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INTRODUCTION

An insight into the behavior of high polymers in
solution iz constantly being sought. To explain and predioct
the behavior of plastic products we must know the shape and
sige of the chains that make up our plastic. Poasibly the
most important of the two abovo~nentioncé properties is the
size. The molecular weight i1s a measure of the sige.

Methods that cen be used to measure the molecular
weight should be extremely important and valuable tools in
the polymer field. There are many known methods of molecular
weight determination but only a small number of these are
applieable to high polymeric materials due to the enormous
size of polymer molecules wvhich ranges anyvhere from 1,000
t0 12 million in molecular weight.

For this reason this investigation was carried out.
Any new method would be a giant stride in the technology of
today. Even more remarkable and valuable would be a method
that can be used to obtain the molecular weight rapidly as
well as accurately.

An indication that this method would be applicable
to high polymers waes developed in the author's Master of
Seience thesis (46). The purpose of the present research

was to determine:
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(1) The applicetion of the method to other cellu-
losios as well as the investigation of the effect of various sol-
vents,

(2) To study the effect of different solvents on the
configuration and dispersion of the high polymer in solutions.

This work, due to time requirements, must be confined
to ethyl cellulose systems, but work is under way by wvarious
investigators at the present time on other systems (48).

Investigations concerning the solvent seem a very
1npoitant phase of this work since, from a theoretical point
of view, the configuration of polymer moleocules in solution
is quite revealing as to polymer behavior.

In this investigation relatively dilute solutions
were used because it was thought thet in such dilute solutions
the chains are able to zot independently of one another.

No satisfactory constants are available in the
literature for the conversion of the intrinsic viscosity of
ethyl cellulose to the molecular weight. FYor this reason
dielectric dispersion measurements were compared with the
experimental intringic viscosity. It will be shown in a later
section that the moclecular weight obtained by the dispersion
method is ipparently eimilar to a viscosity average molecular
weight.
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Results up to the present time lead one to believe
that this method shows great promise in the field of molecular
weight determination. Possibly it will also give a quick and
very accurate determination of molecular weight distribution
curves of either homogeneous or heterogeneocus polymer samples.
Even at this early stage a narrow or broad distribution can
be differentiated with little difficulty. It is being con-
sidered at the present time for use in controlling polymerigza-
tion processes (12).

A great deal of work must yet be done but great
promise is shown to date. Very interesting and informative
results will certainly be derived from determinations that
should help one to better understand the materials that are
called our plastic products. Information of this nature
should broaden the use of these products through knowledge
of the possible size and chain configuration.

As was mentioned earlier, the time required for
measurement should be the feature that makes the dielectric
dispersion method very useful and acceptable.



LITERATURE REVIEW
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CELLULOSE

Cellulose is commonly referred to as a matural
high polymer that is a mixture of homologous polymerie
materials (81)., Cellulose is a compound that is produced
by plants by such a process that chemists are unable to
reproduce it,

Today without many exceptions people recognize
and aecept the Haworth structure as being the correct in-
terpretation (Figure 1). Evidence for and against sueh a
strueture can be fourd in eny text of cellulose chemistry
and for that reason will not be discussed here (53).

Through a degradation process it was found that
cellulose was composed of’fB anhydroglucose units and that
the alternate glucose units were inverted. They were Jjoined
through oxygen bridges at the number one carbon of one ring
to the number four carbom of the next ring (53)(83)(61).

This inversion of glucose units was necessary for the units
to lie in the same plane.

The individual cellulose chains are held together
by ferces. These forces might be either Van der Waals forces,
resonance bonding, or hydrogen bonding. It is known that all
of the chains are not perfectly aligned since crystalline and
amorphous regions occur in x-ray diagrams (75)(77)(53).

It has been established that the groups on the end
of the cellulose chain are different from the inner groups ia



Nonreducing
End Group

FIGURE 1.

THEORETICAL CONFIGURATION OF THE
CELLULOSE MOLECULE
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that one of the end groups is a redusing group (10)(47).

The other end glucose ring contains four hydroxyl groups.
Cellulose ia a polymer that is wsed in the prepara-

tion of many derivatives since it will undergo most reactions

that an organic alcohol will undergo and the 2, 3 and 6 posi-

tions are aubstituted during esterifi cation, or etherifica-

tion (51).

ETHYL CELLULOSE

One of the most important products obtained from
the etherification of cellulese is the ethyl ether, or what
may be referred to as ethyl cellulose. This product is used
in large amounts in industry for fibers, molded articles,
coatings, lacquers, and varnishes. These many uses demand
that the polymer be tough and have a high strength and
stability. It can be extruded, injeoction molded, compres-
sion molded and cast.

Ethyl cellulose may be prepared by first treating
the native cellulose with an 18% NaOH solution. Soda cellulese
is formed (52)(74) and treated with ethyl ohloride (57). The

principal reactions may be expressed as:

Cel1{0H) + NeOH = Cell (ONa) + B0
Cell(ONa) + °1°235 - c.11(0c235) + RaCl

Side reactions also occur depending on the ratio of the cellulese

and water. The greater the ratio the greater the side resctions.
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Also the ratio of NaOH to 320 is important in that it in-
fluences the degree of substitution.

Diethyl sulfate is used on a small scale for the
preparation of ethyl cellulose (56). The possible reaction
may be shown in the following manner:

Cel1(ONa) + (CoH),S0, = Cell(0C,H) + 2‘250\/ 30,
2

Substitution does not occur in a uniform manner but
in a completely random one. This may be attributed to the
fact that all of the hydroxyl groups have equal probability
of reacting. According to Spurlin (105):

*the substituents in the cellulose derivative

are distributed among the hydroxyls according
t0 the laws of chance, and the three sorts of
hydroxyls are substituted to an extent relative
t0 one another that is (determined by the rela-
tive reactivities of the hydroxyls determined
by their inherent properties as well as by the
reaction medium) and the nature of the reaction
(proceeding to an equilibrium at a partially
substituted state, or with a tendeney to pro-
ceed to complete substitution, but stop at s
partial substituted state).”

The number of unreacted hydroxyl groups may be deter-
mined by tosylation-iodination and the degree of substitutien
thus determined. Ethyl cellulose may be obtained in many
different degrees of substitution. The common commercial
product hes a D.S. of 2,20 - 2,58 which corresponds to 44.0 -
49.5% reaction. High degrees of substitution yield a D.S. of
2.60 - 2.80 which is 50.0 - 52,5%. Low conversion can be

expressed as 0.8 - 1.7 or 19.0 - 35.0% (91).
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Ethyl ocellulosics of higher degrees of substitutien
are uniform in the distribution of the alkyl group. This was
proven by Okamura (85) and McNeer (79) by a fractiomation
procedure. DBoth ebtained fractions that varied only slightly
in degree of substitution with different molecular weights.

Ethyl cellulose, as is true with other polymers,
natural and synthetic, should be fractionated to be theoretically
studied. For this reason the theories of fractionation should

be mentioned later.

The aceepted pioture of high polymers in solution,
whether celluleosic or otherwise, is that the individual chains
or moleocules are completely diaporlid. This means that solvent
has entered between each chain and broken whatever bonds that
existed. If there is any eeccasional assoeciation, the bond is
broken by forces existing in solution (107).

In the establishment of a picture pertaining te¢ cellu-
lose and its derivatives it is necessary to consider the work
done on this subjeet and the conelusions reached by easch in-
vestigotor as a result of his work. Any work conaidered can
be applied to either cellulose or its derivatives since the
difference lies only in the fact that hydroxyl groups have
been substituted. The existence of rotation around the ether

bond in the chain is possible in either structure.
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Investigation by W. & H. Kuhn (66) showed that
cellulose molecules in solution did not have a high dogroo
of e¢oiling but were more rigid in nature. ‘
Work by Pelson (93) showed that the dissymmetry .
factor was larger than that expected for a random coil polymer.
Kuhn (67)(68) treated the aubjoat statistically, He
showed that, in the case of molecules adhering te the rigid
rod oonfiguration, the molecular weight should be directly
preportional %o the length. Bridgeman (9) by investigation
vas able to substantiate this theoretical work by consideration
of the relaxation times. From his work he proved that the dis-
persion region for the cellulesics must lie in the regiocn in
which Kuhn predicted them. Cellulose fell into this prédicted
region and thus was considered to be somewhat rigid in nature.
Light scattering has proven very enlightening as
far as solution configuration is concerned. Blaker and Badger
(4) determined with fractionated cellulose nitrate that if the
D.P. exceeded 100, the cellulose molecule approached a random
coil configuration. If 100 or lees, the chain behaved as a
rigid rod and could be s0 treated in the caleulation of molecu~
lar weight by light scattering. -
Stein and Doty (111) determined that cellulose acetate
existed in the rigid rod configuration up to a molecular weight
of 80,000. If the molecular weight by light scattering exceeded
this, the chain doubled back on itself and thus assumed a random

coil configuration.
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Viscosity is considered a reliable tool in deter-

mining configuration since in the modified Staudinger equation

[7) = ot

if the "a" is 1.0, or closely approaches such a unity value,
the polymer molecule is considered a rigid rod in solution,
For random coils the value is 0.5 and approaches unity as the
chain becomes a stiffer rod.

Solvent determines the configuration in many in-
stances as well as the effective length of the chain., As the
solvent becomes increasingly better, the chain should be more
fully extended due to the fact that the interaction of the
polymer and solvent is greater than either the polymer or
solvent for itself.

It would thus appear that the polymer chain length,
as well as solvent, play equally important roles in configura-
tion. If the polymer does not have a molecular weight over
70,000 - 80,000 and fhe solvent is good, it is then quite
possible to assume a rigid rod contiguration.'

METHODS OF FRACTIONATION

Bearing in mind that polymers are a heterogeneous
mixture of chain lengths, one turns to fractionation. This
is an attempt to separate the heterogeneous polymer into
groups which are homogeneous with respect to chain lengths.
This is not wholly possible but can be approached within limits
of $10% from the true mean (91).
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Upon completion of a fractionation procedure an
integral distribution curve may be obtained. An integral
distribution curve is obtained by plotting molecular weight
versus the value of Ip., Ip is found by adding to one-half
of the weight percentage of each fraction the sum of the
weight percentages of all preceding fraoctions starting with
the lowest D.P. Differentiating an integral distribution
curve yilelds a differential distribution curve. This repre-
sents the probability of finding a chain of given length in
2 heterogeneous polyner.

There are & number of methods that are used in
frasctionation. The fractionsl precipitation method is widely
used today. The heterogeneous polymer is dissolved in a suit-
able solvent and then partially preecipitated by means of the
addition of a non solvent and often a lewering of the tempera-
ture. Proper adjustments of the amounts of non solvent and
solvent give a two-phase syatem, the supermatant and precipi-
tated phase. The success of the fractional precipitation
procedure is the eblility to choose the correct solvent -
non solvent system. It is possible to choose the. correoct
system by means of titrating the non solvent into a solution
of the polymer until a slight turbidity is noticed (2)(34).

The fraoctional solution method depends on the solu-
bility of polymer molecules (53). The polymer is placed into
contact with a solvent and non solvent mixture until equilibrium
is reached (30)(31)(98).
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The molecular distillation method is useful primarily
a8 a purification teehnique but can be employed in fraotiona-
tion (18).

The ultracentrifuge is an excellent method, and its
only drawback can be described as jite fallure to handle large
enough samples, It is, therefore, more of an analytical
teehnique but ean be used very accurately for establishing
molecular weight distribution curves (118).

Diffusion methods are based on the faet that lighter
molecules will diffuse through a solvent layer before the
heavier chains (18)(50).

Considerable work has been done in regard to ethyl
cellulose. JSeveral systems could be noted which gave favor-
able results. Most of the successful work was accomplished
with a fractional precipitation procedurs.

Okamura dissolved ethyl cellulose in acetic acid
and then precipitated it by adding certein amounts of the
ron solvent water (85). Staudinger and Reinecke used
dioxane - water sjstems (110); Scherer and McHeer (99) used
a mixture of ethyl acetate and acetone as a solvent and water
as non solvent; Scherer and Iacoviello (96) used different
solvent - non solvent systems depending upon the degree of

substitution.

METHODS OF MOLECULAR WEIGHT DETERMINATION

One of the most important aspects of polymer chemistry
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is the determination of molecular weight. As has been men-
tioned, many of the properties and uses of a plastic depend
on the size of the molecules.

The purpose of the following research was to develep
a method of molecular weight determination. For this reason
a review of the existing methods of molecular weight deter-
mination should be briefly considered.

The fact must be borme in mind that polymers are
heterogeneous mixtures of chain lengths and for this reason
the molecular weight determination can only be an average.
The existing methods can only give a molecular weight that
is acourate to 15,0% at best. Another diffioulty which
exists is that different molecular weight methods do not
agree in many cases for the same polymer sample.

Bearing these short-comings in mind, there exist
three different kinds of molecular weight averages. Number
average molecular weights include such methods as osmotic
pressure and end group determinations., Ultracentrifuge and
light scattering are weight average methods. The viscdaity
method gives what is referred to as a vicosity or possibly
"C" average. A doubt exists as to the exact category of thke
dielectric dispersion method.

As a basis of definition the number average depends
on counting the number of particles that are present. The
number average molesular weight in equation form is:

— :E; . . where is the number and
Aln = 2-7.m. my is the moleeular weight
S of the ith species

¢
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On the other hand, the weight average molecular
weight is dependent upon the actusl weight of the particle.
The equation for the above may be expressed as:

"-{;) = Zv\; VV\QL
Swoeme
where tﬁc symbols used are the same as above.

The number and weight average molecular weights may
be the same or one hundred percent different depending on the
homogeneity of the sample.

The most reliable method for determining the number
average molecular weight is the osmotic pressure method. It
is one of the oldest used today and has proven itself to be
sccurate within the limite of error. This method, however, is
often carried out in conjunction with other methods.

At infinite dilution the osmotic pressure is propor-
tional to the number of particles present, and the moleculer
weight is inversely proportional to the osmotic pressure as

given by Van't Hoff's law.

where Tl = osmotic pressure

C = concentration .

N = molecular weight of the aolute

R = gas constant

T = absolute temperature
The moleeular weight may simply be determined by plotting T/
versus C and extrapolating to infinite dilution. At this peint
the reciprocal is taken and the molecular weight is obtained.
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This method 1s especially applicable to lower molecular weight
high polymers. As the molecular weight increases the choice
of e membrane for use in the osmometer becomes exceedingly
diffioult (6)(35)(81)(91)(103).

The chemical end group method is another applicable
number average molecular weight method. This is one of the
earlier methods but has been surpassed in accuracy and
reliability by other methods. If a certain group is known
to exist on the end of a chain and it may be detected through
its chemical properties, the molecular weight can be determined.
In the case of the cellulosics the molecular weight is measured
by determination of a2 eopper or iodine number. This ensables
one to astually count the number of end groups present and
thus the number of chains (6)(58).

The weight average moleeular weight is preferred by
many investigators. For this reason light scattering measure-
ments are very important and frequently appear in the chemiecal
literature of today. Light scattering not only is a satis-
factory method for molecular weight determination but elso
gives much valuable information regarding the shape of the
molecule in solution.

