalous dispersion and dielectric

(19)

loss in industrial materials have been made by lager and Baker and

Zno\\
Smythx and others using the Kirkwood and Fuoss equations, or an

adaptation of the Debye equation.



X1T. THMQFgTICAL DISCUSSION

rHe theory of p/aoniplous dispersion hee been thorou”aly treated by
Debye end others so that a detailed derivation will not be given
here. However, e few points of interest concerning pure liquids, the
type presently under investigation end e general outline of the theory,
will be considered.

According to Debye, an orientation polarisation results when en
electric field is applied to eny materiel containing dipoles that are
«ble to orient. This polarisation is in addition to the polarization due
to the displacement of electrons or ~toms. The existence of this
orientation polarization is due to the tendency of the dipoles to align
themselves with the field, and its formation is opposed by the thermal
motion of the molecules, or internal friction caused by molecular
bombardments, which tends to keep the dipoles randomly oriented. IRiis
orientation polarization is therefore dependent on the temperature in two
ways. First, a lower temperature will allow an increase in the polariza-
tion because the thermal motion is less. Second, a lower temperature will
result in s decrease in the polarization due to increased internal fric-
tion or viscosity because of the stronger forces of attraction between the
molecules. These two effects will vary according to the nature of the
liguid under investigation. At room temperature, however, the orientation
polarization will, in general, be greater than at higher temperatures
because the thermal motion of the molecules interferes less with orienta-

tion.



- 28 -

The orientation polarization ?lso depends on the frequency. This is
because e finite time is necessary for the molecules to become oriented,
and they contribute to the polarization only when the frequency is low
enough to permit orientation before the field is reversed.

?n outline of Debye's theory of anomalous dispersion in polar liquids
is presented below.

first consider e spherical surface drawn In a liquid, and take the
center of this sphere as the origin of a system of polar coordinates.
ITnder the influence of an alternating electric field the distribution
function of the electric moments depends upon the polar angle 17?,
between the field and the dipole, and upon time. The number of molecules
which have their moments in the direction of a solid angle Sn at a given
time will be fdA, where f is the distribution function, f time interval
&t ip chosen such that all moments in the solid angle at time t « 0 have
moved out of the solid angle, yet h=-ve not moved more than e few degrees.

The number of molecules whose moments h»ve entered dA in time

interval 6t is given by the equation:
<t dA s A1l 4 Ag (n
dt
where is the contribution due to rotations produced by the impressed

field, and Ag is the contribution due to rotations produced by Browni»n
movement.

Consider the contribution due to Brownian movement first. Visualize
a second solid angle d A* whose axis lakes an angle 6 with the axis of

dA . The number of molecules whose moments are in dA at time t - O are



fd/i . “ee j?ijure 4.

figure b
Now suppose F certain probability function Wexists, such th?t tfd/t gives the
nrobpbility thet f molecule whose moment is in d/I pt time t * Owill be In

dA at t »« St. The total number of molecules whose moments have entered
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d/l due to Brovmipn novement is »lven by the equptioni
Ag - -fdn f Js'da 1WA (2)
The integration ie carried out over the surfnee of the sphere of unit
tvdius while dA is constant. Factoring dn. out of the expression it ie
seen theti
Ay = da Jf'd/II Vo -fj (2)"

The function f' is expended fbout its vslue rt dfl

= e (3)
Since the moments cen move only 8 few degrees in time rft, the eagle®
is smell* end N ie therefore eVo swell so thet the fourth end
higher terms of the expansion msy be neglected. Letting Ofl-A? s C
we cen express the Integrrl in eaurtion (2) rs r
JfIWdA' - fJm fil+ Jema' - h~" Je? dA * (,4)
The first Integrrl on the right ride of the equation is equal to
unity, the second integral represents the mean value, 6 , of € correspon-

ding to the time interval £t, and the third, integral represents the mem
square value, £ , of € . These integrals are evaluated using spherical
trigonometry. The cosine theorm of spherical trigonometry is expanded
using the sine md cosine series from general trigonometry, for small
values of ® it is written as

Cos 1?7 r Cos h? f 9 sin 'O Cos " cog Or f

r~r~ for cos 1I? *using the Taylors

i Xjianston of the value O

series gives:

I 2
Cos 1?1s Cos ~ - 6 sin 1? _ — cosh? 4
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£ Ir not# pxn~nded in power* of Q .
£ 7z c<e +/362 +
where the coefficients involve functions of a? and <& implicitly. Thg
explicit form of the coefficient* of this expansion may be obtained by sub-
stituting in the last written expansion for cos a?l and then by comparing
the two expansions for cos fS *. The expression obtained is averaged over
all directions and gives S

I . S i CO,O0
4 sin i?

where G2 is the mean square velue of 0 and is

© = [/ |/ B2feln6 d6 d»
€ is evaluated in a similar manner giving

c2= € 2Wdnt - JsL

and finally

. 61
Zflln s ft 4 j 4 sinio -0
giving for Ay
A- e dA-M SOSI?. -t
slni? + "55%

In this equation we see that if f is independent of \3 the Brownian
movement can have no effect on the distribution function.

