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Two important factors play a great role in affecting the mechanical
properties of cellulose acetate films, They are polymolecularity and
degree of substitution,

Polymolecularity indicates that cellulose acetate, as well as any
other kind of polymer, consists of molecular chains of widely different
lengths,

It was found by Thompson (89) thet there was a definite relation-
ship between mechanical properties of cellulose acetate films, and
amounts of the various size molecules which were present.

Cellulose is composed of B - anhydroglucose units, Each of these
units has three hydroxyl groups. These hydroxyl groups make 1t possible
for cellulose chains to form hydrogen bonding, From tbié it may be cone
cluded that the degree of alignment of the chains, that is, the degree
of orientation, also influences mechanical properties, as the closer the
packing the more the attractive foreces are given full play. The forces
holding the chains together are also sufficiently strong to resist de-
formation by a rise in temperature and consequently lead to a lack of
thermoplasticity.

To increase thermoplaesticity and improve the elastic properties,
the chains must be separated in order to lower the forces of cohesion and
consequently increase the intermoleculer slip., This can be brought about



by two methods; either by introducing substances which have greater att-
raction for the hydroxyl groups end thus are able to penetrate between
and push aside the chains, or by replacing all or some of the hydroxyl
groups with bulkier groups, euch as acetate, The latter method also red-
uces the possibility of hydrogen bonding,

Because of the strong attraction between the molecular chains in
cellulose and the close packing possible, very few solvents have been
found, and none of these are at all permanent. This fact explains why
cellulose itself i1s not available as a plastic, whereas its derivatives
are,

The second method for bringing about the necessary separation of the
chains 1s by replacing the hydrexyl groups by other groups, This can be
done by the formation of ethers, such as ethyl cellulose, or of esters,
such as cellulose acetate,

The extent or degree of substitution brings about wvaristion in
mechanical properties., This has been investigated by several authors on
original samples of cellulose acetate disregarding the effect of molecular
veight distributions which represents an uncontrolled variable.

It is the purpose of this investigation to find the effect of degree
of acetylation, alone, on mechanical properties of cellulose acetate films,
In order to accomplish this work fowr different samples of cellulose acetate
with variable degree of acetylation were fractionated to an approximately
constant degree of polymerization by fractional precipitation,

These samples, which varled from one another only by the degree of
acetylation, were csst into films and various physical properties were



10

determined for such films,

From the data thus obtained an attempt was made to determine the
effect of degree of scetylation alone on mechanical properties of
cellulose acetate films,
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LITERATURE REVIEW

The Structure of Cellulose
Cellulose 1s a naturally occuring high polymer., The elucidation of

its chemical structure has occupied the attentlion of a large number of
chemists for more than a hundred years (77), and a great deal is now

known of its structure and mode of behavior, The generally accepted picture
of a cellulese fiber is that it consists of a mass of longe-chain molecules,
The structure of the long chains themselves has been fairly definitely
established as large numbers of (3 -anhydroglucose units, linked together

88 open chains in the manner shown in Fig.,le

It can be seen from fig. 1 that each glucose residue in the cellulose
chain possesses three free hydroxyl groups, and, by the action of sultable
reagents, these can be substituted to any degree.

The length of the molecular chain, which is, of course, directly
proportional to the molecular weight, varies within each sample, Any
given specimen of cellulose contains a large number of chains of widely
varying length., The estimated chain length is therefore only an average
valve, These average valuss vary from sample to sample, according to the
origin and treatment of the ecellulose,

Other discussions concerning the structure of cellulose can be found
in standard text books on cellulose (38, 6l1).

A tion Cellulose
The earliest method for the preparation of cellulose acetate was
given by Paul Schiitzenberger in 1865 (71). He heated cotton with acetic
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anhydride in a sealed tube at about 180 degrees G, until the cotton
passed into solution., The cellulose acetate was then precipitated by
the addition of water, separated, and driled.

Further investigations were carried out by a number of workers to
improve this method of acetylation, but the next successful step was
made in 1879 by Franchimont (29), when he added sulfuric acid to the
reaction mixture which greatly improved the acetylation process,

Cross and Bevan (14) described the use of zinc chloride as a
catalyst for acetylation,

Chemically, the acetylation of cellulose (17, 61, 77) follows a
sinilar course to the conversion of any alecohol te the acetate ester,
Practically, however, matters are complicated by the large size of the
cellulose molecules, their high degree of association, and the necessity
for avoiding any excessive breakdown of the cellulose molecule in the
process.