The method is based simply on the ssattering of
light by partiecles. The larger the particle, the greater the
amount of 1ight it soatters. From the scattered light, O ,
the turbidity is measured. By making a plot of ﬂ%éé versus
concentration the molesular weight is the reciprogcal of the
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’kJ%: at infinite dilution. The equation for molecular weight
involving turbidity concentration and the constant H is (8):

/%g/% z //Cn +28C

where B = second virial coefficient
E= 327302 (n-no)*[c* /32N
where C = solution concentration in grems/ml.
n = refractive index of solution
n,= refractive index of solvent
‘A = wavelength of the inocident light in om.
¥ = 6,023 x 102

Meny times a polymer solution presents difficulties
that arise from too high & dissymmetry or a combination of
other problems. In this connection Zimm plotms are advised.
These lead to great acouracy as an extrapolation to zero angle
is made. An equivalent term to Hh/} ’ Ko/RG is plotted versus
sin29/2 + ke, The molecular weight is the reciprocal of the
extrapolated value. The result of such a plot is a grid-like
graph. The aceuracy in this determination stems from two
factors. First, measurements are made atmore angles (from 30°
to 145°) and second, a double extrapolation is necessary. Num-
ber average as well as weight average may be obtained in certain
cases (106).

The ultracentrifuge or sedimentation method makes use
of a high speed centrifuge which meesures the rate of sedimenta-
tion of the colloidal partiscles. The objection to this method
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is the great cost of the instrument and difficult techmnique.
Even though the measurement gives weight average molecular
weight, it will also lead to an aecurate concept of the
homogeneity of the samplse (65). Particle shape, solvation
and impurities ean be evaluated,

By an observation of the change in concentration
with time along a column the diffusion constant can be
determined., Kvaluating the velocity of sedimentation, the
molecular weight then follows from: (6)(35)(53)(81)(91)

RIS

where D = diffusion rate
S = sedimentation constant
V = partial specific volume of solute
¢ = density of solution

M = molecular weight

Perhaps the most widely used method of molecular
weight determination is the viscosity method since it is the
simplest, yet very reliable. Viascosity is a measurement of
the resistance of motion of one layer of liquid as it passes
over another which increases as the molecular weight increases
due to the resistance to flow offered by the solute molecules.
In dilute sdlution the molecular weight ean be determined (6)
(53). This method was developed by H. Staudinger (6)(53)(91)
(108) (109) who stated that at low concentrations if a polymer
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is rod shaped, the weight average molecular weight is propor-
tional to the specific viscosity:

75,/(_ = tm -IK"P

or

TP =N-2e - Ypet ~/
o
where '75,9 = gpecific viscosity
77 = viscosity of polymer solution
7]o = viscosity of pure solvent
Nvel = relative viscosity
K & K = constants
M = molecular weight
P = degree of polymerigation

C = concentration in grams per 100 ml.

This equation of Staudinger's 1s based on assumptions the validity
of which is doubted over the whole range. 1. Cellulose and its
derivatives must be dispersed in the form of a single moleoule.
2. Viscosity measurements are independent of the nature of the
solvent. 3. The expression 75p/¢ is indepemdent of C (3)(5)(7).
Kraemer (116) realized that all results did not agree
and introduced the term intrinsic viscosity ﬁ} vhich is the
limiting value or extrapolation of 7sp/(, to infinite dilution.

ﬁ) 226:":; Vsl = _Leow 7ret=/

C —>o
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The Staudinger equation then becomes:
)= M™

where ﬁ] = the intrinsic viscosity
K& as= conntant-

M = molecular weight

It has been shown that "a" should be 0.5 for random coil
molecules and approach 1.0 as the molecules become more rod
like in nature (102). ILight scattering and ultracentrifuge
studies may be used to determine the constants "K" and "a".
The most recent method for caleulation of molecular
veight is the method of dielectric dispersion. As has been
shown in the author's Master of Science thesis (46), this
method is applicable to cellulose acetate. It will be shown
later that it is likewise applicable in the case of ethyl
- cellulose. The method is based en the fact that ohains
follew an alternating ourrent field until a point is reached
vhere they are unable to do so. This causes a decrease in
capacity which can be measured and related to the frequency.

The empirical equation that is used can be shown to be:

log M.W. = A + B (log °)c +1)

wvhere A and B = constants
M.W. = moleocular weight
l)o = gritical frequency
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The critical frequency is the point at which the dispersion
is fifty percent completed.

In discussion of results it will be shown why the
molecular weight obtained is similar to a viscosity or "C"

average.

DIELECTRIC DISPERSION AND LOSS

Static Dielectric Constant
The presently accepted interpretation of dielsctric

behavior owes a great deal to the theory of Debye (24) and
subsequent refinements of his work.

In considering dielectric phenomena the static dielec-
tric constant should be briefly considered since many equations
were derived from it., From the dielectric constant the dielec-
tric dispersion can be obtained and better understood.

The dielectric constant may be expressed as the force
between the two point charges e and e' separated by distance "r"
in a homogeneous unbounded dielectric. The dielectric constant
is measurable by obtaining the ratio of the capacitance of a
condenser filled with an unknown to the value filled with air.

¢. s

, Debye by a development of the Clausius-Mosotti equation
developed an equation for the molar polarization by considering

one possible situation of a molecule in a field (104). This was
that of a ocavity field. The cavity considered was a eylindrical
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cavity between two plates very near to eech other. From the
equation below the dielectric constant can be obtained as
will be shown later.

() P= &) M = fnl < =q_7;_/v/,(o¢az )

€+ d T ZET

where P = molar polarigation

.

= density
M = moleeular weight

o=

= number of molecules per mole
= distortion polarigation

<

L, = polarizability
AL = dipele moment
€

= dielectric oconstant

By substituting €= v)>~, where n is the refractive index, the

Lorentz-Lorens expression is obtained for the molar pelarisation.

(@ P=x2t M =9quN ¢ . YITN (=, +2e>
i+ d 3 3 3KT

There are, hovwever, certain limitations or objections
(13) to the equation in the present form.

According to the Debye equation there should be a
linear dependence of the polarigation upon the reciprocal of the
absolute temperasture. This is shown by gases, some polar liquids,
and solids, where a certain degree of molecular freedom exists,

If there is any degree of hindered rotation, the Debye equation
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is not accurate for known measurable values. For instance,
the Debye equation can be shown to predict ferrosleotric be-
havior of water throughout the entire ligquid range. The Debye
equation holds when& =Ce.. In 8886850 = 1 as well as € = 1.,

Debye's equation takes into account only a single
relaxation time rather than a distribution of such which is
known to be present in many substances. Also, in the Debye
equatien, the shape of molecules is not taken into account nor
is the existence of a macroscopic viscosity. Many attempts
have been made to modify the Debye equation and in doing so
to obviate some of the difficulties.

Ven Arkel and Snoek (119) developed a semi-empirical
equation whiech introduced into the denominator the dipole~
dipole interaction energy of molecules and apparently eliminated

ferroelectric behavior.

(5) E=1 L1 - 4ITN<e 4y >
c+a d 3 3 AT Pl
where n = number of molecules per 0cC.

¢ = constant =1.35

Wyman (121) developed an empirical equation which held
srrisingly well for many liquids. Only those that were strongly
associated failed to obey his equation.

Thie work directly led Omsager (90) to treat the sub-
jeot of a cavity field which was divided into two parts. This
meant that as well as a cavity field a reaction field was also
present. The reaction field is produced by the action of dipoles



(25)

on other dipoles. This would lead to results that are quite
different from Debye's, if there were a large permanent dipole
moment, and agree quite closely if only a small moment was
present., By a rather rigorous mathematical treatment, which
can be found in standard textbooks on dielectric thoory,'he
obtained the equations

€/ m gl M 2€Cnr ) furryacl
(4) C+2 4 €, +2 9 RE€+€,(€+ D\ T

+

Kirkwood (62)(63) extended the treatment of Onsager's
equation in that he treated more accurately the existence of
hindered rotation about the molecules. Kirkwood took inte
account forces such as Van der Waals forces and hydrogen bond-
ing. He 2also eliminated the approximation of a uniform loeal
dielectric constant. His equation was not too different from
that of Onsager's except that he introduced a second dipole
moment term, that of e« which is the sum of the molecular
dipole moment and the moment induced as a result of hindered

rotation.

(5) (EN=ZEXD 1 yo T
77 J T T (<;<ﬂ'* ST
It may be shown that the Kirkweod equation is more exasct than
either the Debye or the Onsager equations. The Onsager egquation
enables one to apply calculations to the polar solvents. How-
ever, it may be coneluded that the Debye equation is suitable
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for ealoculation of the static dielectric constants for gases

and dilute solutions of polar solutes in non polar solvents.
From this discussion of the statie dielectric con-

stant and the equations from which it may be calculated,

dieleetric dispersion may now be considered.

Di i ion

Dielestric dispersion may simply be expressed as the
decrease in the dieleectric constant with increasing frequeney.
Dispersion is the lag of the molecules resulting in the faect
that they are not in equilibrium with the applied field.

The first recorded decrease in the dielectric constant
with increasing fregqueney dates back to the nineteenth century
(29).

The presently accepted viewpoint seems to de that
the effect of disporlion is a result of combined orientation
and distortion rather than a pure distortion of the moleoules
(24). The dividing line between these twe effects is the
relaxation time of the molecules. The relaxation time is the
time required for the moments of the molecules to revert
practically to a random distribution after the field has been
removed, The dividing line is then expressed as <J F= /
vhere & = 2 /7. 5

E = 774

kT
7 = viscosity

"a" = radius of molecule
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I+t is obvious that different size molecules will have a great
variety of relaxation times. Not only the size of the molecule
but also the frequency and viscosity will assume important roles.
For small moleoules ¢ = 10 1lgec., and for large
molecules of high visoosity-’t’- 10"6 to 1016 sec. For polymer
molecules 'tf shows a2 large range and an example 0f such may be

shown (73):

TABLE I
Polymer (sec)
poly(vinyl) formal 1016
" acetal 10%
" acetate 1.5 x 1079
" hexanol 4 x 10!

If dielectric dispersion is considered, one must take
into ascount the Brownian movement. By differentiating the Debye

equation (1) one obtains:

(6) R,))— = %‘NZ‘G 3&7‘( /#cwl')l

€5+3-

This equation then takes into account the existence of a relaxa-
tion time., Many times in actual experimental work the existence
of more than one relaxation time ocours. This was, as will be
remenbered, a limitation of the Debye equation., The subject

will be briefly discussed in a later section.
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By solving equation (6) for the dielectric constant
there is obtained

/ + —',%i P(Ci)’
/- p ()

(1 €=

If boundary conditions are imposed, that is:
w=o ;5 €, : €

(-]

(9 RS S € = €

=4

and these conditions are substituted in equation (6) at both low
frequencies (8a) and high frequencies (8b) then:

E,-) _m _ 4T =
(8) Pe) - S22t F = G (o + Fer
(8b) Ple)-Sa-l = _ <17 e

6_64..1 Jd = g

It is then possible to write the expression:

- -/ _52-

é' +.z

(9 ZZ

Jb?f'

If equations (8a) and (8b) are substituted in (6) and
equation (9) in (7) then an expression is obtained that will

enable one to obtain the dielectric conatant in expanded form.
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M [ CEwrl) _/_._(eoi _ Co-!
(10)P(cu)= J (e_+.z)+/+=‘w% €.t €L+ a

€. w5
Fa f ‘Yt ELT

(1) € = é°l""“ ‘ ——
4 X g2

E. 1+

The real and imagineary components of equation (11) may be
separated by mathematical manipulation.

6’: é -+ 60- é“
(12) < / 4+ X =
” éo- é“
) € = T
vhere x = €.t R co ¢
€, * 2

These equations (12)(13) were modified to a slightly simple
form by Frohlich.

€.+ €a
/4 wA et

(1) € = €4+

é,’eww—t
L e

as) € =

”

wvhere £ - € __ << < / and € - €l €
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]
Equation (14) required that €  decrease from & to
Eﬂ:- with an inorease in frequency. In the same frequency range
€" must inoresse from a small value through a meximum to a small

value. Many liquids (Figure 2) below conform to these curves.

€
and
el‘ e“
los w
Figure 2

The relexation time, as before explained, may be evaluated from
the maximum slope of the €' or the maximum value of €",
The above methematical treatment may be further shown

by an actual case of a capacitor "C" with a resistor “R".

>

=*C

The capacity will decrease from a large value to a small value
vhile the resistance will decrease from an extrsmely large value
to a small value and again increase to a large value. This
behavior is perfectly analogous to that of the €' and €" .

An illustrative example would be that of polymer mole-
cules in a suitable solvent, If a polymer solution is placed in
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a direct current fleld, the molecules will orientate themselves
with respect to the field, This orientation camnot be perfect
due to thermal motion and entanglement but the resultent orienta-
tion will be an average value., DBefore the field was applied the
moments of the molecules were completely random. If the field
is removed, the molecules will revert to their original random-
ness, The time for such reversion to take place has previously
been defined as the relaxation time,

What would be the result should an alternating field
be applied in plece of the direct current field considered above?
In a low frequency field the period 1s generally large compared
to that of the relaxation time. This being true, the molecules
present should have sufficient time to align and realign them-
selves with the field during each cycle, The dielectric con-
stant must then remain large, éo .' As the frequency 1s
increased a point will be reached where the orientation lags
behind the reversals of the field and thus the dielectric con-
stant decreases below €, + The lag produced will be the greatest
when the period of the frequency is of the same order as the re-
laxation time,

There is present at the same time a component of tﬁo
total current which is in phase with the field., This, in phase,
component represents a consumption of power by the dielectric,

It will increase up to a point where the frequeney and the
relaxstion time are the same, and at this frequenoy the € " will

be at its maximum,
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As the frequency 1is increased still further additionsl
molegules will be unable to follow the field, and a frequeney
will be reached where none can follow, At this point the &’
decreares fromC, tcGCeo . At the same time € has gone from
& low value at low frequencies through a maximum at &=/ and
back to a low value &t high frequencies,

It seems plausible to state that the long molecules
should be the first to drop out, not being able to follow the
?1eld due to the viseous drag of the environment, The shortest
should be the last to drop out., This should then enable one to
obtain a distridution of chain lengths as well as an excellent

neasure of moleenlar weight from this dielectrie dispersion.

Mothods of Measurement

The usuel methods in use today for the measurement of
dielactric constant snd dielectrie dispersion are arranged in
five groups. In general they may bes grouped as (1) bridge methods,
(2) resonance methods, (3) foree methods, (l) calorimetric methods,
snd (S) eomparison methods.

The bridge method is the most generally useful method.
The principle on which this method is based is that the voltage
between two corners of tne dbridge is dbrought to gero by the
ad justment o capacity and resistance. Thigz balance oceurs when
the ratio of the impedances of two adjacent bridge erms is equal
to the ratio of the impedances of the other pair or~ldjacont Arms,
Possibly the outstanding feature of the bridge method is its
versatility.
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With the bridge method a great many variations may be
used: (1) substitution methiod, (2) direct method, and (3) parallel
resistance method. A diagram of the bridge described above may be
seen in the experimental section of this work (1CL).

Much work has been published using bridge methods or
variations thereof (15)(20)(39)(L43)(54)(70)(86)(87).

The resonance method of measurement is applicable over
the freguency range of 100 ke to 30 Me. Such measurements are
made by using a high frequency alternating current set up in a
primary circult. This circuit is loosely coupled to a secondary

circuit conteining capacitance and inductance (Figure 3).

-C Lk L <z VJriaé/o
r o_fcr'//a'for

The frequency at which maximum voltege occurs is known
as the resonance frequency and may be related to the inductance

and cepacity by

F = %_Vm"’

This measursment has been applied to meny determinations of dilelee-
tric constant (11)(20)(32)(122) and dielectric dispersion (115).
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A balance is obtained by adjusting the capacity in the
secondary circuit until the current is at a maximum. The cell to
be measured is then placed in parallel with the capacitor which is
lowered until the voltage is agein a maximum. The difference then
in the condenser readings is the capacitance of the cell. The
power loss may be ascertained from the width of the curve in
voltage versus frequency plots., Some typical resonance circuits
may be found in the references (9)(32)(122).