ITor the determination of the A p the number of molecules whose moments
have entered d/i in time <ft due to action of the impressed field, we take
into account the torque on a given molecule tending to turn it in the
direction of the field. Hie torque may be represented by the equation

M- - Wj* sin
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where y Is the electric moment end F Is the force of the field end the
ne»etive sl%n tpices sccount of the f?ct thf-t the torque ects opposite to
the direction of Increasing 1?7 .

P torque due to rn inner frictlonel force resulting from molecular
Impacts end proportion??! to the enguler velocity, would just bslence the
constently impressed torque. We express this by the equation

o3 f ik
Wherei is p constent meemiring the inner friction of the liquid.

If Applied to the c*se where the torque is not constent it le implied
thet the rcceleretion effect is negligible. In rn Interval / 1 the
molecule will turn through the engle

Crsf = <M o-y~

How determine the number of molecules which enter a solid eagle con-

sisting of p strip extending between 1? end ~ + 'd# eround the sphere.

The number of nolecules whose moments jrss through the circle =/ in

intprvel eft is

\ 2 TTf sin dcfl?- 2 rti ~ eft CinOr
Fnc through t? - dd in the seme «cTt is
2 Tf —p eft sinO f 17T sAnn) A
Subtrecting the second expression from the first
AL ASTY M271F %) <ft sini? ) dO (6)

Substituting expressions derived for ~~ ?nd A g in equation (I), rnd

remembering

dA = 27 gin# dO



one Obtplns

Al - .
dt * BIRA sinlj™ rfr - Tro

For p speciel c”se when the field F Is constput, then the Mpxwell Boltz-

mpnn expression

-u/kf F cost7/kT
f —/e
I+ p solution of the differentlel eourtion If =0. U is the potentipl
energy of the molecules, yu is the electric moment, I is the field inten-

sity, k is the Boltzmenn constant, T is the pbsolute temperpture end e is
the exponentlel.
Since the torque
1T—— i elnz2r— —

it mpy be seen thet the Meawell Boltzmenn expression is e solution of the

differential eouetion for the condition ~ O providing
JLI -M
bit - f

This equation expresses the relation which exists between the magnitude
of the Brownian force of this angle and the temperature and friction

constant of the molecules. Substituting

a t,, <8,

from (6) in (?) one obtains the final differential equation necessary to

determine the distribution function f as a function of t and the angle#

elee 3t sin (KT *44 - )
S'itl? SV

For a polar liquid under the influence of high frequency, the

internal force may be expressed by the real part of F= Fe , SO that



the torque on e molecule Is
Mr - yUS"e W Siny?
where F Is the Intensity of the field, Wis 2 TIf where f is the frequency.

The distribution function must be p solution of (9), which cen be written

J— 2.1 gjn fi. 1k 1 (ig)
2T -dt = sim? (I IcT

where T is the time of relsxptlon for the liquid and is equal to // 2KkT.
Asolution is f |+ where B is an arbitrary
constant, can be shown by substituting this solution in equation (9) pro-
viding B
oms f=Al |- | . iwr ~f2 cos# (11)
For large values of wr the function becomes constant. The transition

occurs where w T Is nearly unity. The mean moment of the molecules is also

complex and is given by the equation!
er?]e A*Z- ' _ J||2_ Fne_
IKT "l +iwr 7 IKT 1+ iwr

which will be treated in more detail later.

(12)

The meaning of the complex moment is that there is a difference In phase

between the moment and the internal force. If the phase angle Is f, the
above equation may be written:

) 13

3 - 3kT (13)
where tan f = wT

It is well known that the difference in phase between field intensity and
polarization is always accompanied by energy adsorption, /r a result of a

finite relaxation time we encounter absorption as well as dispersion.

This phenomenon will be considered later.



The ~enerFl formula for the polprlzeM llty wee shown 'y Behye

to be:

cC -

where . i8 the polprizebllity due to distortion end -:gl(_% is thet due to

orientation. The meen moment wes shown to be

» = (ccO + * (1i,)

Thte equetion msy be obtained by eddittg the meen moment due to distortion

to thst celeuleted for the expression for the meen moment due to orienta-

tion
/e ' Cos™ZKT xtcosiy d/1
M = fie i' cosf/kT dn
where Ae Fcoe” /ItT is the number of molecules confined to the solid

sn*le d/I according to Soltzmenn's lew, end ycos a? is the component of
the moment of e molecule in the direction of the field. The expression
is integrated ov-“r M1 directions end mOis found to be Hz . For high
frequencies the moment of e poler liquid will be complex end e function of

the frequency es shown in equation (12). Bie meen moment due to orients—

tion then is

reJ) %kT I - JiLwr (15)
Substituting thpt vflue of the polprlzebllity due to drientetion
i it?- I
U) IKT it iwr

with eauetion (10, the totel meen moment is shown to be
2
«(*e o e 1+ L f) *
md the tot?! polrrizebllity oC(w) = oC0 + jrilt > . -L A

(16)



"Ubstltutin» this in the eourtlon for molpr polarisation es derived by
Mossottl where I Is /vogadro'e number, <<the polsrlzebility, G the dielectric

conptfnt, Mthe molecular weight and d the density of the substance.

the molar polarization is related to the dielectric constant by the
Claumlue Mossotti eou-tlon and is the sum of two terms. The first is
part of the polarization due to electronic and atomic motions within the
molecule also called distortion. This polarization is present in all

dielectrics whether polar or not. The second, term

is the art due to orientation of dipoles, y is the electric moment of the
molecule, k Is Boltzmann's constant, T is the absolute temperature «nd T
is the relaxation time for the molecules.