The methods of acetylation fall into two categories., The first one
i3 called the solution process by which cellulose acetate is dissolved as
it is formed and remsins in solution at the end of the rezction., The
second method is called the nomesolution process by which the filrous
structure of the cellulose remains unchanged, and the acetate is formed
by surface attack on the swollen fibers, When the secondary, or acetone
soluble acetate is required, the solution method is almost exclusively
employed,

The physical condition of the cellulose fibers is of great importance

in determining the speed and efficiency of acetylation. Correct adjustment
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of moisture content 18, for instance, of great importance, Pretreatment
of cellulose with sultable reagents greatly improves the acetylation
process, The most usual method (38, 61, 77) is simply to treat the
cellulose with glaclial acetic acid at a slightly clevated temperature
for a few hours, after which it is transferred to the acetylation mix-
ture. The acetylation mixture consists of the solvent, the catalyst,
and the acetylation agent itself., Normally, the latter is acetic
snhydride while the catalyst is sulfuric acid and the solvent medium

is acetic acid or methylene chloride,

The reaction is sllowed to proceed under varying conditions of time,
temperature and pressure to get the desirable range of viscosity anmd
degree of acetylation,

Usually vhen acetylation is completed, the product is called primary
cellulose scetate or eellulose triacetate, This is then hydrolyzed by
acetic acid to the so called secomdary cellulose acetate which is acetone
soluble, The secondary cellulose acetete is precipitated in a large
volume of water, washed thoroughly and dried,

The mechsnism of the acetylation reaction, using sulfuric acid as
a catalyst, has been discussed by a large number of investigators., For
instance some investigstors (30, £1, 87) eclaimed that sulfuriec acid reacts
with acetic anhydride forming acetylsulfuric aecid which functions as the
acetylation ageni. 0st (59), however, believed that the funetion of
sulfuriec acid is to form cellulose sulfate ester at first and then the
sulfate groups are replaced by acetyl groups,

The theory of 08t has been confirmed by several investigators notably
in the most recent vork by Malm and Tanghe (49).

The use of other catalysts in acetylation and their mechanisms are
discussed theroughly in several books om cellulose (17, 38, 61),
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Solubility of Cellulose Acetate
Generally speeking cellulose acetate 1s divided into two classes,

The first class is called primary cellulose acetate in which almost all
the three hydroxyl groups of each glucose unit are acetylated. The second
class is called secondary cellulose acetate which is the partially hydro-
lyzed form of the primary cellulose acetate.

The usual solvent for primary cellulose acetate is chloroform and for
the secondary cellulose acetate is acetone (26), the latter having a
degree of combined acetic acid between 50 - 58 %,

Fyrther hydrolysis of cellulose acetate produces a grade which is
completely soluble in water and has a degree of combined acetic acid below
30% (10). Continued hydrolysis below about 18% combined acetic acid results
in regeneration of :essentially deacetylated cellulose, which is insoluble
in water and organic solvents,

The normal secondary grades of cellulose acetate of medium viscosity,
such as are extensively used for plastics, are soluble only in acetone
among the more common organic solvents (77). In addition, hot aqueous
aleohol has a gelling effect, but does not give true and stable solution.
Some esters, such as methyl acetate and ethyl lactate, are also good
solvents, as are a number of odd solvents, including dioxane, pyridene
and diacetone alcohole The limited solubility is , of course, a great
advantage for its use in plastics, as it confers a good measure of
solvent resistance on the plastic artcle,

As a general rule , the efficlency or power of a solvent can be
Judged from the viscosity of the resulting solution, and the lower the
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viscosity the more active the solvent (21, 43).

Generally speaking, the solubllity decreases with increase in dggree
of polymerization (23), amd this effect is illustrated by its use for
separating fractions of different degree of polymerization from a commer-
clal sample,

Fractionation of Cellulose Acetate
Since a sample of cellulose consists of molecular chains of widely

different lengths, and the same is true, of its derivatives, a thorough
knowledge of the molecular - weight distributidn is of considerable
importence in the study of degradation machanismj in the comparison of
molecular weights obtained by different methods; end in the study of the
mechanical properties of cellulose derivatives (61), For these and other
reasons, a large number of attempts have bee# mede to secure this imfore
mation on various cellulose derivatives such {as cellulose acetate., . The
methods employed have almost always been thoég of fractionation into fracte
ions of narrower moleculsr weight distribution and the construction of the
distribution curve from a knowledge of the weight and molecular welght

of these fractions,

Fractionation of cellulose triacetate, in which all the three
hydroxyl groups of a glucese unit have ‘nyan acetylated, is very difficult
and little information is availgble about it (22):

Most of the work published on frasctionation refers to acetcne-
soluble acetates, and the most widely used method 1s that of fractional
precipitation (38).

Generally speaking, the separation of a polymer mixture into fractioms
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is based on the primary property of the individual polymer molecules,
namely, the size of the molecule (15), Such properties as diffusion,
sedimentation, solubility, and volatility are related to molecular
weight, and as a result the fractiomation of macromolecules may be acce
omplished in a nmumber of ways. The methods of separating materials
into fractions have been tabulated by Cragg and Hammerschlag and are
given in Table 1 (13).