The force method involves the deflecting force exerted
by an applied electric field upon a conducting ellipsoid suspended
in solution (88).

Calorimetric methods are applicable only to the measure-
ment of dieleetric dispersion but can be used over the entire
frequency range. The voltage across a cell, closed except for
a small capillary tube, is carefully regulated. The solvent
expands into the capillary tube as a measure of the energy
sbsorption (25)(76)(78)(101).

Comparison methods involve the comparison of magnitude
and phase of voltage across an unknown and standard ecapacitance.
An oseilloscope is used as the means of comparison (16)(123).

Phase compensation methods are used in many instances
especlally for miero amounts of sample. The difference in phase
18 compensated by the use of a variable precision condenser (59).

Swinging pendulum methods, cavity resonance methods,
cavity perturbation methods, and heterodyne beat methods are
described in the literature (17)(36)(55)(117).
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There are many different types of capacitance cells.
Each investigator uses one of his own choosing, each serving the

one specific purpose but also presenting special features.

Presence of More Than One Relaxation Time

Debye treated molecules as spherical and thus the
molecules had a single relaxation time. In reality, molecules
are of many sizes and thus multiple relaxation times so that a
distribution of relaxation times would then be expected.

Multiple releaxation times may be clearly shown with the
use of plots of €' and € versus log & .,

¢’ ¢

Tog @ ‘ loq €O
(a) Actual Debye (b) Multiple relaxation
éu éﬂ
loq & ;oq o
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P .
Equation (1) has been treated by Perrin and /("‘ cwt)

has been replaced by

ko
—. A AT 4 _ees T
7 4C Wk AWt JFAcwrT

Cole and Cole (13) developed an empirical equation
which tended to explain multiple relaxation times.

¥ - G oo
(16) €7 =2 Em + Eo
oo , (C Z-')'—'z—

where & ¥ conplex dielectric constant
?"0 = most probable relaxation time
< = an empiriecel constant with values from O to 1.

This equation on separation of the real and imaginary
components results in (17) and (18):

(17) €' - €0 = (€o-€Co)[1# wh) aeu (€ 7/2)]
/72 (&) e (ccrla 10 8) T

- (€,- G...)(au’&'.,)’“c Cos (LT /2)
/+2(wl) el 7/a) ,(wz.o)-‘*’F?'

(18) €ll

Whenel = 0 the equation would reduce to the simple Debye equation.
When ol= 1 a uniform distribution of relaxation times is present,
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If the Debye equation be combined and written in the

4
'é* po X " o é_é
form of the equation for a circle,(é- —;;:ékf) + € =</-3j;ji=-

"

/——\

¢’ )

Figure

it can be seen that only one relaxation time is present. The
plot will be that of a semicirele (49). If an arc results, then
a distribution of relaxation times is present, and as the dis-

tribution becomes greater, the line will move toward the axis
(73).

é'l

The relaxation time ean be calculated and a complete discussion

of such is given in Smyth (104).
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Experimental Work on Dielectric Dispersion

In the chemical journals there appears a large volume
of experimental work concerned with dielectric dispersion and
loss. The great majority of such deals with high froqudncy
measurements as well as work on s0lid polymers., This is very
useful, however, since it leads to an understanding of the
chemical ngturo of molecules, Much work has also been done with
different classes of polymers such as cellulosics, polyvinyls,
etc.

The work reported here deals exclusively with polymer
solutions at low frequencies. Some work will be shown in this
section that deals with all aspects of dieleetric dispersion
and loss.

Girard, Abadie and Charbonniere (42) investigated
s01id poly(vinyl chloride) with regard to the identification,
not the determination, of the average degree of polymerization.
By a fractionation procedure sharp frsctions of molecular weight
23,000, 40,000, 72,000 and 125,000 were isolated. The lower the
D,P, the lower the junction oceurring between the loss curves and
ionic loss curves.

| Dielectric losses in 80l1id poly(methyl methacrylate)
were studied as a function of the temperature. The low tempera-
ture peak in the loss curves was believed due to a movement of
the side radicals which included the 0:1C-COCHp groups. The
movement of the polar groups in the chains tended to explain the
high quality of the polymer as a glass (82).



(39)

C. P, Smyth (104) investigated solid long chain fatty
acid esters of palmitic and stearic acids. From results ob-
tained it was postulated that long chain molecules orient as a
whole by rotation about the chain axis., Different isomers were
found to behave quite differently in their orientational freedom.
These conclusions were obtained from dielectric dispersion and
loss measurements (19).

Investigations by Offengeld (84) on alkyl poly(meth-
acrylates) were concerned with the glass temperature, Tg.

Methyl showed a dispersion region below Tg where ethyl, n~butyl,
and isobutyl appesared in the transition temperature. These
results were confirmed by other investigators (27).

Voet (120) found for polystyrene in toluene that as the
concentration was increased, the dielectric constant remained
essentially the same as that of the toluene until a critical
concentration was reached. At concentrations above this value
the dielectric constant rose rapidly in a linear fashion to a
point much too high even for the dielesctric constant of the solid
polymers,

Debye and Bueche (26) investigated the same system and
observed no such effect for pure polystyrene-toluene systems. If
a small amount of methanol was added, an effect similar to a
critical concentration was observed. The results of Voet were
thus attributed to experimental difficulties.

Hammerle and Kirkwood (ll) modified the Kirkwood-Fuoss

theory of dielectric phenomens to include hydrodynamic interactions
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as well as a method of root-mnan-aquuré dimensions which agreed
with those obtained from light scattering and viscosity.

Another article by the above two authors (45) showed
that the square root of the molecular weight is not inversely
proportional to the frequeney of maximum dispersion.

Two papers by Strella and Zand (112)(113) on poly(ethyl
methacrylate) and poly(n-butyl methacrylate) studied dielectric
properties as a means of arriving at molecular structure. Two
transition regions were found. These regions were further apart
in temperature in the n-butyl polymer. The ethyl polymer chain
appeared stiffer than the butyl, Furthermore, a marked dependence
of the relaxation time on temperature was noted in both polymer
samples,

Poly(methyl methacrylate) was also investigated ex-
perimentally in order to ascertain the dependence of the dielectric
constant on the sbsorption of water (95). It was determined that
low temperature absorption could be induced by storing over water
or immersing the sample in water. This would seem to account for
the Y transition occasionally found in methacrylate polymers.

Erbring and Takei (33) found that polarization decreases
with concentration in studying cellulose ascetate in dioxane. This
was due to the formation of assoclated compounds, In methyl
aleohol - Me2C0 mixtures the polarigation is constant. No ree-
sonable explanation for such phenomena could be offered except
that chemical and physical properties must be considered in

dioxane.
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Funt and Mason (37) investigated poly(vinyl acetate)
in toluene. The molecular weights ranged from 15,000 to 100,000
and the frequeney range covered 1.5 Mc to 10 Mc. A narrow range
of relexation times was found and was only a qualitative agree-
ment with the Debye Theory. The discrepancies seem to be that
absorption curves inereased with increasing frequeney. Dipole
moments were caleulated from dispersion and loss measurements.

Dielectric constants of rubber-like materials were
measured over a wide frequency range and they were in agreement
with the theory of Fuoss and Kirkwood. They did not show agree-
ment with the theory of Debye due to a wide distribution of
relaxation times (11).

Terylene (94) was found to possess three different
and distinct dispersion regions. The first is related to the
relaxation of the dipoles in the main polymer chain. The second
was attributed to the presence of OH groups, and the third was
assoclated with the conduetion of charge through the material.

Abadie and coworkers (1) investigated the effect of
temperature on dielectric loss with cellulose and starch., It
was found as the temperature was increased the dielectric loss
increased., The increase in temperature seemed to influence the
enviromment through which the chsln rotated. Measurements were
made from 100~to 100 M¢c. The critical frequencies shifted from
800 K¢ to 10 Me.
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Poly(methyl methacrylate) in toluene (21) was investi-
gated and 1t was found that the dielectric constant varied with
conconération. The molecular weights varied from 209,000 to
1,750,000, It was also found that the dipole moments calculated
from measurements made were related to the molecular weight as
was predicted by Kuhn.

Poly(methyl methacrylate) was even more thoroughly
investigated as far as dielectric constant and loss was concerned
(22). Molecular weights ranged from 14,000 to 1,750,000 and the
solvents used were bengene and toluene. Frequency range was 10 Ko
to 35 Mc and measurements were made at temperatures ranging from
-30°C to 25°0. By investigation 1t was proven that the static
dielestric constant was independent of molecular weight for a
given concentration. It was also found that the dipole moment
was proportional to the square root of the molecular weight,

The most striking result was the fact that it elaimed the molecu-
lar weight was independent of the critical frequency (fe). From

results given below this does not seem to be entirely the case:

MW, fe

1,750,000 h.2
1,250,000 4.5
917,000 6.7
500,000 7.0
95,000 8.0

14, 000 8.6

TABLE II
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Brouchere and Beek (23) found for polyvinyl acetate in
toluene that the square root of the molecular weight was propor-
tional to the dipole moment. The dipole moment was also found
to be directly proportional to the root-mean-square end to end
distance. They discovered, as was also claimed in the above
paragraph, that the critical frequency was independent of molecu-
lar weight. This is a direct contradioction of Kirkwood-Fuoss
theory (64), Kuhn's theory and the author's Master of Science
thesis. It was claimed that the deviation could be explained by
the simple model used by Bueche and by Rouse. The authors of
this work made the suggestion that new experimental work be
carried out to see if these results were correct. In both of
the preceding articles the claim of no dependence of critiocal
frequency is possibly due to two conditions. The first is that
the frequency region is too high for a molecular weight dependent
region and also in many cases the result is obscured by the com-
bination of two or more dispersion regions.

Kirkwood and Fuoss (64) treated in a theoretical manner
the relationship of relaxation time to the distribution of chain
lengths. It was found to be a direet proportionality.

Testerman (100) found agreement with resonance absorp-
tion but not of the Debye type in the frequency range studied.
Nitrocellulose was measured in acetone from 100 K¢ to 500 K@,
and a resonance method using substitution methods was employed.

A loosely held random coil was postulated and a direct correlation
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was found between distribution curves obtained by fractional
precipitation.

Pauley and Testerman (92) found that Testerman's
dispersion (100) was due to a copper-cellulose nitrate complex.
The dielectric dispersion is due to the formation of polymer
aggregates due to crosslinking of polymer molecules., As with
Testerman's work, it would seem that the dispersion region
observed was a secondary region and not that of a primery nature.
The region observed was 80 narrow that it was not likely to be
anything but rotation of eside chains or possibly a longitudinal
spinning.

In the author's Master of Science work 5% solutions of
cellulose acetate in dioxane were measured from 50 cycles to
5 Mc by a bridge method. A dispersion region was observed from
which the critical frequency could be obtalned, The critical
frequency is the frequency where the dispersion is 50% complete.
The critical frequency could be related to the degree of polymeri-

zation through an empirical correlation.
log D.P. = 2,60 - .67 log (\k.+ 1)

where \?g = gritical frequency

Molecular weights can be calculated in record time. The present

work is a continuation of such studies on ethyl cellulose fractions.
The references contained in this section are only a

minute fraction of work done, but it is hoped that it will give

an idea of the many different viewpoints as well as information

that can be obtained concerning chemical structure.
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EXPERIMENTAL E<UIPMENT, PROCEDURE, AND RESULTS

Materials Used

The ethyl cellulose used throughout this investigation
was a commercial grade obtained from Hercules Powder Company of

Wilmington, Delaware.

Grade Ethoxy Content Viscosity
N-200 48.7% 169 centipoises

in 5,0% solution

The acetone, C, P., was obtained from Commercial Sol-
vents Corporation of Newark, iNew Jersey.

Ethyl acetate was also obtained from Commercial
Solvents Corporation and was commercial grade.

Dioxene, purified grade, was obtained from Fisher
Sclentific Company, Falr Lawn, New Jersey.

Benzene was also obtained from Fisher Scientifiec
Company and was certified grade.

Carbon tetrachloride, certified grade, was obtained
. from Fisher Scientific Company, Fair Lawn, New Jersey.

Normal butyl acetate also was obtained from Fiasher
Scientific Company and was certified grade.

The toluene used in this investigation was obtained
from Baker Chemical Company of Phillipsburg, New Jersey, and

and was certified grade.



(47)

Apparatus
Essentially the same apparatus was used in this in-

vestigation as was used in the author's Master of Science thesis
with slight modifications and additions. The bridge method was
used due to its applicability at low frequencies and the preei-
sion that could be obtained. A block diagrem of the apparatus
may be seen in Figure 7 as well as a photograph of the apparatus
as 1t stood,

The main components of the pictured apparatus were
(A) two varisvle oscillators, (B) frequency counter, (C) capaei-
tance bridge, (D) variable precision capacitor, (E) null detec-
tor, (F) unit power supply, (G) filter, (H) decade capacitor,
and (I) two capacitance cells.

The Heathkit oscillator (A) was used from 10 cycles to
100 kilocycles due to the absence in it of hum which was found
present in the General Radio oscillator. The model AG-9A Heathe
kit hes low distortion signals over the frequency range. The
other variable oscillator (A) was manufactured by General
Radio Company and was type 700-A, It was used over the fre-
quency range of 100 kilocyecles to 40O kilocycles., It consiats
of two high frequency osclillators, one fixed and the other
varisble, It feeds a detector from which the different fre-
quencies are obtained. The frequency ranges from 50 eycles to
S megacycles. A vacuum-tube voltmeter is used in the oscillator

for a measure of the output voltage.
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7. BLOCK DIAGRAM OF APPARATUS
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The frequency counter (B) was manufactured by the
Hewlett-FPackard Company and is type 524«A, It can be used
to count frequency from 10 cycles per second to 10 megacycles
per second. The counter has an accuracy of 0.03%. The meter
has a crystal oven, as well as & fan for temperature control.
It is possible to hold the count for both long or short periods,
The capacitance bridge (C) was manufactured‘by General
Radio Company and is type 716-C., It 18 a modified Schering
bridge with direct reading in caspacitance at any frequency. It
may be used to measure dissipation-factor, dielesctric constant,
as well es dlelectric properties, The bridge is capable of
me asurements by a direct method, a substitution method, and a
parallel resistanee method. Variations of temperature over
the normeal range have no effect on the accuracy of the bridge.
The variable precision capacitance (©) was mamfactured
by General Radio Company and is type 722-D. It has the features
of high stability, high precision of setting (1 part in 25,000
of the full scale), low backlash, and low dielectric losses.
It has sn asccuracy of 10,1%.
The null detector (E) was manufactured by General Radio
Company and is type 1212-A, It is designed primarily as a
balance-indicator in A-C bridge measurements. It consists of
a 3-stage broad-band amplifier with series-pesking compensation.
This null detector has a sensitivity of svproximately kO micro-

volts,
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The unit power supply (F) was &l so manufactured by
General Kadio Company and is type 1203-A, It is connected with
the null detector by a multipoint connector,

The filter (G) was manufactured by General Radio Come
pany and is of the type 1231-PS5M, It 18 used to reduce harmonics
end may be set to any frequency between 100 cycles and 40O kilo-
cycles by the use of an external caspacity box and inductor box.