Assuming M ossottilr hypothesis to hold, we will consider the connec-

tion between dispersion and absorption. If the equation

(18)

is solved for € one finds:
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Instepd of chprscterlzln* the liquid by <<, end , two dielectric

3kT
eonstpnts end """ ere used. They pre defined by setting Halts on
equation (18) when w* 00 end w % o .
- M r k v licCo (w = 00)
f 2
- (20)
Ji = ik 171lif 000 + -tL J ws 0O)
d 3 vV 0 3kT/
+ 2
€0 the optlcpl dielectric constant, will denote the v?lue for € pt high

frequency, end is equrl to n2, where n Is the index of refaction, end
will be the statistics! dielectric constant et wa 0. Using these defini-

tions we define P(w)

H t 1 4 -1 , €0 - |
W) 1"+ WwT | CI + 2 ~€n + 2
fo + 2
The dielectric constent ea e function of w is then expressed:
4 iwr
AN+ 2 €0 + 2
€ = (21)
<l + 2 + 2

But, sccording to the formel theory of the proppgption of light for e complex
dielectric constant

€= r2 (I - iK)2 (22)
r pnd k pre reel qupntlties being the ordinary index of refraction, end

the pbsorption index, respectively. The veriable

+ 2
X JR—
Co "N 2
le introduced to present r pe e function of the frequency. The equption

(5) mpy be shown to be equivslent to
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z="%
rZ = (23)
I + x2 -1f X

In the interval x - O- XeCO, the square of the refractive index ren%e
from r2 = to r? s £€Q,
The ebeorrtion index K hea p maximum value for frequency w »iven by the

formula

WT= om 1/47 (24)

N+ 2

the maximum value is " max

K = K (25)
W +W0
At the corresponding frequency

(2 = | (26)

For actual experiments on adsorption, the results are often given in terms
of a phase angle $ . |If the potential difference between the plates of
the condenser is Ve where V is voltage or potential difference, the

dielectric constant € is complex ?nd is shown as

n
£ = €

EJ_'L is called the dielectric loss or dissipative factor,
the charge on one of the plates (omitting constants) will bel
Q= (6*- ie") Velwt
the phase angle can be defined by the equation:

Tan $ s ~~r
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Going bpck to equations ($) Fnd (6) it cpn be seen thet:

|‘-]:4""prjf (27)
€0 + 2

(28)

Bolton*"2) hss shown thet by using OnsagerlS equation:

(Cl-Cq) (2cCl + CO0) , 02

71 (C0 + 2) =l nsM (29)
Il

p circle, the locus of points of (€', € ") with p parameter wrie nearly

identical with e circle given by Debye with the locus of points of

(E*, e'') and a parameter X. Therefore Xr wr and the equations for the

reel and Imaginery pert of the dielectric constant are:

1 =<://\I €c (TO)
¢ | & \WeT 2
611 (€l - S0)"/
B | + wArz (TD

The dielectric loss factor varies with the frequency as shown In equation
31. At both high where w»-*: and low frequencies where w «3: the loss factor
approaches sero. It has a maximum value when w = where 6 = (~1- ~0)
This equation predicts how the dielectric lose will depend on the statis-
tical and optical dielectric constants.

For pure liquids, Debye has shown that the molecules are Influenced
by two kinds of forces. First, the molecules are exposed to the usual
couple due to the external field end second, there exists a potential

energy which acts to hold the molecules in their Instantaneous positions



fixed by their surroundings. Debye mssuaes thet for potential energy,
the simple approximation u « - Ecos 6 where 6 |g the angle between the
axis of the permanent electric moment end the instantaneous axis fixed by
the surroundings. He has derived equations for the average moment in the

direction of the field strength F where:

M2 JPelw t/?kT (B z 0)
I + JjIf
2kT
N F8w tZ 3 .
ST =
I-L x (B» i)
| +
2 1
where 3 - (z f = the internal friction, where 7 is the

inner friction constant for the liquid, and B is the binding energy. So

that for a pure liquid the polarization becomes

€- 1
PW) = g4 2

It is seen that the transition from the ease of that of free dipoles
to strongly bound dipoles can be performed by replacing the thermal energy
kT by the much larger energy ™ where B is the binding energy. It follows
then from the formula for dielectric losses and for dispersion effect that
we have at the same time a diminishing of the dipole action to be observed
both in the dielectric constant Itself and in the losses. The binding
energy is acting just 4S if the constant ~ - 8rr>p* had been diminished
and this can be interpreted by saying either that the viscosity 7 is lees

than normal or that the molecular radius is smaller than would be expected.
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The dipole moment of the pure tetrrethoxytltenlum cen be expected
to be less for the pure liquid then thet for dilute solutions. Since the
orlentetlon moment of tetreethoxytltenlum la censed by rotation of the
ethyl -;rour> s-bout the carbon oxygen bond. It mpy be that no definite time
of rel»xptlon can be expected. For monochlorotrlethoxytltnnlum, on the
other hand, with the TI-Cl bond e rigid one, mgreeter dielectric constant,

electric moment, dielectric loss, than that for tetreethoxytltenlum might

be expected.
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XIV. FBBPIRATIOH 0£ COMPOUNDS
Tatreethoxytltenium

This compound was prepared according to Bischoff end Adkins®” hy

the reaction TICI™Mf hUpOCgH" ---------- »-71(004- UNeOl. The procedure is
described by Crowe. If the pure liquid is allowed to come in contact with
moisture, it hydrolyzes forming the hydrated oxide and ethyl alcohol. Pro-

longed exposure to sir, even dry sir, produces p change in color from
colorless to yellow, to orange end finally red. D istillation at reduced
pressure, using decolorizing charcoal in the Clssson flask, removes the
color.
Monochlorotrlethoxytitanium (TICI(OCgEg)"

This compound was prepared according to Jennings, Wardlsw and W ay"”"
by the reactions

TI(OCgSg)U + CH3COCI ---------- »TiCI(OC2Hg)» + CH3COOC2Hg

and is also described by Crowe. An enslysie geve 21.86 and 21.8?f£ titsn-
lum. %e theoretical value is 21.92%. The chlorine analysis indicates

16.37» whereas the theoretical value is 16.23%.



_ 43 —

M.- SURMEMT O£ DIELECTRIC CORSTfWT Q| TETRfETHOXYTITfRIUM £T
VIRYIHO TEWRRf.CURES MD EREQim CIBS

The dielectric conetent of pure Ti(OCgHIi)® hee been determined et
freouenciee vpryin,™ by intervals of 5 megacycles, from 30 to 100 mega-
cycles and temperatures ranging from 27°C to -54°C. fi discussion of the
difficulties encountered is given and mathematical equations used in calcu-
lations discussed.

(a) frwaretus Used for teasurements

The instrument used for measurements of the dielectric constants
was a Q meter type 170A manufactured by the Boonton Radio Corporation. A
schematic diagram of the circuit® is shown in figure 5. The circuit
constants are listed by number in Table IV below.

Teble I1.
Circuit Constants for Q Meter Tvoe 170-A

I Rpsistora Pp/Ldppsftrs Tubes ;
TVp ® 9002 1

i 1. 24000/Uw I. 20 /Yf zero temp. l.

: 2. 1000a W 2. 240 nt mica 2, Type OS-VM-955 t
3. 1000 A|w 5. 2k0 rft mice 3, Type Q-VM-955 :
4. 1000 alw 6. 240 yM'T mica 4. Type VR-105-30 1
: 5« 3 meg.ni/3w 7. 510 [tpt mica 5. Type VR-105-30 1
: 6. 7500npot 3w 8. 510 Ppf mica 6. TVpe 5 W4 i
1 7. 200A Pot 3» 9. 240 ppf nica 7. Mazda 47-(6Vv) i
s 8. 1000 Apot 3« 10. Q Tuning, Air i
i 9. 20000 A Dual Pot 8w 11. bpf.) |
:10. 200 Apot 3» 12. 4/>f.) Electrolytic t
ill. 15000 A |w 13. 4/Mf.) Inductors 1
:12. 24000 A|w 14. Osc. Tuning, Air i
ill. 24000 A|w I. Osc. Orid ;
il4. 40000niow Cx. Test Condenser 2. Osc. Coupling t
ti5. 1200n |w 3. Osc. Plate t
il6. 25000AI0wW 4. Pwr. Choke ,
i17. 3500A20w 5. Pwr. Transf. :
i18. 0.8A2W I
i19. 20000nPot Iw t
:20. 519%l/3* Lx. Test Coil
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SCHEMATIC DRAWIKU OF ¢ METER CIRCUIT



The G voltmeter Is calibrated directly In Q from 80 to 300. Ihe
"Multiply Q by" meter Is calibrated from x | to x b-, hence the total range
Is from 80 to 1200. The accuracy of the direct reading measurements of
circuit Q (for Qvoltmeter readings between 100 and 300) is approximately
plus or minus 103 up to 100 me. and decreases with increasing frequency.
mTie range of the capacitance of the Q condenser is 11-60 //mf calibrated
in unitp of /Ayuf. Accuracy is generally f 2> on capacitance readings. The
power supply is a self contained duel voltage transformer with a change-
over switch which provides operation on either 110-120 volts, 50-60 cycles
or 220-2b0 volts, $0-60 cycles. The switch is set for operation at 110-
120 volts for this work. This instrument is the best available of its
type and is reasonably accurate for this work.

The cell used is shown in figure 6. It consists of a brass jacket
with a cooling system drilled in the jacket walls. Two brass plates form
the condenser. The larger plate is the high potential and is fastened
rigidly to the cell with a ceramic insulator. Abrass strip terminating
in a banana plug connects it to the % meter terminal. The smaller plate
is fastened to a Vernier caliper which in turn is fastened to the cell
directly. A banana plug connects the cell to the ground potential.