The decade capacitor (H) was mamfactured by Electroniec
Instrument Company and any cepacity between 0.1 microfarads and
«001 microfarads may be obtained.

The eapacitance cells (I) were manufactured by J. C.
Balsbaugh and consist of three concentric nickel cylinders.

They give a nominal air capacity of 100 micro microfarads,

The chassis was connected to earth ground and all

leads betwecen components were shilelded.

Refractionation of Ethyl Cellulose Fractions

Fpactions obtained by McNeer (80) were carefully re-
fractionated in order to obtain as sharp fractions as possible
in the following manner. The refractionation procedure was
one developed by McNeer and modified slightly by the author.
Fifty grams of ethyl cellulose were dissolved in 1910
gramns of ethyl acetate and the solution was stored at 25.0°0
for 2l hours. This waiting period insured a homogeneous swelling
of the ethyl cellulose by the ethyl acetate. The addition of
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7640 grams of acetone was then made which dissolved the gel
formed by the previous addition, resulting in a one-half
percent solution. This low concentration was used to insure
a precision fractionation. The solution was well azitated
untll complete solution had been accomplished and again
allowed to stand at 25.0°C for et least four hours.

Non solvent, in the ratio of 95:5 water-acetone, was
slowly added until a slight local precipitation took place.
This precipitation was indicated by an inereased turbidity.
The solution was slowly a_itated until the precipitstion had
diseppeared and was then allowed to stand an additional hour
at 25,0°C, and then placed in a 15,0°C room for a pericd of
18 hours,

The first fraction sppeasred at the bottom of a 20
liter pyrex bottle in the form of a hard gel. The gel was
then separated from the solution by decentetion into another
20 liter bottle. The decanted solution was plsced in the
25,0°C room in order to return to 25.0°C. The non solvent
was then edded as above described and another gel settled
after 18 hours. The amount of non solvent varied for esach
addition. In most cases the addition of non solvent was in-
creased for each fraction,

The gel was recovered in each case by dissolving it
in a minimum emount of acetone., This led to a very viscous

syrup which was then added slowly to large emounts of distilled
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water, This precipitated the polymer into a fibrous material
which was filtered, dried, and then stored away from direct 1light.
If the dissolved gel was very fluid, it could be recovered by
evaporation of acetone.

The specific viscosity of each recovered fraction was
determined, and any fractions with similer values were recombined
snd refractionated according to the above procedure,

The weight and degree of polymerization of the fractions
obtained are listed in Table III,

Weight and D,P, of Ethyl Cellulose Fractions

Fraction No. D. P, Weight (grems
1 295 22
2 170 2
3 155 2
b 140 9
5 120 33
6 100 66
7 87 45
8 75 43
9 50 3

TABLE III

Intrinsic Viscosity of Bthyl Cellulose Fractions

In the determination of intrinsic viscosity Ostwald
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viscometers as well as Ubbelohde dilution viscometers were em-
ployed. The samples were prepared by drying one hour at 105.0°C
and the desired amount was weighed out and dissolved in a de-
sired solvent.

From results obtained by dielectric dispersion in
various solvents it was necessary to determine intrinsic vis-
cosities in the same solvents, For this reason results on
dioxane, benzene, toluene, and carbon tetrachloride are included
in Tables IV, V, VI end VII and Figures 8, 9, 10 and 11, W, C,
Lawrence investigated ethyl cellulose in n-butyl acetate and
the intrinsic viscosity values appear in Figure 12 and Table VIII
as well as in his work (69). The least squares method was

applied to each fraction.

Experimental Results of Dielectric Dispersion

Types of Bridge Measurement - As was mentioned earlier

there is the possibility of using either the direct method, sub-
stitution method, or parallel resistance method. Another, not
previously msentioned, is the differential method.

Direct Method - The capacitance cell is connected into

the unknown direct terminals in the direct method. The method
switch is set on "direct" and the range selector switch is set
at the appropriate value, The ratio of f to fo(where £ is the
frequency read from the frequency counter and f;the value of the

range selector dial) must not exceed a value of 3,0, For a
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TABLE IV

INTRINSIC VISCOSITIES OF ETHYL CELLULOSE FRACTIONS IN
DIOXANE AT 25°¢C

Eraction .f_u& C(£/100 m1) %ZLM&).

Original 4,660 0. 4176
Material - 1
4.500 0.3862
4.274 0.3146
4.037 0.2536
3.T47 0.1870
3.457 0.1268
34376 0.0966
3.285 0.0787
Original 2.740 0.4580 1.93
Material - 2
2.348 0.2290
2.191 0.1270
2.164 0.1145
2.061 0.0635

2.052 0.0573
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TABLE IV (Continued)

Fraction ; up[C cggz;oo ml) é"ZZ {d;[g)

P-1 4.128 0.3330 3,01
3.764 0.2279
3,568 0.1614
3.305 0.0809
3,195 0.,0570 .
3.119 0.0404
F-2 3.179 0.3576 2,20
3,085 0.3320
2.710 0.1788
2.660 ’ 0.1660
2.420 0.0830
2,329 0.0447
-3 3,302 0.5124 1.98
2,938 0.3722
2.626 0.2562
2,500 0.1861
2.4%0 0.1826
2,300 0.1252

2,205 0.0913
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TABLE IV (continued)

Fraction ? pp/C C(g/100 m}) z‘%z (d1/=)

P-4 1.745 0.5432 1.18
1.639 0.3852
1,544 0.3352
1.504 0.2716
1.383 0.1926
1.357 0.1676
1.259 0.0838
F-5 1.549 0.4860 1.15
1.507 0.4152
1.420 0.3116
1.365 0.2430
1.351 0.2076
1.276 0.1558
1.234 0.1038
P-6 1.544 0.4232 1.12
1.521 0.3776
1.366 0.2116
1.344 0.1888
1.209 0.1058
1.174 0.0529

1.150 0.0472
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TABLE IV (Continued)

Fraction % sp/C C 00 zi (d1/)
F=7 1.177 0.3976 1.00
1,140 0.3450
1.031 0.1988
1,061 0.1725
1.039 0.0994
1,022 0.0497
¥-8 1.201 0.4764 0.92
1,074 0.2686
1.05% 0.2382
0.959 0.0672
0.950 0.0596
0.938 0.0336
P-9 0.666 0.3970 0.63
0.665 0.3006
0.658 0.1985
0.653 0.1503
0.646 0.0993
0,627 0.0752
B-1 1,682 0.3962 1,41
1.599 0.2550
1.577 0.1981
1.509 0.1275
1.470 0.0991
1.444 0.0638
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TABLE IV (Continued)

Fraction ? ag[C (g(; ml) Z‘ZH ;[52

B-2 2.110 0.4730
1.930 0.3582
1.840 0.2365
1.720 0.1577
1.660 0.1154
1.700 0.1185
1.610 0.0896
B-3 2.100 0.3996 1.65
1.900 0.2238
1,881 0.1998
1.787 ©0.1119
1.770 0.0999
1.714 0.0560
B-4 3,700 0.4176 2.59
3.502 0.3380
3.306 1042750
3,202 0.2260
3,052 0.1750

2.863 0.1000
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TABLE V

INTRINSIC VISCOSITIES OF ETHYL CELLULOSE FRACTIORS
IN BENZENE AT 25°C

Fraction ? 8p/C ' C(&£/100 ml) zZZga;zg)

Original 5.610 0.2812 3.47
4.720 0.1662
4.510 0.1406
4.320 0.1108
4,060 0.0838
3.990 0.0703
B-2 3.490 0.4442 1.84
2,910 0.2961
2.500 0.1777
2.430 0.1658
2.310 0.1270
2.190 0.0947

2.130 0.0829




(60)

TABLE V (continued)

Fraction _7__._2&_ C(£/100 m1) %_;Lg)_

F-6 1,670 0.4394 1.2
1.510 0.3046
1.440 0.2197
1.400 0.1758
1.360 0.1523
1.350 0.1255
1.320 0.1015
1,300 0.0762
F-8 1.340 0.4904 0.99
1.310 C.4504
1.220 0.3269
1,150 0.2252
1.140 0.1962
1.100 0.1501

1,060 0.1226
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TABLE VI

INTRINSIC VISCOSITIES OF ETHYL CELLULOSE FRACTIONS
IN TOLUENE AT 25°¢C

Fraction % sp/c C(g/100 ml) / glLllﬁl

Original 5940 02710 3.18
Material -1
5.000 0.1752
4.520 0.1355
4.370 0.1168
4.090 0.0876
3.850 0.0675
B-2 3.660 0.4724 1.77
3.080 0.3204
2.670 0.2362
2.500 0.1890
2.420 0.1602
2.300 0.1242

2.210 0.1050
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TABLE VI (Continued)

Fraction y 8p/c C(g/100 ml) %” a1/g)

F=5 2.170 0.4724
2,130 0.4478
1.960 0.3558
1.750 0.2239
1.690 0.1779
1.620 0.1493
1.560 0.1120

F-8 1.330 0.5046 1.02
1.230 0.3210
1.170 0.2523
1.150 0.2140
1.100 0.1682

1.070 0.1262
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TABLE VII

INTRINSIC VISCOSITIES OF ETHYL CELLULOSE FRACTIONS
IN CARBON TETRACHLORIDE AT 25°C

Fragtion ? gp[o (g[; gz ?Z( ;[g)

g:%fi?:i o1 6.350 0.2834
5.550 0.2064
4.900 0.1417
4.520 0.1032
4.440 0.0945
4,260 0.0826
4.180 0.0709

B2 3.120 0.2938 2.01
2,700 0.1880
2.570 0.1469
2.470 0.125%3
2.390 0.0979

2.320 0.0735
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TABLE VII (Continued)

Fraction Z sp[o C(g[;oo ml) jz‘ {d;[‘)

F-6 2.110 0.4824 1.37
1.930 0.3570
1.770 0.2766
1.640 0.1785
'1.580 0.1383
1.560 0.1190
1.530 0.0893
F-8 1.530 0.5000 1.03
1.350 0.3180
1.280 0.2500
1.230 0.2120
1.200 0.1667
1.170 0.1250

1.130 0.1060
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FIGURE 8. INTRINSIC VISCOSITY OF ETHYL
CELLULOSE FRACTIONS
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FIGURE 9, INTRINSIC VISCOSITY OF ETHYL
CELLULOSE FRACTIONS

Benzene Solvent
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FIGURE 10. INTRINSIC VISCOSITY CF ETHYL
CELLULOSE FRACTIONS
Toluene Solvent
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FIGURE 11. INTRINSIC VISCOSITY OF ETHYL
CELLULOSE FRACTIONS
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TABLE VIII
VISCOSITY OF ETHYL CELLULOSE IN n-BUTYL ACEPATE

Fraction ‘? sp/C C(g/100 m1) ZZZ (d1/g)

F-1 5.00 0.3064
4.76 0.2645
4.36 0.1984 3.04
3.99 0.1532
3.90 0.1323
%.T70 0.1021
F-2 3.49 0.4012
’ 3.37 0.3656
3.05 0.2675 2,23
2.97 0.2437
2.85 0.2006
2.80 0.1828
2.73 0.1605
2.63 0.1219
B-2 2.48 0.4368
2.34 0.3678
2.22 0.2912 1.72
2.13  0.2452
2.09 0.2184
2.03 0.1839
1.97 0.1456

1.93 0.1226
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TABLE VIII (Continued)

Fraction %;EELE ¢(g/100m1) ignﬁellsl

F-6 1.47 0.4606
1.42 0.3986
1.36 0.3070
1.31 0.2303 1.16
1.30 0.1993
1.27 0.1535
1.26 0.1329
1.23 0.0997
F-8 1.23 0.5162
1.19 0.4376
1.15 0.3442 0.98
1.12 0.2918
1.11 0.2581
1.09 0.2188
1.07 0.1721

1.04 0.1459
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FIGURE 12. INTRINSIC VISCOSITY OF ETHYL
CELLULOSE FRACTIONS

n-Butyl Acetate Solvent
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balance the bridge capacitance and dissipation dials are
alternately adjusted until the null has been reached; this is
evidenced by a gero reading of the null detector. The bridge
condenser gives the capacitance of the cell, either empty or
filled with an unknown.

In cases where a solvent of high dielectric constant
is under investigation, the dissipation reading 1is mnnyAtimol
too high. A correction must be applied by the following equa-

tions to lower the capacitance to its true value.

C
Cxp - T 0T Dx-..olz D

where D = dissipation dial reading
f = applied frequency
fo= value of range selector switch
C = capacitance from bridge condenser dial

Cxp = corrected capacitance

In the direct method it is also necessary to take into
account the change in the bridge itself over the frequency range
as well as the capacitance of the leads. These values are sub-
stracted from the bridge capacitance values. A simplified
circuit disgram of the above described method is given below.



where +\“ = oscillator
D = detector
Rp and Rg = resistance of internal ratio arms
Ca and Cp = capacitance of internal ratio arms
Cy = varisble bridge condenser

Cx and Ry 1is capacitance and resistance of cell

Substitution Method

The substitution method employs the precision condenser,
previously described. It eliminates many errors inherent in the
direct method. The precision condenser is connected into the
unknown direct terminals and the unknown 1s placed in the un-
known substitution terminals. The method switch in this aeries
1s set for "substitution"™ snd the bridge condenser is set at a
fixed value. The dissipation diel and the precision condenser
are then adjusted alternately, as before, until a value for the

unknown is measured., A correction must be made for the
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dissipation factors
C
1- (ao)* A
1 + (609)”

Cxp = AC

where AC = C!' « C
ap =D - D
Ct* & D' = initiel capacitance and dissipation réading
C & D = final espacitance and dissipation readings

Cxp = corrected capacitance

A simplified circuit disgram of the substitution method is shown

below?

where symbols are the same as used in direct method

Cp = variable precision condenser

Other than the errors eliminated by this method, there
sppear several other very distinct advantages. In the direct
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method the range selector switch could not exceed a value of

3.0 for the ratio of f to f,. In the substitution method this
ratio could be extended to 10,0. This then enabled one to

obtain lower dissipation readings for certain frequencies.

Another distinet advantage is the ability to use the low range

on the precision condenser which allows one to measure differences

in capacity of .01l micro microfarads,

Parallel Resistance Method

The parsallel resistance method offers a means of
measuring solvents of high dielectric constant, that is, high
conductivity. It is used either with the direct or substitution
| method. Balance is obtained in this case by alternately adjust-
ing a decade resistor and the capacitance dials, This method
presents difficulties which will be described in more detail

in & later section., A disgram of the above is shown below:

where symbols are ssme as previously described

Ry = variable decade resistor
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Differential Method

The differential method is a hybrid method. It uses
two cells, one on the direct side and the other on the sub-
stitution side. The cell plseed on the substitution side con-
tains the unknown solution and the cell plsced on the direct
gide contains the solvent. It is supposed that the effect of
the solvent is taken into account with each measurement.
Therefore, the effect of the solute molecules 1s clearly shown
rather than the solution as a whole, This will later be shown
to be true, The bslance is performed in the same fashion as
elther the direct or substitution method. The diagram for this

method is shown below.

where symbols are same as previously described.
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Preliminary Determinations -~ As was trues with beginning

work on dlelectric dispersion, certain preliminary measurements
must be performed. Since this work is a continuation of the
suthor's Master of Sclence work, there would be no purpose in
checking the operation of instruments, Dielectric constants
have been determined periodicelly by numerous persons and this
would seem to be an excellent check on the funetionality of the
bridge and related equipment, For this reason only certain
other aspects must be checked before obtaining conclusive
results,

The dispersion region was the first thing that was
necessary to ascertain., VWith high polymer solutions there
seemed to be a number of dispersion régions, all of which
should not be molecular weight dependent. Only the one or
ones that depended on the longitudinal dipole rotation of the
polymer molecules should be molesular weight dependent. For
this reason then ethyl cellulose was dissolved in a suitable
solvent, in this case dioxane, and the frequency range from
300 cycles to 40O kilocycles was covered using the substitution
method. In the region 300 cycles to L4OO kilocycles there was
only one dispersion region. At [ 20 kilocycles there appeared
the start of a second dispersion region (Table IX). '

The solvent was also run throughout this regien to
determine if the dispersion could be due to solvent., It was
found that this was not true (Table X).
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TABLE IX

Substitution Method Ethyl Cellulese in Dioxane

F-6 0.3 grams/100 ml.