V ariation of the caliper readings gives a corresponding change in the
cell capacitance. For this work, the caliper was held rigid with tape.
The cell is covered with a machined piece of brass which fits snugly and

minimizes contact with moist air.
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water circulation

circulation
outlets

CROSS SSCTTON VIEW OS THE CELL USES EOR MEASURING DIELECTRIC
CONSTANTS OE LIQUIDS AT RADIO FREQUENCIES

Figure 6



—hy —

Two types of inductr-ace colls were used. Biese pre shown In figure
7. The first type msde consisted of e place of t Inch copper tuhln” "bent
In the shepe of s horseshoe pad shielded with copper sheet bent to form e
cylinder. One end wss seeled with e piece of copper end the other with
Incite, through which the coll termlInels passed. The other type wes rasde
from coexlel cable of 3/8 Inch outer diameter which was shorted with
copper plate et one end. The nature of the construction of the cable pro-
duced an inherent shielding, quite sufficient for this purpose. Six coils
were made vprytng in length, to cover the range of frequency from 30-120
megacycles. The three longer colls covering the range from 30 to 80 me,
were of the first type described above, because at those frequencies those
colie gave the highest Q. Conversely, the three cells made from coaxial
cables for the r?nge 85 to 120 me gave the highest values of (. The
absolute values of inductance for the coils were not determined.

Tne pump which was used to force the refrigerant through the cell
was a standard Chevrolet oil pump which was powered by e 1/3 horsepower
motor. It gave very satisfactory results even et temperatures below
-50°C.

The refrigerant was a mixture of acetone and dry ice which proved to
be the least viscous liquid at temperatures to -70°C.

(b) Methods of Calculation

According to Brotherton”, in a practical capacitor, such as the

cell used for measurements, the capacitance forms a series circuit with

the inductance. > simple diagram of the circuit is shown In figure 8.



48 -

CFUSS SECTION VIEW OF THE TYPES OF COILS USED WITH THE Q METER

Figure 7



Lead Inductpnce (L)

Equtvplent pprellel reslstence Lepd Beslstence r
corresponding to conductence of
dielectric

Ideel Cepacitence (C_)

figure 8

The Impedance of this circuit will he:

Z =71 + ' 1 + IvL

where r is the lead resistance, g is the conductance of the dielectric, w Is

2nf where f is the frequency, Cg is the ideal or actual capacitance, L is

the inductance. |In practice g' ia much smaller than V2Cp~ and the equation

reduces to:

Z=7r + +if=1_ f wlj

The positive reactance for the inductance ~ reduces the negative

resistance appearing across the terminals by the amount equal to wL. The

effect of this inductive element is, therefore, to increase the apparent

capacitance as the frequency rises.
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Che reactance meReured for the circuit, pt the terminals, le
-xCe = “ xCp + xl,
since in the range below the resonance frequency the capacitive reactance
is negative in sign.
X is equal to ~ > Xn s 44— and X7 = wL
where Ca represents the ideal or actual capacitance and Ce the effective
or measured capacitance.
So that the equation can be written:
— % — |1 + wL
wCe wCa
Multiplying through by wCe and wCa it becomes t
- wCa - - wCe + wCa wCe wL

This equation can be rearranged to become:

Ca —Ce CaCe

“ 1+ LwzCe
To use this equation to find the actual capacitance, the Inductance
srast first be calculated by some other means. Since there are two unknowns,
two equations are necessary to obtain the inductance. Two sets of condi-

tions for the same equation may suffice, providing the unknowns remain

constant over the range chosen. If measurements are taken at two differ-
ent frequencies, which we will designate as f~ and f*, the two equations
will be:
Cei
Ca- | 4 CellwlZ Cas 75 Begiivg



or reprrpn”®in™!
Cs M — CeM+ Cs% O
CsCog IMp' m CQp + Css O
dividing Tjy Ce we obtslins
Cen - Ce” 4-1.0
Ce: pr\* —Ceg Ce w | —O0

IHe solution of L may be obtained using determinants thus:

—Ce? |

I Ce? -Cei

CepCeiWg™ - CepCe”wit
Cep - Cei
CeZ-Cel 4T|-2Cf2' - i)

where f is the frequency. The exact value for L cannot be obtained using
this equation, since it appears that the inductance of the cell and leads
does v~ry with the frequency. However, if short leads =re used the amount
of inductance is reduced. The inductance used in these measurements w»e
obtained by calculating values for a difference of five megacycles, from
30 to 120 megacycles, then obtaining values for a difference of 10 mega-
cycles over the same range. Repeating the process using a difference of

15* 20, 25» 30 snd. on up to 90 megacycles, end then averaging all of the

values gave a result of approximately 5 x 10“® henries. This value, when
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uped In the equation for pctusl ceppcttpnce, gpve results for Cg which
were in felr p»reement. T'phles Vt VI end VII »ive the date end results
of the cslculfltlon of the setupl capacitance for the dielectrics, air,
benzene and hexene over the ren”e of frequencies from 30-100 megacycles

at 25°C. The results pre shown plotted against frequency in figure 9.
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TADLW 'V,