Frequency Capacity (Cell Out) Capacity (Cell In) Pl
300 cps 97.7 253.8 156.1
400 ops 97.7 253.8 156.1
600 ops 97.7 253.8 156.1
800 cps 97.7 - 253.8 156.1

1 ke 97.7 253.6 155,9

2 ko 97.7 253.5 155.8

3 ke 97.7 253.4 155.7

6 ko 97.7 253.3 155.6

8 ko 97.7 253.2 155.5
10 ko 97.7 253.1 155.4
15 ko 97.7 252.6 154.9
20 ke 97.6 252.4 154.8
30 ko 97.5 251.8 154.3
35 ke 97.5 251.5 154.0
40 ke 97.5 251.3 153.8
50 ke 97.5 251.0 153.5
60 ke 97.5 250.8 153.3
80 ko 97.5 250.2 152.7
100 ke 97.4 250.0 152.6
120 ke 97.4 249.7 152.3
200 ke 97.3 249.3 152.0
300 ke 97.1 249.0 151.9
400 kc 96.9 248.8 151.9
420 ko 96.8 248,2 151.4



Substitution Method

Fregquency

400
500
600
800
1

3

6
10
15
20

30

40
50
60
80

100

120

200

300

400

420

450

cps
cps
cps
cps
ke
ke
ke
ke
ke
ke
ke
ke
ke
ke
ke
ke
ko
ke
ke
ke
ke
ke

Capacity (Cell In)

744.5
744.5
744.5
744.5
744.5
744.6
744.6
744.6
744.6
744.5
744.4
744 .4
744 .4
T44.4
744.3
744.3
744.3
744.0
743.7
743 .4
743.3
743.2

Dioxane Solvent

Capacity (Cell Out2

497.7
497.7
497.7
497.7
497.7
497.7
497.7
497.7
497.7
497.6
497.5
497.5
497.5
497.5
497.5
497.4
497.4
497.3
497.2
497.1
497.0
496.9

4C

246.8
246.8
246.8
246.8
246.8
246.9
246.9
246.9
246.9
246.9
246.9
246.9
246.9
246.9
246.8
246.9
246.9
246.7
246.5
246.3
246.3
246.3
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The differential method had to be proven accurate for
determination of molecular weight, To do this the substitution
method, which is an established accurate method, was used as
comparison., In Table XI is shown a differential method on the
identical fraction and concentration as was shown in Table IX
with the substitution method. In Table XII the dielectric dis-
persion results of the differential and substitution determina-
tions are shown as well as the difference between the dielectric
dispersion of the differential and substitution methods. 7This
would seem to conclusively prove the validity of such a method.
The above results are not the only such made but the above was the
only one included to aveid repetition.

This then seems to be all the preliminary measurements
that had to be ﬁade.

Measurement of Concentrated Polymer Solutions -

5.0 grams/100 ml. solution of cellulose acetate in dioxane re-
sulted in a 2.0 - 4.0 micro microfared drop over the dispersion
region., A dilute solution, 0.5 grams/100 ml. resulted in such
a small drop that doubt existed as to the dispersion. It was
concluded that ethyl cellulose would behave in much the same
manner since the only essential difference is the ether linkage
rather than the ester linkage.

A solution of ethyl cellulose was prepared in the
following way. Approximately 5.0 grams of ethyl cellulose was

dried in an oven at 105.0°C for a period of one hour. The sample
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TABLE XI

Differential Method

Ethyl Cellulose in Dioxane

F-6 0.3 grems/100 ml.
Frequency Capacity (Cell In)

400 cps 113.70
500 cps 113.68
600 cps 113.62
800 cps 113.58
1 ke 113.54

2 ko 113.48

3 ko 113.40

6 kc 112.98

8 ko 112.90
10 kc 112.84
15 ko 112.51
20 ko 1l2.19
30 ke 111.67
35 ko 111.46
40 kc 111.31
50 ke 110.98
60 ko 110.79
80 k¢ 110.40
100 ko 110.19
120 ke 110.00
200 ke 109.58
300 ke 109,30
340 ko 109.23
360 ke 109.20
400 ke 109.20

Capacity (Cell Out) 4C
97.50 16.20
97.50 16.18
97.50 16.12
97.50 16.08
97.50 1604
97.50 15.98
97.50 15.90
97.50 15.48
97.50 15.40
97.50 15.3%4
97.50 15.01
97.40 14.79
97.30 14.37
97.30 14.16
97.30 14.01
97.30 13.68
97.30 13.49
97.30 13.10
97.30 12.89
97.30 12,70
97.20 12.38
97.10 12.20
97.10 12.13
97.10 12.10
97.10 12.10
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TABLe XII

Dielectric Dispersion of Differential & Substitution Methods

F=b 0.3 grams/100 ml.
Dielectrie
Frequensy Dispersion (Differential)
400 ops 1.00
500 cps 1.00
600 cps 1,00
800 ops 1.00
1 ko 973
2 ke <949
3 ko «929
6 ko «826
8 ka « 807
10 ke o192
15 ke «711
20 ke .658
30 ke . 555
35 ke 504 -~ C 35.1 ko
40 ko +489
50 ke +386
60 kc « 340
80 ko 245
100 ko «193
120 ko «147
200 ko «093
300 ke «050
340 ko «007
360 ke ¢
400 ko 0

Dielectric
Dispersion (Substitution)
1,00
1.00
1.00
1.00
2952
«929
« 905
.881
<857
«833
«T14
«690
571
«500 == ¢ 35,0 ko
452
L 4 381
333
«190
«167
«095
024
C

0
0
0
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was then placed in & dessicator until cool and then weighed to
the nearest 0.1 milligram. The sample was placed in a 500 cec.
glass-stoppered flask and 100 ce. of dioxmne was added. The
flask was mechanically aegitated at 70°C until dissolution weas
assured,

The solution was then placed in the capacitance cell
making certain that no air bubbles were trapped between the
electrodes. The temperature of all runs was maintained at
25.0°C by a constant temperature room. Humidity was controlled
at 50%.

The cell filled with solution was then placed in the
substitution side of the bridge and the cell filled with solvent
in the direct side. Measurements were then made over the entire
frequency range and the hot leads of the cells were disconnected
and the entire frequency range was sagain covered. With the
differential method this is necessary in order to take into
account the possible change in the instruments over the range.

From both sets of values, a subtraction was made and
a AC was obtained. The results of this run are shown in
Table XIII.

It is obvious from the above results that either a
serious error was made or an enormous drop was encountered. The
possibility of error was double checked and results were re-
produced on three separate solutions. This drop was so large

that it served no real purpose. The cell that contained such



(84)

TABLE XIII

S S eV X v s
Frequency Cell In Cell Out AC

400 cps 705.0 397.9 307.1
500 cps 702.1 397.9 304.2
600 cps 700.5 397.9 302.6
800 ops 696.9 397.9 299.0
1 ko 694.5 397.9 296.6

2 ke 688.1 - 397.9 290.2

3 ko 684.7 397.9 286.8

6 ke 679.5 397.9 281.6
10 ko 676.3 397.9 278.4
15 ke 674.0 397.9 276.1
20 ko 67242 397.9 274.3
30 ko 670.7 397.8 272.9
40 ke 669.5 397.8 271.7
50 ko 669.1 397.8 271.3
60 ko 668.9 397.7 271.2
80 ke 668.7 397.7 271.0
100 ko 668.5 397.7 270.8
120 ko 668.3 397.6 270.7
200 ke 665.0 397.4 267.6
300 ko 660.2 397.2 263.0
340 ke 652.3 397.1 255.2

400 ko 650.0 397.0 253.0
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a viscous solution was difficult to clean and even though
material was recovered, some was lost. For the above reason
dilute solutions could be used that would give a satisfactory
drop over the frequency range.

Dilute Solution Measurements - It is advan tageous to

be able to work with dilute solutions due to the fact that the
solution laws hold to & greater extent in this region., En-
tanglement 18 held to a minimum in this region and extrapolation
to sero concentration is much more certain.

For the numerous reasons above a 0.5 grams/100 ml.
solution was prepared as previously described and measurements
were made on ethyl cellulose in different solvents and different
concentrations.

Due to the fact that ethyl cellulose is soluble in such
a wide variety of solvents, it proves of interest to be able to
observe the effect of solvents on fractions. Dioxane was the
first chosen for investigation.

The sample was prepared, as before described, and from
preliminary work it was decided to use solutions of concentra-
tions 0.5, O.4, 0.3, 0.2 grams/100 ml. Each of these gave a
sufficient drop to yleld reliable results. In fact, the drops
obtained from the above concentrations were greater than or
equal to the drop of cellulose acetate in dioxane using a con-
centration of 5.0 grams/100 ml,

Determinations concerning these samples ylelded a most

interesting phenomena before any results were obtained. It was
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suspected that critical frequencies obtained Qhon plotted versus
molecular weight would lie in a straight line. This, however,
did not prove to be the case. Results were quite irregular and
no definite conclusions were drawn. It was suggested that sam-
ples might not be completely in solution and some degree of
association could exist., With this possibility in mind a
rotator was constructed in an oven, and the oven was set 5-10
dogreos below the boiling point of the solvent. Each sample
solution was rotated in this oven before using and it was de-
termined that 6-10 hours were needed before reproducible results
could be obtained. The variation in the time of treatment was
due to the concentration of solution. It was decided that all
samples would be treated overnight,

Other difficulties were encountered with dioxane-ethyl
cellulose systems, The solution could not be allowed to remain
in the cell for a period exceeding four hours as a considerable
amount of water waas absorbed. This led to an inerease in con-
duetivity which in turn led to difficulties discussed later.

Difficulties were encountered at first in obtaining
‘n proper leveling portion, Co , at the higher frequencies.
This was satisfactorily solved by using a substitution method
with a parallel resonance filter (previously deseribed) placed
across the leads to the null detector.

Difficulty was also encountered in obtaining a C, ,
the level portion at low frequencies. To el iminate this diffi-

culty the fractions of McNeer (79) were refractionated as before
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desoribed. This led to the obtaining of a level portion of the
curves at high frequencies. Below is Table xIV covering the
frequency range, showing @ level portion at both high and low
frequencies, as well as the ealeulation of the oritieal frequeney
as is deseribed later.

As soon as all difficulties had been explained and
remedied measurements on all sharp fractions were made to deter-
mine the coritical frequency. The critieal frequency is obtained
425::25!2-, in the following

AQcCe ~NDCe
manner. The ACee i8 subatracted from all values of Q¢ , This

from the dieleotrio dispersion, D =

results in a series of values of ¢~ &Coo , The difference
in &¢e- ACoo 18 found and the reciprocal of this value is
multiplied throughout the frequensy range by the value of &¢c-Aley.
By an appropriate plot of dispersion versus log frequency plus one,
Figure 17, the eritical frequenoy is determined as the point at
which the dispersion is 50% complete.

After oritical frequencies ( Ve ) for all fractions had
been calculated for all concentrations renging from 0.2 grams/100 ml.
t0 0.5 grams/100 ml. they were plotted versus concentration. In
Figure 18 are shown the results of such a plot. Examination of
this graph shows that the oritical frequencies are inderendent of
concentration. This would indicate that only duplicate measure-
ments need be taken at a single concentration. This would allow

one to determine the ( QQ ) of a sample in a minimum of ten
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TABLE XIV
Differentiasl Procedure Ethyl cellulose in Dioxane
Fraction 8 0,2 grams/100 ml,
Frequency (lce Ac (AC - ACw) Dispersion
0.4 8.73) 2.72 1.00
0.5 8,72 2.72 1.00
0.6 8,71{ &Co 2.72 1.00
0.8 8.74 2.72 1.00
1.0 8.71) 2.72 1.00
2.0 8.69 2.69 0.99
3.0 8.66 2,66 0.98
4.0 8.61 2.61 0.96
10.0 8.36 2.36 0.87
20 7496 1.96 0.72
30 7.64 1.64 0.60
40 7.41 1.41 1 0.52
50 T.21 1.21 0.44
60 T.05 1.05 0.38
80 6.80 0.80 ' ' 0.29
100 6,61 0.61 , 0.22
200 6.20 0.20 0.07
250 6.00 0 | 0
280 6.00 ACe , 0 | ' 0o
300 6.00 0 0
400 6.00 0 0
Dow 8,72
Alow= 6,00
AC= 2,72

Dispersion = 1/2.72 ( AC - 6.00)
Critical Frequency = 41.6 ko
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FIGURE 18. GONCENTRATION VERSUS
CRITICAL FREQUENCY

Dioxane Solvent

O O O C- -8
O O r (O-F=7
‘C} J \f\ O_F-s
—O Q O (C-F-5
O O O C-F-4
O (O-B-1
e N_B=2
o, -3
|\ O
e ~ 0-2
o I F-3
Cr S—F-2
f\) DB=4
O C} as O‘ 0-
| | | 1 |
0.1 0.2 0.3 0.4 0.5

concentration (gra.s/100 ml.)



(91)

minutes., Also shown in Table XV are the oritical frequencies
extrapolated to infinite dilution and results of viscosity de-
terminations. In Figure 19 is plotted the log of the critical
frequency ( V¢ ) versus log of the intrinsic viscosity. The
equation of the straight line obtained from the above plot is

log (100 fy} ) = 2.97 - 0.59 log (Vc)

As a ocheek, oritical frequencies ( Vc,) of originals
and blends were determined as umknowns. The intrinsic viscosities
were determined by independent operators after the ('Vc,) had
been determined.

The inveatigator feels that the molesular wﬁight can
‘quickly and easily be determined for ethyl cellulose in dioxane
as previous results (97) show the same to be true with cellulese
acetate in dioxane. It should also be of interest to determine
if the above is true with other solvents. Of equal importance
is the effect of other solvents on the critical frequencies.

For this reason further investigations were mede in benzene,
toluene, carbon tetrachloride, and n-butyl acetate.