Actual Crmecltence of the Cell with g.Ir rs the Dielectric

I G — L E»—
31 13.661 3.79 x 10 5 x 10”8 13.316
35 13.825 4.84 13.377
40 14.018 6.32 13.423
45 13.809 7.99 13.087
50 13.943 9.87 13.045
55 14.332 11.94 13.202
60 14.498 14.21 13.144
65 14.110 16.68 12.624
70 14.480 19.35 12.701
75 14.714 22.21 5 x 10*8 12.647
80 15.093 25.27 12.676
85 15.495 28.52 12.690
75 14.383 22.21 12.402
80 14.681 25.27 12.384
85 15.032 28.52 12.378
90 15.561 31.98 12.461
95 15.936 35.63 5 x 10*8 12.412
90 14.679 31.98 11.889
95 15.258 35.63 11.997

100 15.725 39.48 12.000



Aatof-1 C” ccltf-Tice qf

£ G*........
31 19.459
35 19.679
ho 20.025
45 19.815
50 20.316
55 20.800
60
65 20.853
70 21.676
75 22.W
80 23.316
85 24.303
75
80 22.660
85 23.693
90 24.864
95 26.221
90 23.549
95 24.958
100 26.496

—$4 —

TADLE I1.

ihe Cell with Benzene "

3.79 x 10~

4.84
6.32
7.99

9.87

11.94

16.68
19.35
22.21
25.27
28.52
22.21
25.27
28.52
31.98
35.63
31.98

35.63

39.48

5 x 10-8

5 x 10-8

5 x 1Q-8

JAg, Dielectric

Ca
18.767
18.785
18.833
18.36I
18.464

18.502

17.764
17.918
17.963
18.010

18.048

17.616
17.709
17.790
17.873
17.108
17.277

17.397



31

35

40

45

50

55

65

70

75

80

85

75
80
85

90

95

90

95

100

- B -

TABia VII.

Actual Cenecitpace of the Cell with Hexene ee the Dielectric

-C e -
17.790
17.867
18.273
18.105
18.569
19.007
19.442
18.952
19.778
20.313
21.057
22.012
19.597
20.377
21.359
22.322
23.465

21.292

22.433

23.634

4.84
6.32
7.99
9.87
11.94

14.21
16.68
19.35
22.21
25.27
28.52
22.21
25.27
28.52
31.98
35.63

31.98

35.63

39.48

L

5 x 10*8

5 x 10"8

5 x 10"8

. Ga

17.210
17.127

17.276
16.884
17.011

17.070
17.067
16.365
16.601
16.574

16.631

16.753

16.395

16.204
16.372
16.451
16.548
15.884
16.028
16.116



Actual Capacitance

ACTUAL CAPACITANCE OP AIR, BENZENE, AND HEXANE PLOTTED AGAINST

FREQUENCY IN MEGACYCLES AT 25°C
20
?
18
9.
17 © 0
° )
o O O
13 0 0] ©
— 0
11
10 | | I | | I I I 1
30 bo b5 50 55 50 65 70 75 80

Frequency

O Air
) Benzene

e Hexane

100

VIX
CA



- 57-

The cell constant wes obtplned In the following mpnner:
The totpl capacitance of the cell with the dielectric will "be equal to
the eum of the lead capacitance and the product of the dielectric con-

stant of the dielectric and the capacitance between the two plates and

the _;lates and cell. If air is the dielectric, Cp = CO+ £s C. C Is also
called the cell constant. If a non-polar liquid of known dielectric
constant Is placed in the cell, the total capacitance becomes equal to

the sum of the lead capacitance and the product of the dielectric constant
of the known liquid and the cell constant. Thus: Cx = CO+€xC. If the
equation for the capacitance of the cell with air le subtracted from the
equation for the capacitance of the cell with the known liquid it is

ca and X = (cr - CC::,+e*C) Using pure benzene
with a dielectric constant of 2.273 25°C, the cell constant was calcu-
lated over the range of frequencies from 30-100 me. The results of the
calculation are shown in Table VIII and ere shown plotted against frequency
in Figure 10.

Again the values are not exactly constant, but are In close agreement

in most cases. The ever? ;e value is h.19



Cg

f "W
3 18.767
35 18.785
40 18.833
45 18.361
0 18.464
55 18.502
65 17.764
70 17.918
75 17.963
80 18.010
65 18.048
B -
80 17.616
85 17.709
0 17.790
95 17.873
0 17.108
95 17.277