Benzene solutions of ethyl cellulose were prepared in
the same manner as was described for ethyl cellulose in dioxane.’
Critical frequencies were zl1ls0 determined in the same menner as

previously shown.
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IABLE XV

Experimental Data for Ethyl cellulose in Dioxane

g Critical

( )g) Frequenocy Huggins Constant
Sample % Ethoxy 259 (KC) k'
F-1 48.7 3.01 6.5 0.37
F-2 47.6 2.20 12.0 0.57
P-3 47.6  1.98 13.4 0.66
P-4 48.7 1.18 32.2 0.79
F-5 48.7 1.15 36.2 0.67
F-~6 48.7 1.12 38.2 0.85
F -7 48.7 1,00 50.5 0.44
P -8 48.7 0.92 52.2 0.69
F-9 48.7 0.63 T9.5 ‘ -
0=-1 49.2 2.98 6.6 0.45
O - 2 4706 1093 1405 0.50
B -1 48,7 1.41 24.3 0.36
B -2 48.7 1.54 22.1 0.49
B=-3 48,7 1.65 21.5 0.41
B ~4 48.7 2.59 8.6 0.49

Note: O - 1 and O - 2 are original unfractionated materials

B-1, 2, 3, 4 are artificially prepared blends from
fractions.
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FIGURE 19. CRITICAL FREGUENCY VERSUS INTRINSIC

VISCOSITY
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- Difficulty arose in the came of benzene solutions in
obtaining a ACo . Instead of the usual level portion the
sapacity differencies approached the gero axis asymptotiocally.
In order to solve the problem a method used by Johnson and Cole
(60) was employed, They used a corrective equation for a type
of polarization that took the form

resl Gneasurod + K/wv

By a substitution of AC in place of € , a straight line was
obtained when 102 over omega squared was plotted versus the AC ,
An example of such a plot is shown in Figure 20. From the plot
the real value of AC ocould be found, and using this value no
trouble was found in obtaining oritical frequencies.

In the case of ethyl cellulose in benzene an oven
treatment was necessary since irregularities again appeared if
the solution was not oven treated,

Quite an interesting result is noted when the ( Yc )
is plotted versus the concentration (Figure 21). The oritical
frequencies show a very definite concentration dependence. A
possible explanation of such phenomena will be offered in a
later section.

As was true with ethyl cellulose in dioxane, the log
of ( Yo ) wes plotted versus log (100 F|\ ), and a straight
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FIGURE 20. DETERMINATION OF A;CO BY JOHNSON
COLE RELATIONSHIP
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FIGURE 21. CONCENTRATION yERSUS CRITICAL FREQUENCY

Benzene Solvent
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line resulted (Figure 22) from which an equation ocould be
fitted.

log (100fy] ) = 3.41 = 0.82 log (V)

Toluene solutions of ethyl cellulose were prepared as
abové described and critical frequencies were thus determined
in exactly the same manner,

It was likewise proven in the case of toluene that an
oven treatment was necessary by measuring a fraction of ethyl
cellulese in toluene, In one case the solution was not oven
treated before measuring and in the other cese the same trtction‘
was subjected to the overnight treatment end then measured. ror.
regularity of results the treatment was necessary.

It was not surprising that in the case of toluene solu-
tions that a slight polarization would ocour as was true in
benzene. The two solvente are quite similar and would be ex-
pected to behave in like manner. The extrapolation to zero
frequency was necessary as was shown above in Figure 20.

Ethyl cellulose in toluene behaved in a manner gquite
similar to benzene also in regard to the eencentration depondonop.
Figure 23 shows the coneentration versus the critical frequensy |
for the fraetions investigeted. Not as many fractions were im-
vestigated since the aim was to show the comparison with bensene
as a solvent and to determine the correlation between the molecu-

lar weight and the oritical frequency.
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FIGURE 22. CRITICAL FREQUENCY VERSUS
INTRINSIC VISCOSITY
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FIGURE 23. CONCENTRATION VERSUS CRITICAL
FREQUENCY
Toluene Solvent
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From the equation below and the plot of log (10027] )
versus log ( \k, ) (Pigure 24), it is obvious the same relation
held for ethyl cellulose in toluene as was true with ethyl cellwu-

lose in benzene and dioxane.

log (100[ﬁq ) = 3,23 = 0.65 log ( ﬁé,)

Carbontetrachloride solutions of ethyl cellulose showed
the same slight polarization and necessitated the sxtrapolation
to zero frequency to obtain AG . No trouble was encountered
in this solvent, benzene, and toluene with respect to the Coo .

Again an oven treatment was necessary as proven by
experimental determination.

In the case of ethyl cellulose in carbontetrachloride
the plot of conceantration versus the coritical frequency ex-
hibited a concentration independence. This is shown in Figure
25.

Also from Figure 26 and the equation below the molecu~
lar weight relationship is valid.

log (100fi]) = 3.41 - 0.83 1og ( V)

Figures 27 and 28 shows the results of the ( ﬂn) for
ethyl cellulose in the four solvents versus the log (100J%\)
and log D. P. In Table XVI all of the above data is colleocted,
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FIGURE 24, CRITICAL FREQUENCY VERSUS
INTRINSIC VISCOSITY

Toluene

200—" \

1.8 O

\
logV ¢ \

1.6/ 6

102_

| | | )

1.8 2.0 2e2 2.4 2.6

log ELOO ("/ )]



.50

40

30

20

10

(102)

FIGURE 25. CONCENTRATION VERSUS CRITICAL
FREQUENCY

Carton tetrachloride solvent
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FIGURE 26. CRITICAL FREQUENCY VERSUS INTRINSIC
VISCOSITY

Carbon tetrachloride
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FIGURE 27. LOG INTRINSIC VISCOSITY VERSUS
LOG CRITICAL FREQUENCY
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FIGURE 23, 1LOG D. P. VERSUS LOG \Q c
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EXPERIMENTAL DATA FOR ETHYL CELLULOSE IN SOLUTION

Cirbon Tctraohlozado
’

Sample Ethexy
F-1 48,7
F=2 47.6
F=3 47.6
F-4 48.7
F=5 48.7
F-6 48.7
-7 48.7
F-8 48,7
P9 48.7
0-1 49.2
0-2 47.6
B-1 48.7
B-2 48.7
B-3 48.7
B-4 47.6

4

3.01
2.20
1.98
1.18
1.15
1.12
1.00
0.92
0.63
2.98
1.93
1.41
1.54
1.65
2.59

(106)

TABLE XVI1

Diex?no
0.37
0,57
0.66
0.79
0.67
0.85
0.44
0.69

0.45
0.50
0.36
0.49
0.41
0.49

1728

6.5
12.0
13.4
32.2
36,2
38.2
50.5
52.2
79.5

6.6
14.5
24.3
22.1
21.5

8.6

1.37

1.03

3.49

2.01

0.80

0.94

0.84

0.95

3545

47.4

11.0

24.5

DR
406
297
267
159
155
151
135
124
85
402
260
190
208
223
350

[7} = Intrinsic Viscosity at 25°C (d1/g)

k' = Huggins Constant

[&lj- Critical Prequency (Kc¢) extrapolated to zero concentration

bOaloulatcd using Hercules constant

(Continued)
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TABLE XVI (Continued)

Benzene

Toluene

sample [\ __ k' (N g k'

F-2
F-3
F-4
P-5
F-6
F~7
P-8
F-9
0-1
0-2
B-1
B-2
B-3
B4

1,22

0.99

3.47

1.84

0,68

0.72

0.63

1.08

62.0
77.1

15.5

39.0

1.37 0.90 64.8

1.02 0.59 90.0

3.18 1001 1502

1.77 1.27 37.3

n=Butyl Acetate

24 ki

3.00 0.60 12.8

1.25 0.83 35.2

0.98 0.70 44.7

1.75 1.10 20.5

2
406

297
267
159
155
151
135
124

85
402
260
190
208
223
350

k'

[7= Intrinsic Viscosity at 25°C (a1/g)

= Huggins Constant

{Qt}- Critical Frequenoy (Kc) extrapolated to zero concentration

b

Calculated using Hercules constant
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including intrinsic viscosities, critical frequencies, ethoxy
content, Huggins constants, and the degree of polymerization
calculated from the Hercules Constant (91).

Attempts to Measure Ethyl Cellulose Dieleotric Dis-

persion in Polar Solvents - The characteristics of polar solvents

are quite different from those previously discussed. Dioxane,
benzene and such all possess dielectric constants from 2.0 - 2.3.
They are classed as non polar solvents. Polar solvents are sol-
vents that have dielectric constants higher than the non polar
solvents and in many cases possess a relatively high conductivity.
This conductivity leads to a low resistance since it is the
reciprocal of the conductivity. A high parallel resistance is
necessary for measurement since the precision condenser or the
bridge condenser possesses an infinite resistance. For a balance
to be obtained the resistance and the capacity must be balanced.

This may be seen from the simplified diagram below (Figure 29).

It is interesting to note that up to the present time

no work can be found which employs high dielectric solvents
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at low frequencies. At higher frequencies the substitution
and direct methods can be employed.

The fact was mentioned that a parallel resistance
method might be aprlied. This method however leads to diffi-
culties that have not been remedied to date. In the method
the dissipation dial is set at zero and the decade resistor
is adjusted for a resistance balance. This supplements the
resistance of the solution which is lower than the resistance
of the capacitor as described above. The balance is sharp
and measurements can be made at any frequency. The regular
substitution or direct method cannot be used since the dissi-
pation is too large to allow measurement at low frequencies.
With n-butyl acetate 10 Kc is the lowest frequency where the
dissipation range is low enough to permit measurement.

Unfortunately, the decade resistance box possesses a
capacitance that is included with that of the measuring conden-
ser. To determine the actual change in capacity of the solution
under investigation the eapacitance of the resistance box hnst
be subtracted. It cannot be assumed that the eapacity of the
box would remsin constant with different dial reading and dif-
ferent frequencies. The bridge manual states the above is true
and illustrates a method of evaluating the capacitance. This
was attempted without success as the resistance setting was
too low for measurements of capacitance. The resistance of the

box must be appreciable at low frequencies for a direct measure
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of capacitance., At higher frequencies the resistance ocen be a
great deal lower and measurements may be easily made. However,
the parallel resistance method is not necessary at these higher
frequencies.

Many attempts were made to measure the capacity of the
decade resistance box. Condensers or resistors were placed in
parallel with the bridge condenser by methods described in the
General Redio Manual but all to no avail. The author has
discussed this problem with numerous people, many well known
authorities, and no suggestions were forthcoming for the
measurement of the capacitance of the decade. It is noteworthy
to mention that no application of this parallel resistance
method can be found in the experimental literature concerning
the above stated problem.

Gilkerson (41) constructed a special cell that made
use of glass covered electrodes. A diagram of this cell is
shown in Figure 30.

The use of this cell led to very sharp null points down
to 100 cycles with acetone. The cell wasAuaed to measure cell
constants by the use of liquide of known dielectric comstants.
An empirical equation was derived from the constants. The
equation was derived on the basis of the following circuit of
the cell.
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. 1
L@—[? l-—-J T Bridge Condenser

capacity of cell 1 = _1 + _1 = Cg + Cx
C°e11 Cg Cx Celx

measured capacity with leads (Cd) = £ mx

Cmx = CgCx + Cad Cg = capacity of glass
&g + Cx

Cd = capacity of leads
Cmx = CgCs + CgCd + CdCx
g + Cx

Solving for C

Cx = Cg (Cd -~ Cmx wvhere Cme is capacity of
Cmx - (Cg + %d)
cell measured empty
Ca = Cg (Cd - Cme
Cme - (Cg + %d)

€x=Cx = (Cd -~ Cux) Cme - §Cg + Cd)
Ca Cmx - (Cg + Cd) (Cd ~ Cme)

where € x is the dielectric constant of the liquid.

By solving simultaneous egquations the unknown values,
such as the capacity of leads and combined capacity (Cd + Cg),
could be found.

Using the above equation the dielectric constant of
unknown liquids could be determined. Values for dioxane,
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benzene and n~-butyl acetate are shown in Table XVII. It was
hoped that instead of using the usual capacity change to measure
the dielectric dispersion that it could be followed by observing
the decrease in dieleetric constant. Comparison with accepted
values show that the dielectric constant in Teble XVII is ac-
ceptable. There is slight polarization with n-butyl acetate

but this can be corrected by the Johnson-Cole relationship

already described.

€ €

+ K
true neasured o2

The method had to be discontinued for the present when
solutions of ethyl cellulose in n-butyl acetate were measured.
This appeared necessary since when the dielectric constants were
calculated, the change with the frequency was very minute com-
pared to a satisfactory decrease in the solution capacity
needed for exact dispersion determination. This maey be seen
in Table XVIII. The drop would not allow accuracy in deter-
mination since much of the frequency range would possess the
same dielectric coratant. It was also found that for solvents
of higher dielectric constant results were not in accord with
values found in the literature. A possible explanation of

such behavior will be given in Discussion of Results.

Temperature Effect - Attempts were made to shift the

dispersion region by either increasing or decreasing the

temperature. An increase in temperature should shift the
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TABLE XVII

CALCULATED DIELECTRIC CONSTANTS OF LIQUIDS

25°C

Frequenay (S e €
(KC) Bengene Dioxane But. Aec,
.4 2,316 2.385 18.228
.6 2.318 2.380 11.032
.8 2.304 2,373 8.793
1.0 2.306 2.374 7.789
3.0 2.289 2.364 5.940
6.0 2.284 2,365 5.342
8.0 2.284 2.352 5.684
10.0 2.285 2.360 5.68%
20.0 2.279 2.346 5.609
30.0 2.272 2.347 5.590
40.0 2.274 2.341 5.592
50.0 2.282 2.350 5.612
60.0 2.282 2.343 5.612
80.0 2.272 2.343 5.574
100.0 2.272 2.343 5.556
120.0 2.272 2.343 5.556
140.0 2.272 2.336 5.937
160.0 2.281 2.345 5.557
180,0 2.281 2.345 5.539
200.0 2.27% 2.345 5.539
240.0 2.282 2.346 5.559
280.0 2.282 2.346 5.541
300.0 2,282 2.346 5541
360.0 2.275 2.340 5.541
400.0 2.275 2.340 5.522

Literature value 2.27 2.33 5.55
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TABLE XVIII

DECREASE IN THE DIELECTRIC CONSTART OF 1.0 grams/100 ml
ETHYL CELLULOSE IN n-BUTYL ACETATE WITH FREQUENCY,
GLASS CELL MEASUREMENT

Freguengy €
400 cops 2.423
500 ops 2.423
600 cps 2.416
800 cps 2,381

1 Ko 2.373
3 Ke ' 2.367
6 Ke 2.352
10 Ko 2.345
20 Ko 2.330
30 Ke , 2.331
40 Ko 2.330
60 Ko 2.304
80 Ke ' 2.2&9
100 Ke 2.293
120 Ke 2.293
200 Ke 2.293
300 Ko 2.293

400 Ke 2.293
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entire dispersion region to higher frequencies. By doing this,
it was hoped that measurement could be made starting with a
higher frequency tham usual. This would be advantageous in
that polarization could be avoided. Unfortunately, even a
marked incresse in temperature, almost the boiling point of
pure solvent, failed to bring about improvement. A slight
shift was noted but not enough to markedly affect the disper-
sion region.

Many other methods have been tried. A condenser in
series with the cell and resistor in series with the cell are
two examples. In the majority of cases results were obtainable
but no conclusions could be drawn or dispersion values calculated.

Network Method -~ A different approach was atiempted in
the hope of being able to measure the dielectric dispersion of
ethyl cellulose in solvents of high dielectric constant., A |
resistance network was found (18) which could be adepted to the
measurement of ethyl cellulose in n-butyl acetate. The network

is shown in Figure 31 below:




(11.7)

where C_ = precision condenser
CB = bridge condenser
C = cell ocapscity
Rx = cell resistance
Ry, = variable decade resistor

6

= fixed precision resistor - 1 x 10~ ohme

R2 = fixed precision resistor

By first measuring the resistance of the cell with the
decade resistor the value of R, could be calculated and fixed
in position. The value of such a resistor was selected so
that for a resistance balance RD must be approximately ten
thousand ohms. Rl was incorporated into the network so R2
could be high and so reduce the capacity of the decade to a
negligible quantity.