100 17.397

—5R ~

TABLE V 111,

Cell Constant

~TT
13.316
13.377
13.423
13.087
13.045
13.202

12.624
12.701
12.64?
12.676
12.690

12.384
12.378
12.461
12.412
11.889
11.997
12.000

is pctupl cepecitence of Benzene
is pctuel cepecitence of pir

“SB
2.273

2.273

T
4.282
4.248
4.250
4.143

4.257
4.163

4.038
4.099
4.176
4.190
4.209

4.110
4.188
4.186
4.290
4.100
4.148
4.240



Constent

Cell

CELL CONSTANT PLOTTED AGAINST EBEOTTENCY

65 70
Frequency

IN MEGACYCLES



(c) Difficulties Encountered

When this work wee begun the Q meter hed just errlved from the factory
end very little wee known of Its limitations. There were no coils evell-
eble which would give e am?ll enou”x Inductance for this work, so that all
the coils had to be made. It was found that copper tubing of $ Inch
diameter gave high % meter readings over the range of frequencies used.
The Q values, however, decreased with increasing frequency. Calculations
based on readings obtained for capacitance of the cell with dielectric
using unshielded coils did not show good agreement. The deviation was
thought to be caused by a capacitance between the unshielded coil and the
cell. However, the deviations persisted even after shielding the colls.
The inductance, previously calculated using the equation derived on page
U? with a frequency difference of 5 megacycles only, was recalculated in
the manner described on page h8. This seemed to bring the values within
the range of experimental error. The curves shown in Figure 9 were drawn
to show the effect for each coil used. No explanation h»s been found for
this deviation from what should be a continuous straight line or a smooth
curve. It was thought that the deviation might be due to the type of coil
used, but coils made from coaxial cable which are inherently shielded
made no difference. It is possible that the internal leads, that is,
those within the instrument are the cause, but that possibility has not
been investigated thoroughly as yet.

(d) Dielectric Constant of Titanium Tetraethvlate in. the range of fre-
guencies from 10 to 95 megacycles at various temperatures

The dielectric constant is calculated using the equation:
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6 cx - ¢S+EPC

given oa prge 57.

Eeeulte obtained for c&lculrtions using dsts obtained et 25°C are
given in Teble IX, and shown plotted against frequency in Figure 11.
The results at 25@C indicate that anomalous dispersion does not appear
within the frequency range 30-100 megacycles at that temperature.

It was found that the compound becomes very viscous at low tempera-
tures by Crowe. It is e known fact that for liquids exhibiting a high
viscosity, the anomalous dispersion occurs at lower frequencies than in
a liquid of lower viscosity. Keeping that in mind, measurements were
made at temperatures of 6°C, -30°C, -430C and -54°C, using the cooling
apperatus described on page 47. The temperature variation was t 10 at
6°C and i ?°C at lower temperatures.

Results of the calculations are given in Tables X, XI, XII and
XI11l. The results are shown plotted against frequency in Figures 12,
13, 14 and 15. Figure 15 shows a definite decrease of the dielectric
constant until the frequency 55 me was reached at which frequency it
increases sharply until the value obtained at other temperatures is again
maintained. If the decrease shown was anomalous dispersion, occurring
at that low frequency at -54°C, it should also apparently appear at a
higher frequency at 3°C.

0 further measurements were possible, however, due to failure of

the circulating system.
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TfBia U -

Dielectric Constant of TI(OCAHMM Pt ?27°C

I cTi TT" ~T- eTi
31 24.803 13.316 4.193 | 3.740
35 24.946 13.377 3.759
40 24.967 13.423 3.753
45 24.473 13.087 3.715
50 24.643 13.045 3.766
55 24.698 13.202 3*%742
65 23.978 12.624 3.706
70 24.116 12.701 4.193 I 3.723
75 24.217 12.64? 3.759
75 23.851 12.402 3.730
50 23.990 12.384 3.768
65 24.213 12.378 3.823
90 23.649 11.889 3.805
95 24.003 11.997 3.863

G~ fCtttal cappcltence of tetrsethosytltpnlua



Dielectric Conetsnt

DIELECTRIC CONSTANT Of TETRAETHOXITITANIUM PLOTTED AGAINST FREQUENCY IN MEGACYCLES AT 25°C

Frequency
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TfBLE I .

Dielectric Constant sit Ti(QCgffg)>t et 6°C

31

35

40
45

50

65
70
75
75

80

85

90

95

~TT~

Cti ~CIr~ £i gTI
25.032 13.316 4.193 I 3.794
25.135 13.377 3.804
25.182 13.623 3.804
24.573 13.087 3.739
26.702 13.045 3.780
26.723 13.202 3.748
24.151 12.624 3.749
24.618 12.701 4.193 I 3.794
24.662 12.647 3.813
23.926 12.402 3.748
24.066 12.384 3.781
24.236 12.378 3.628
23.596 11.889 3.792
23.985 11.997 3.859



31

35

Uo

L5

50

55

65

70

75

75

60

65

90

95

Dielectric ConstMit of TiCOCgH")i, et -10°C

cTi

24.816

24.949

24.668

24.610

24.650

24.714

24.013

24.209

24.388

23.873

24.071

24.342

23.883

24.291

—65 %

TABUS XI.

13.316

13.377

13.423

13.087

13.045

13.202

12.624

12.701

12*647

12.402

12.384

12.378

11.889

11.997

4.193

€a

e Hi

3.743

3.760

3.730

3.748

3.763

3-746

3.717?

3.745

3.800

3.737

3.737

3.853

3.860

3.932



31

35

Uo

L5

50

55

65

70

75

75

80

85

90

95

TABLS XI1.

66 —

Dielectric Constant of TI(OC")1 et -41°C

tiTi

24.614

24.722

24.293

24.473

24 .793

23.841

24.057

21.164

23-733

23.920

24.282

23.700

24.024

13.316

13.377

13.423

13.087?