Polarization was again encountered and the same correc—
tion as was previously described was applied. Oven treatment
wvas again a necessity. The solution if not treated showed a
large variance in the critical frequency from the correct value.
As the sample was treated for one hour the ceritical frequency
approached the correct value. After eight hours the correct
value was obtained with each previous hour's treatment further
approaching the correct (‘)c)‘

The eritical frequency of all fractions was determined

in the same way as all previous‘solutiona.
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Again a concentration independence wes noted as was
found with dioxane and carbon tetrachloride solutions (Figure
32). The same correlation between the ( »{) and the intrinsic
viscosity was found as was also true with all previous work.
The correlation is shown in Figure 33 and the equation for the

curve is below.

log (100[71) = 3.23 - 0.85 log ( V.)

The next step would seem to be the measurement of
ethyl cellulose in solvents of even higher dielectric constanta.
The resistance of ethylene chloride, benzyl alcohol, n-butyl
alcohol, and acetone as examples are quite a bit lower than
that of butyl acetate. Since the resistance is lowsr, then
the value of R2 and RD must be lower than with n-butyl acetate.
It R2 must be lower than what was used for n-butyl acetate, it
would not cut down the eapacity of the deeade resistor R..
Thus RD would change with frequency. The eriteria for such a
network is that R2 in series with RD must be large. It should
then be obvious that no other solvent can be used with the above
mentioned network. The network unfortunately is only appliocable
with solvents of dieleotric constants of 5.0 and below. The
problem of measurement of high dielectric solvents still remained

t0 be solved.
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FIGURE 32, OGCNCENTRATION VERSUS
CRITICAL FREQUENCY

n-3Butyl Acetate
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FIGURE 33. CRITICAL FREQUENCY VERSUS
INTRINSIC VISCOSITY
n-Butyl Acetate
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Condengexr Method - It is a fact that the "dissipation
factor is inversely proportionsl to the terminal total capaci~
tance" (40). The obstiacle in the measurement of high dielee=-
tric solvents has been as previously stated, that the dissipa-
tion feetor is too large to be measured on the bridge. From
the above quoted fact one should be able to increase the
capacitance on each side of the bridge and lower the dissipa-
tion. This was attempted with a number of matched condensers.

Using large enough total capacity the dissipation
should be reduced to such an extent that there should be no
difficulty in measuring any solution desired. The .03 MFD
condensers in the case of n-~butyl acetate are withdrawn at
10 K¢ and the measurement is accomplished with no difficulty
with the bridge alone from this point. Below is a simplified

diagram of the bridge and condensers.

where crl and sz = two fixed condensers
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In Table XVI and Figures 27, 28, 35, and 36 are shown
the results of ethyl cellulose in n-butyl acetate solvent. Two
important conclusions may be drawn from these results, These
findings check those obtained with n-~butyl acetate by the net-
work and 2 new avenue is opened for measurements of solvents
with high dieleetric constants., Further investigation of this
sort will not be reported in this work dut experimentation is

already underway by another investigator on this problem.
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FIGURE 35. CONCENTRATION VERSUS CRITICAL FREQUENCY

CONDENSER METHOD

n-Butyl Acetate Solvent
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FIGURE 36. CRITICAL FREQUENCY VZERSUS
INTRINSIC VISCOSITY

CONDENSER METHOD

n-Butyl Acetate
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DISCUSSION OF RESULTS

From results obtained in the experimental section
of this work the most striking seem to be the speed of the
molecular weight determination as well as the aprplicability
over the range of solvents since previously no method existed
that could yield molecular weight of a fraction in ten minutes.
The method here reported can do this with only 2 small margin
of error. Now that the problem of working with sclvents of
high dielectric oconstant may be solved, new avenues should be
opened. Molecular weights can be determined and the method
may be used widely as a control technique. Of course, each
solvent will present its own problems but with a suitable
general method established these will be only minor and of
a simple nature.

In the Litersture Review section of this work molecu~-
lar wveight methods wefe discussed. Methods were divided into
three groups, weight average, number average and viscosity
average. The dielectric dispersion method may be shown to
be similar to the viscosity average method in the following
manner (72):

A€~ Zd€; Ve ea?t

‘Qc = 2 4€C ﬁiézﬂétcz;=‘35525’zy
- c /e b=/
\7c= L) S A€ 2A56Cd =a’£c‘-”z.'
C C C

= &' AZZZ
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where € - dielectric
\&; = critical frequency
C = capacity
/}7:) = weight average molecular weight

G, @4bu constante

When b = 1, which is the more usual case, the_molocular weight
would be an average somewhere between the number and weight

average. This is quite similar to the viscosity average.

tribution C )

Distribution curves were also discussed briefly in
an earlier section. The original purpose of this research
was to relate distribution curves with dielectric dispersion
curves. No specific work has been &one regarding this in this
investigation but some interesting observations were made. It
is quite obvious when dielectric dispersion is plotted versus
the log of the ffequeney that the curves are different, depend-
ing on the fraction. For example, if a high molecular weight
sharp fraction is plotted, 2 curve is obtained that resembles
that shown below (Figure 37). A sharp fraction of moderate
molecular weight and a sharp fraction with low moleocular
weight are plotted below (Figures 37a and 37b). Possibly of
more interest is the case when the average molecular weight
of an original material (Figure 37c¢) is approximately the
same as that of the sharp fraction of moderate molecular

veight (Figure 37a). A very marked difference can be noted

—
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between the broad and narrow distribution curves. There
should be an excellent possibility of relating distribution
curves obtained from fractionation and from dielectric dis-
persion. After a material has been fractionated the distribu-~

tion curve possibly may be very quickly obtained from a di-
electrie investigation.
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Heat Treatment of Samples

The necessity of heat treatment of the solutions
appears to be a consequence of the solvents emrloyed. With
cellulose acetate in dioxane (46) this was not necessary,

This would lead one to the conclusion that dioxane is a better
solvent for cellulose acetate than for ethyl cellulose but,

in fact, no solvent that was employed in this investigation
could be used unless heat treatment was employed. The heat
treatment appeared to enable the solvent to completely dis-
perse the polymer so as to obtain a true solution. For the
solvent to enter between the individual chains some additional
foree such as heat was needed., This conclusion, that the sol-
vent at room temperature had not completely dispersed the
polymer, is strongly supported by the faot that with little

or no oven treatment the fraction exhibited a lower critical
frequency than with a reasoneble period of oven treatment.

The established relation between critical frequency and moleou-
lar weight shows that the higher the molecular weight, the
lower the critical frequency. This would appear to indicate
that the sample being measured with no oven treatment had not
been dispersed to individual chains but existed much more like

micellar structures in dispersion.

Observed Difference in Capaeitance Drop
¥ith cellulose acetate in dioxane, dilute solutions

showed a drop of about 0.5 - 1.0 micro microfarads. Ethyl
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cellulose in dioxane and the other four solvents employed for
the same concentration exhibited a drop of 5.0 - 6.0 micro
microfarads. No explanation can be offered for such a
phenomena ag some fanlt can be found with each postulate. The
difference in the state of the cellulose polymers dissolved in
the solvents would certainly seem to offer a possibility. There
is a possibility that ethyl cellulose in dioxane is more sol-
vated than cellulose acetate in dioxane and if so, this solvated
particle might have a greater resistance to rotation in the
field. The observed necessity for oven treatment would somewhat
contradict this postulate. Such phenomena as differences in
dipole moment, difference in molecular weight, degree of sol-
vation of the ester and ether linkages of the above polymers

and dipole-dipole interaction must be considered in explanation.

Dispersion Region
There is quite a difference in the dispersion region

for ethyl cellulose as compared to that found for cellulose
acetate wvhich extended only up to 100 Ke., A second dispersion
region began at higher frequencies and continued beyond 400 Kgc.
However, ethyl cellulose dispersion commences at approximately
the same frequenoy, 600 cycles to 1 Ke, and continues to 300 K¢ -
400 Ka. The only explanation must again lie in the difference

in the state of the polymer moleculs.
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Concentration versus Critical Frequency
With dioxene, carbon tetrachloride, and n-butyl ace-

tate the critical frequency was concentration independent.
However, with benzene and toluene the critical frequency was
dependent upon concentration. It is possible to speculate
concerning this phenomena with regard to a possibility of
hydrogen bonding. Benzene and toluene are the only solvents
that did not possess a group or groups that are capable of
hydrogen bonding with the polymer molecule. The former three
are all ocapable of forming hydrogen bonds. It would seem then
that some form of association tetween polymer and solvent
could occur in these solvents so that a possible explanation
for the dependence on the concentration lie in this faect.
Assuming that association is present between the
polymer and the solvent there would be only & slight possi-
bility that chains would be entangled. The solvents dioxane,
carbon tetrachloride, and n-butyl acetate would tend to destroy’
almoat all possibilities of secondary forces holding the dif=-
ferent chains together in an aggregate. Instead of the secondary
forces existing between chains, they would be holding polymer
and solvent into a highly solvated molecule. With the solvents
that hydrogen bond, the polymer molecule would be separate and
individual. No concentration dépendonca would be noticed since
at the various concentrations used there would be 1little chance
for polymer-polymer interaction and thus all molecules would

be of essentially the same size.
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With benzene and toluene the reverse would be truse.
Since they are both unable to form hydrogen bonds, some secondary
forces would be free and capable of forming bonds between chains.
This would then lead to an aggregation of chains or a micellar
structure. As the concentration is increased the chance for
such an aggregation is more possible. It is known that the
larger the molecule, the lower the oritical frequency. With
increasing concentration the molecule would become larger and
exhibit a lower criticel frequency. In each case above, this

vas the observed behavior, corresponding with the postulate.

Failure of Glass-covered Electrodes to Produce Acceptable Results

The work with the glass cell yielded no acceptable
results as was shown previously. This could be due to the faot
that all faotors of the entire situation were not considered.
As was shown in the last section of this work, the calculated
capacitance included the capacitance of the air and glass.
There is reason to believe that a thin film of air exists
between the glass and the metal electrode. If this would be

considered and represented by Cx, the total capacitance would be

1 = 1 +_1_ + 3%-

Cmeasured Cg Cx

where Cg = capacity of glass
Ca = capacity of air

Ca and Cg would be large compared with Cx. The reciprocal of
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this value would be large and would have a very pronounced
effect upon the calculated capacity of the cell. The problem
arises as to the measurement of Cx so the correct Cmeasured
may be obtained. To date no suitable method of measurement
has been found.

The above may not be the complete solution to the
problem but such a problem can be shown to exist. Water, which
exhibits a dieleotric constant of approximately 80 by the above
method of determination, showed a dielectric constant of 6.0 -
7.0, Besides water, n~-butyl aleochol and ethylene chloride
exhibit false values.

Type of Dispersion Noted
The question arises as to what type of absorption was

exhibited with ethyl cellulose in the various solvents employed.
The literature to date deals almost exclusively with resonance
absorption and Debye's absorption, and much of the werk in the
literature on proteins as well as s0lid polymer shows agreement
with Debye's theory.

For a comparison to be made of the dielectric disper-

sion phenomensa in this investigation with that of Debye, the

- €
ég&::giz% versus frequency curves must be compared. For

Debye's absorption, equation (1) for one relaxation time should

be:
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where ?f - 3 ﬂ;

fm = frequency at the maximum slope

A comparison can be made (Figure 38 and Table XIX)
between the Debye curve calculated from equation (1) and ethyl
cellulose (F-1) in dioxane. In this cese "fm" was chosen to be
6.5 Kc from Table XVI. The 6.5 was the oritical'frequency de~
termined by measurement and represents the point of maximum
slope of the dispersion ocurve.

It is apparent from this graph that the experimental
dispersion region occurs in a region of frequencies comparable
with that of Debye's but somewhat broader. It should be pointed
out that the Debye curve assumes the presence of only one :olaxa-'
tion time, This fact is not strictly in accordance with con-
ditions known to exist in ethyl cellulose due to the fact that
even sharp fractions show some heterogemeity with respect to chain
lengths. The graph does point out however that there is not too
wide & variance in relaxation times and that the iraction is not
too broad in its distribuﬁion of chain lengths.

A similar plot was made on cellulose acetate in dioxane
and results were also in accordance with the above. This graph
is not included in this discussion.

On the basis of the similarity between the two curves,
. one must assume that the sxperimental dispersion is that of the
Debye type.



FIGURE 38. COMPARISON OF DEBYE AND EXPERIMENTAL DISPERSION
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TABLE XIX

CALCULATION OF THEORETICAL DEBYE DISPERSION USING MAXIMUM SLOPE AS 6.5 KC

cps
cpa
ops
cps
Ko
Ko
Ko
Ke
Ke
Ko
Ko
Ke
Ko
Ke
Ke
Ke
Ke
Kc
Ko
Ke

£/t

0.059
0.074

log(£/fm x 100) (£/fm)?

0.77
0.87
0.94
1.07
1.17
1.64
1.77
1.94
2.07
2.17
2.47
2,71
2.94
3.07
3.17
J.47
3.64
3.70
375
3.76

0.003
0.005
0.008
0.014
0.02
0.19
0.35
0.78
1.39
2.15
8.60
26.5
78.0
138.0
215.0
863.0
1942.0
2500.0
3120.0
3460.0

1+

m .éo-é'co

1.00
1.00
1.00
0.99
0098
0.84
0.74
0.56
0.41
0.31
0.10
.03
.013
+007
.005
.001
+0005
«0004
.0003
+0002

€ - €oo

Exp éo-éio

1.00

1.00

1.00

0.963
0.925
0.657
0.617
0.522
0.458
0.411
0.280
0.190
0.120
0.090
0.076
0.031
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Resonance absorption can be diasregarded since the
characteristic difference is the narrowness of the dispersion
curve, I1f the figure below is consulted, the difierence is
immediately arparent. The resonance absorition reiion varies
from an extremely narrow one when £de¢ > > / +to one in

which the width is equal to that of Debye's when C & < < [/ .

é,— 6“, \Dc |o-( tﬁ,\‘t‘« p—\-;.n\
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Shape and Nature of Particle in Solution
It would appear that for a better understanding of

the phenomena observed in this investigation the nature of the
particle ia solution should be understood. Unfortunately the
author can give no clear picture of the shape but can only

make postulates.
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As was previously mentioned regarding cellulose
derivaties, the chain is either a stiffened coil or flexible
rod like structure, depending on the molecular weight., Assuming
the ethyl cellulose in this investigation is of the stiffened
coil nature, it might be pictured in the following manner:
~————TT T ————— e — T —ee——/———

Earlier evidence pointed out that there was two dis-
persion regions present with ethyl cellulose in dioxene as well
a8 all other solvents investigated. This may be explained by a
number of possible means.

One such means would be that of considering the dis-
solved particle as an ellipsoid of revolution. The decrease
in the dielectric constant may be related to the alignment
taking place along the two different axes, "a" and "bd", of the

ellipsoid. [///11;———727—_‘\\\>L
‘\\\5‘___________”,//

The low frequency dispersion region would involve what

may be termed as oscillations about the major axes "b" of the
ellipsoid. The decrease in the dielectric constant associated
with the higher frequencies involves an oscillation or rotation
about the minor axes "a". This continuea to a point where
oscillations of the ellipsoid do not occur due to the high
frequency of the eleetrostatic field, after which point there
should be no contribution to the dielectric constant of the
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solution due to the dissoclved polymer molecule except the
existence of atomic or electronic polarization,

In a much less plausible but easily understandable
example, the model of the dissolved polymer may be assumed to
be a rigid rod. In a consideration of the phenomena taking
place the low frequency dispersion region would correspond
to an end over end rotation of the entire chain., The higher
frequency region would be the transverse rotation of the chain,

The former possibility would be more plausible but
a8 a simple explanation the latter might be considered. There
must be other explenations which would perhaps be equally as
satisfactory. The author does not in any way claim the above
to be absolutely velid as there may be a combination of
phenomena rather than 2 single one.