13.045

13.202

12.624

12.701

12.647

12.402

12.384

12.378

11.889

11.997

r

C

4.193

4.193

3.699

3.695

3.673

3.725

3.693

3.675

3.708

3.702

3.751

3.839

3.817

3.868



31

35

U5

50

55

65

70

75

75

80

65

90

95

Dielectric Constant of TI(OC*HM% at - eM0C

C$i
24.628
24.695
24.698
24.153
23.324
23*414
23.865

24.015

24.151

23.669
23.882
24.121

23.721

24.133

_ 67 —

table Xin.

cl—

13.316

13.377

13.423

13.067

13.045

13.202

12.624

12.701

12.647

12.402

12.384

12.376

11.689

11.997

C

4.193

4.193

A

eSi

3-698

3.699

3.689

3.639

3.451

3.435

3.606

3.698

3.744

3.68?

3*742

3.801

3.822

3.894



Dielectric Constant

5.0

4.5

4.0

3-5

DIELECTRIC CONSTANT OE TETRAETHOXYTITANIUM PLOTTED AGAINST FREQUENCY

IN MEGACYCLES AT 6°C
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Frequency



DIELECTRIC CONSTANT OE TETRAETHOXYTITANIUM PLOTTED AGAINST FREQUENCY
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Frequency

IN MEGACYCLES AT -30°C



Dielectric Constant

DIELECTRIC CONSTANT OE TETRAETKOXYTITANIUM PLOTTED AGAINST FREQUENCY

Frequency

IN MEGACYCLES AT

C



Dielectric Constant

DIELECTRIC CONSTANT OE TETRAETHOXYTITANIUM PLOTTED AGAINST FREQUENCY IN MEGACYCLES AT

85 90

Frequency

C
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XVI. SPECIFIC CONDUCTIVITY OF MOfIOCHLQROTRISTHOXYTIT /INIUM U 24°C

in attempt was made to measure the capacitance and calculate the
dielectric constant of monochlorotriethoxytitanium at a frequency of 1000
cycles at 25°C on a 0. R. capacitance bridge, as well as »t high fre-
quencies. The capacitance of the cell, with monochlorotriethoxytitaniuia
sa the dielectric, could not be measured on the bridge at that frequency,
although the dielectric constant appeared to be about 8 to 10, as shown
by an approximate measurement at h.6 me on the instrument used by Crowe.

Very few pure liquids end, generally only those which are ionic,
conduct electricity. This conductance appears to be the reason for the
inability to obtain capacitance readings.

The specific conductivity of pure aonochlorotrlethoxytitanium at
?50C war 1.4 x !'!0'6 mhos, measured with a Wheatstone Bridge at 1000

cycles/sec. This is about the same mm that of pure water.
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M 1. DISCUSSION OF EXFSIIHENTAL RESULTS

Although the results for the dielectric constant show deviations from
o constent vplue over the renge of frequency, no snomploue dispersion wpb
indicpted for certain. The values for the dielectric constent et -$k°C
mpy have shown the start of the dispersion effect et about 55 megscycles,
but the results are still somewhat doubtful.

The capacitance change with each different coil leaves some doubt in
regard to the reliability of the date. Qie values at various frequencies,
for a single coil fall on a straight line, but for different coils, at the
seme frequency, the capacitance was different and the difference varied
for each dielectric used. After considerable study of this problem, it
appears that coils and external leads are probably not the cause, but
residual constant resistance, capacitance, and inductance within the in-
strument may be the cause. rhe variation however is small and almost
within the expected precision of the instrument.

The frequency at which anomalous dispersion will become evident is
related to the time of relaxation for the liquid by the equation w$ »
Solving this relationship for T using the value of 95 megacycles for the
frequency, it can be seen that T cannot exceed 1.68 x 10“” seconds.

Monochlorotriethoxytitenium, for which a partial ionic bond between
the chlorine and titanium atom has been proposed, does conduct electri-
city. The specific conductivity measurements indicate that the compound
has about the same conductivity that pure water exhibits.

It was for that reason that the attempt to measure the dielectric

constant was not successful on the instruments available.



XY 11, ShMitRY

1. Tetrp.ethoxytltpnium Whp prepared end purified end the dielectric con-
strut of the pure liquid wrs studied et frequencies renting from 30-
100 megacyclee end rt temperatures from -50°0 to 2$%°C.

2. rie dielectric constant does not decrease with increasing frequency
within the range of measurements and therefore does not exhibit
anomalous dispersion at those temperatures and frequencies.

3. Tthe time of relaxation cannot exceed 1.68 x 10-” sec.

h. Monochlorotriethoxytltenium was prepared end purified and an attempt
mode to measure the dielectric constant at a frequency of 1030 cycles
md a temperature of ?5°C. ‘'onorhlorotriethoxytit-nium conducts
electricity -nd the dielectric constant was not obtained.

5. %e specific conductivity of pure monochlorotrlethoxytltaniva was
measured at ?5°C -nd found to be 1. X 10“~ reciprocal ohms.

6. * discussion of the difficulties involved in the calibration and

use of a Q meter is presented.
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