The cause for a chain or ellipsoid oecillating or
rotating in an alternating field should be shown. The polymer
molecules in this investigation and others reported in the
literature section possess some degree of polarity. Some
possess more than others and to date no work is known regerding
non poiar molecules in solution.

The fact is well understood that negative and positive
charges will orient from one pole to ancther if an alternating
field be applied. The diagram below would be the reverse after
one oscillation of the field.
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If then a polymer chain with one end positive and
the opposite negative were placed between two plates and an
a.cs field were applied, the chain would in some way oscillate
with the field. A point would soon be reached in which rotation
of the ertire chain could not be possible and beyond this point
the second dispersion would commence. This region as previously
mentioned was not investigated. Such an explenation does not
seem to be entirely plausible but if thie cliain were considered
to be composed of segments, the reasoning should be more accurate
(71)s

If the chain below were considered when a field was
applied, the units or segments would act so as to cancel out

its neighbor.




(141)

With the positive and negative charges opposing and mullifying
each other, the cherges on the end of the chain would be acting
or oscillating in the field. 4lso this high frequency regioﬁ
might possibly be due to a segment in the chain oscillating.

With dilute solutions the chains should behave
essentially without interference from others. There is always
the poassibility, however, that there is some entanglement.

This possibility becomes more probable as the number of polymer
molecules is increased. In the latter case and to some small
extent in the former the situation might be pictured as polymer
chains in an entangled fashion.

The question would then arise as to how the chains
would show any moleculer weight dependence. If a chain entangled
with others were to be oonsidered, there is no reason to believe
that the free ends would not oscillate even though the chain
would not be independent of the surrounding chains., The free
ends must be influenced to some extent by the middle of the
chain. One must not envision the chains laying flat on one
another but in three dimensions. There would be contact but
not to the extent thaet the entire length would not in some way
influence the behavior of the ends of the chain.

Much can be lsarned also from a study of dielectric
dispersion at different temperatures. Although this was not
investigated in this work, it has been in others (89)(115).

If the above, concerning oscillation of the chains,

be accepted as the picture of behavior in solution, high polymers
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should show a molecular weight dependence. This is true, as
was previously pointed out, since the chains will follow the
frequency until they are forced to drop out because of their
length. This seems reasonable since the first dispersion
region is narrower than the second. If longitudinal rotation,
segment rotation, or siae chain rotation were tuking place,
then the second would of necessity be broader.

Again it should be emphasized that the author does
not claim the above discussion absolutely valid. There must
be numerous possibilities and for a completely ascurate picture

a combination of all should be considered.

Effect of Degree of Substitution

The ethoxy cortent, as far as the investigation can
determine, has no eftect on the eritical frequency. The D.S.
range is limited by the solvent. The solvents that were in-
vestigated would not dissolve ethyl cellulose with an ethoxy
content that varied markedly from that used throughout the
investigation. A variation of one or two percent above or
below showed no efiect on the critical frequency for the same
molecular weight material.

The measurement below was not included in the ex-
perimental section but an original material of D.S. 47.6%
was roughly fractionated to obtain an Z?Z} of 3.03 which

corresponded to a sharp fraction of approximately the same



(143)

fy) « The ( l}c ) was agproximately the same, considering
the slight variation in the [7} , regardless of the D,S.

Fraction DeSe ﬁzz Z Vc. [

F"x A706 3.03 604
F"l 48.7 3¢01 605

Eleetrode Polarization

As was mentioned the most difficult problem en-
countered in this investvigation was the measurement of higher
dielectric solvents and electrode pelarization appears to be
generally the cause for such problems, There can be no absolute
proof with the limited amount of work accomplished as to whether
the problem was elegtrode polarigation or some other eifect.
Electrode polarization appears to ve very plausivle as it is
most serious both in the frequency range in which the author
worked and with solvents of high conductivity. As the frequency
increases the effect dirinishes with solvents of high conductivity.
The four original solvents investigated were xnown to possess
low conductivity.

Electrode polarization arises due to irreversible
reactions taking place at the electrode and possibly caused by
ionic impurities in solution or by nature oi solvent employed.

Corrections for such sources may be made in quite a
number of ways, all accomplishing the same results. The rela-

tion of Johnson and Cole (60) used in this work is one of many.



(144)

It would certainly seem possible that polarization was teking
place in this work as evidenced and corrected Ly the use of
such an equation., Such & phenomena as electrode polarization
shovld be of no r.al concern if it can te treated by the proper
equetion., There is however the possibility of combined effects
which might lead to difficulties not treated oy the corrective

measures,

Condenger Method

The "condenser" method may prove to be a bresk-
through in the application of high dielectric solvents in
dielectric dispersion method.

The method was proven to Le accurate in two ways.

In one experiment, F~6 ethyl cellulose in dioxsne, the critical
frequency agreed to within 0.1 Ko. of the value previously ob-
tained by a differential procedure. Fraction 8 was also in-
vestigated in the same manner and no difference was noted in
the critical frequenciez obkained.

In the second set of experiments all of the fractions
used by the condenser method were in agreement with the "net-
work" method previously used with ethyl cellulose in n-butyl
acetate. The "network" method had previously been proven to
be acceptable by measurement of ethyl cellulose in dioxane and
benzene.

This appeared to indicate that the "condenser method"
could be applied to solvents of high dielectric constant. Of
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course in each case preliminary investigations will be neces-
sary for any new system. The values of the condensers in
parallel with the bridge will have to be adjusted in certain

instances as well as the emplification required.

Molecular Weight from D;elobt;;c Dispersion
This work was not the first that has shown a relation

to exist between dielectric dispersion and molecular weight
(46)(114)(115). In two of these measurements doubt existed

as to accuracy of measurements, but there existed a very
definite relationship between molecular weight and the frequenoy
of maximum absorption.

In the author's Master of Science work & very definite
relationship for cellulose acetate in dioxane was found. A
straight line which resulted from a plot of log oritical
frequency versus log Degreokof Polymerisation took the form

log D.P. = 2.60 - 0.67 1og ( )

In regard to ethyl cellulose in the solvents investi-
gated the same general relationship held. The equations are
of the same form as above but contain constants slightly dif-
ferent from above. Tables XX and XXI show the equations for
the five solvents investigated with respect to intrinsie vis-

cosity as well as degree of polymerization.
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TABLE XX

CORRELATION OF CRITICAL FREQUENCY AND INTRINSIC
VISCOSITY FOR ETHYL CELLULOSE SOLUTIONS

Solvent Equation

Dioxane log (100[7/1) = 2.97 - 0.59 log[\)(l

Carbon Tetrachloride log (100¢7)) = 3.41 - 0.83 log Y

Benzene log (100§1)) = 3.41 - 0.77 log(y)d)

Toluene | log (100273) = 3,23 - 0.65 logﬁc'&

n-Butyl Acetate log (100))) = 3.23 - 0.85 108{VQ
TABLE XXI

CORRELATION OF CRITICAL FREQUENCY FOR D.P. FOR
ETHYL CELLULOSE SOLUTIONS

Solvent Equatio

Dioxane log P = 3,06 - 0.56 logwcl
Carbon Tetrachloride log P = 3.46 - 0,82 logwcl
‘Benzene log P = 3.46 - 0.72 log[Vc)
Toluene log P = 3.35 - 0.64 log/Vc)

"n-Butyl Acetate log P = 3.40 - 0.90 log/ V<)
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After having determined the equation for ethyl cel=-
lulose in a solvent, the molecular weight can be determined in
a minimum of fifteen minutes. Moreover, the results are equally
as accurate as any method existing today. As an example, a
molecular weight can be reproduced by actual experiment to
within I 2,0% over a period of more than eighteen months. This
was done on & number of occasions with entirely different bridge
arrangements and methods with equally satisfactory results being
obtained.,

As soon as possible, light scattering results should
be obtained that should lead to valuable information concerning
root mean square end to end distance. From below the critical
frequency is proportional to the root mean square end to end
distance. This is shown by using the accepted relationships
between intrinsic viscosity and root mean square end to end
distance and between intrinsic viscosity and degree of

polymerization.

D7) - [73m -] P o

and a+ /

The above two equations may be related to give

(?) /z= A P4+/
then where A = ¢ £ vy «/
107 P= BtC é“y(?b) B and C = constants
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The above equation indicates that the root mean square end

to end distance is in some way proportional to the oritical
frequency. As soon as this relationship can be confirmed by
actual results, a rapid method for determination of (Vy') will
exist. It would certainly seem reasonable to expect such a
relationship to exist since the critical frequency determined
by the dielectric dispersion method and the root mean square
end to end distance are proportional. The YQ. is based on the
length of the chains present as was discussed above.

Rapidity of measurement, as well as excellent repro-
ducibility, are factors that one can never neglect in evaluating
the merits of a molecular weight measurement. The claim is not
made here that the method is ready for extensive applicability.
Many problems will arise but with patience and persistance
this method might well become an extremely valuable tool in
high polymer chemistry.
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CONCLUSIONS

A dielectric cell, containing a polymer’ solution, decreased

in capacity over the frequency range of 400 cycles to 400 kilo-

cycles due to the presence of the solution.

A second decrease in capacitance was observed but not in-

vestigated beyond 400 kilocycles.

The above deoreases in capacitance must be due to the
decrease in the dielectric constant of the solution, ethyl
cellulose in various solvents., The drop cannot be attri-
buted to a decrease in the solvent or air capacity and

thus must be a consequence of the solute polymer molecules.

The first dispersion region may be explained by an end to

end oscillation of the polymer molecules and the second

region to possibly a transverse rotation.

The first dispersion rsgion has a molecular weight depen-
dence related to the critical frequency (ik;) by general

equation below:

log M.W. = B + C log (Ck.)
where B and C are constants
The critical frequency (QL.) is the point at which the

dispersion is fifiy pércent completed. It is found at the

greatest slope of the dispersion curve.
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The above described dispersion appears to te of the

theoretical Debye type.

Ethyl cellulose appears to behave as a flexible rod which
at high molecular weighte tends to coil upon itself.

Dielectric dispersion curves may possibly be related to
distribution curves obtained by fractionation. Broad or
narrow distribution curves can be easily detected at this

point of the investigation.

Solvents affect the critical frequency obtained. Benzene
and toluene show a concentration dependence of the (*Vc)
while dioxane, carbon tetrachloride, and n-butyl acetate
do not. This phenomena can possibly be attributed to an

association of the polymer and solvent,

High dielectric solvents may now be investigated by a
"condenser" method. The measurement of high dielectriec
solvents was long a drawback to the dielectric dispersion

method of molecular weight determination.

Molecular weights may be obtained very rapidly. This is
the outstanding feature of the dielectric method.
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ABSTRACT

An entirely new method had previously been perfected
(1) for the determination of molecular weight of cellulose
acetate in solution. The applicability of the dielectric dis-
persion method to other cellulosics was the next step in the
development of this new procedure.

Ethyl cellulose fractions were refractionated by a
fractional precipitation procedure in order to obtain fractions
that were homogeneous with respect to chain length. Ethyl
acetate and acetone were used in the ratio of three to one
(3:1) as solvents, and water acetone in the ratio of ninety-
five to five (95:5) was employed as a precipitating agent.

The homogeneous ethyl cellulose fractions were in-
vestigated in a number of solvents -- dioxane, benzene, toluene,
carbon tetrachloride and n-butyl acetate. This was done in order
that the applicability of different solvents could be observed
as well as the relation between the viscosity and the critical
frequency. The sritical frequency is defined as the frequency
at which the dispersion is fifty percent completed.

With cellulose acetate in dioxane concentrated solu-
tions (5%) were employed (1). In this investigation only dilute
solutions (0.5 grams/100 ml.) were used.

l. Hawkins, M. C., Master of Scisnce Thesis, Virginia Polytechnic
Institute, 1956.



Dilute soluﬁiona exhibited a sufficient capacitance
drop so that a2 more concentrated solution was not considered
necessary., The capacitance drop of ethyl cellulose in dioxane
or any of the other solvents investigated was ten times that
of cellulose acetate in dioxane.

A concentration range (0.2 - 0.5 grams/100 ml.) was
investigated for each fraction in each solvent., Heat treatmént
of all samples was necessary. This was done to insure complete
dissolution of the polymer. If there was incomplete solvation,

a scatter of points was observed in each case.

In benzene and toluene a dependence on concentration
was noted which can be explained by the absence of hydrogen
bonding of solvent with polymer. Dioxane, carbon tetrachloride
and n-butyl acetate are all capable of hydrogen bonding. With
no hydrogen bonds aggregations are possible and the larger
the molecule the lower the critical frequenocy.

"Ethyl cellulose in dioxane, benzene, toluens and carbon
tetrachloride was studied using a differential procedure over the
frequency range three hundred cycles (~*) to four hundred kilo-
cycles (Ko). The general relationship

log (1oq477) = A+ B log (Q o)

held for each solvent system.

Ethyl cellulose in n-butyl acetate was measured by
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two different methods. The resistance network and the condenser
method followed the general relation above and were in agreement.
The results of all five polymer-solvent systems may be

seen below:

Dioxane log (100[’7]) = 2,97 - 0.59 log (\) c)
Carbon Tetrachloride 1log (100[7;]) = 3.41 - 0.83 log (\) c)
Benzene 1og(1oo[7y = 3.41 - 0,77 log (V e)
Toluene 1og{100173) = 3,23 - 0,65 log (¥ c)
n-Butyl Acetate log(lOOj?Q}z 3,08 - 0.67 log (V e¢)

The usual differential method was not employed with
n-butyl acetate because of the higher dielectric constant of
this solvent. Higher dielectrics are difficult to measure
because of electrode polarization. This polarization is an
irreversible reaction taking place at the electrode. The use
of glass electrodes was attempted but without success. The con-
denser method mentioned above or platinization appear to essen-
tially eliminate the difficulty encountered from high dielectric
constant solvents.

The degree of substitution exhibited no effect on the
critical frequency in the range investigated. This range was
small due to the problem of insolubility of the polymer.

The dispersion region occurs in a region of frequencies
comparable with that of Debye. It is somewhat broader due to the

fact that the Debye curve exhibits only one relaxation time. One
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would not say that the dispersion was of the resonance absorp-
tion type since this is more narrow than the Debye type.

Two dispersion regions were encountered but only one
was investigated. The first or low frequency dispersion region
vag postulated as being related to oscillations about the major
axes of an ellipsoid. The second or higher dispersion region
was attributed to the minor axes. It was also postulated that
the entire polymer chain did not rotate in the a-c field but
vas a oumulative segmented rotation.

The dispersion region encountered was unlike that of
cellulose acetate and many other rolymers. The dispersion re~
tion of cellulose ascetate extended from several hundred cycles
to one hundred kilocycles. Generally the dispersion region of
other polymers is encountered at high frequencies (Mc). The
ethyl cellulose used in this investigation decreased in dielec-
tric constant from three hundred cycles to four hundred kilo-
cycles as previously mentioned.

The proximity of the dieleotriec dispersion and a
molecular weight distribution was noted. If a sharp fraction
of high molecular weight was investigated, a sharp dispersion
curve was noted. This exhibited a larger capacitance decrease
than one of the same homogeneity but of lower molecular weight.
The original materisl or a blend resulted in a wider dispersion
curve,

The method offers the distinct advantage of being
extremely reliable with rapidly obtained results. .
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