The fractionation of polymers is much more difficult and mare come
plex than the fractionation of ordinary low molecular weight compounds
(15)s For example, in the fractionation of acctanilide or sucrose, a
fraction is eventually obtained that consists of pure atetanilide or
gucrose, in which each molecule is identical with each neighbor molecule,
In high polymers, however, such a condition is never reached since further
processing of these fractions shows that they are heterogeneous and contsain
polymers of different chain lengths.

Regardless of the method used in fractionastion, the objective of the
separation is to obtain fractions as narrow and as sharp as possible, To
cbtain this sharp distribution, it may be necessary to refractionate the
isclated fraction, and to combine all fractions within the same molecular
veight range. But it is claimed that no metter how many times the fraction
is refractionated the best that can be attained is a fraction with en
average degree of polymerization with 4 57 variation from the mean (15, 61,
70).

S8ince fractional precipitation is the most widely used method, it will
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Table 1
Separation of Mixtures into Fractions

Method

Prineiple on which Separation is Based

I,

11,

III,

Solubility Methods
1, Fractional Precipitat-
ion,
a. By addition of Pree
cipitant.,
b, By Cooling.
2, Fractional Solution
a. Solvent of Varying
Composition,
b, Varying Temperature
3¢ Distribution between
Two Immiscible Sol-
vents,

Rate-of-solution method
(diffusion into a single
solvent)
Ultracentrifuge
Chromatographic adsorpe
tion,

Ultrafiltration through
graded membranes,

Molecular distillation

Solubility decreases with increases
in molecular welight,

Distribution Coefficient depends
on moleculer weight,

8maller molecules diffuse faster.

Sedimentation velocity increases
with molecular weight.

Smaller molecules are preferentially
adsorbed,

Sieving action,

Larger molecules are less volatile,




be discussed in some detall,

A suitable combination of & solvent and a precipitant miscible
with one another is seleeted, and the latter is added to a dilute solution
of the polymer in the former umtil a slight turbidity develops at the temp-
erature chosen for the fractionation (27). For the purpose of assuring
establishment of eguilibrium between the two phases which form, it is
usually considered desirable to warm the solution to homogenity and then
to allow precipitation to teke place during gredual cooling to the tempe-
erature of the fractionstion bath. The solution is stirred during pre-
cipitation, Thereafter the precipitated phase is allowed to settle,
After it has formed a coherent layer, which may require from 2 to 24
hours, the supernatant phase is removed, Polymer in the precipitated
phese, representing the first fraction, is recovered by drying or by co=-
agulation in a large excess of precipitant, A jJjudielously chosen incre-
ment of precipitant is added to the supernatant portion from the first
separation, and the operation is repeated to obtain the second fraction
(27, 33, 50, 67, 75, 88, £9).

The precipitation process is more appropriately regarded as a separe=-
tion of the system into two liquid phases, The one relatively rich in
polymer is called, somevhat inaccurately, the precipitate and the other
the supernatant phase (27). The precipitated phase actually contains
much more solvent than polymer.

The successive fractions may be obtained by lowering the tempera=
ture in suitable increments rather than by varying the solvent composition
isothermally. If a poor solvent is found from which the polymer precipit-

ates in a convenlent temperature range, it may be used alone without
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addition of snother component,

Frac tion Efficiency and Polyms stribution

The efficiency of the fractionation process determines the sharp=-
ness, or slopes, of the distribution curves, and inefficient fractiocnation
distorts the distribution curve (15). The difference in the nature of the
distribution curve between a good and poor fractionation is readily demon=-
strable by using a fractional-precipitation method. A8 a general rule,
fractional precipitation by the additlon of a preclpitant to a concentrated
solution of the polymer produces wmsatisfactory results, Douglas and
Stoops (19) have shown that the seﬁration of a polymer into fractions is
sharper when a dilute rather than a concentrated solution of polymer is
used, Flory (27) explained that analysis showed a single fractional
separation at high dilution may be as efficient as the laborious separa=-
tion of the umwieldy array of overlapping fractions obtained by successive
refractionations,

When sufficient sharp fractions have been isclated from a polymer, and
the molecular weights of the fractions have been determined, the distribute
ion of the fractions of the various molecular weights isolated from the
original sample may be represented in a mumber of ways. For instance,
by determining the percentage of each fraction and its degree of polymer-
ization, it is possible to construet an integral distribution curve, This
is done by plotting 100 - A, where A 1s the accumulative percent, starting
with the fraction of highest degree of polymerization of the fraction,

The differential distribution curve can be obtained by differentiat-
ing the integral distribution curve if the equation for the integral
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distribution curve is known, Another method for determining the differ~
ential distribution curve can be done graphically by taking slopes of
various pointe on the integral distribution curve and plotiting them
against the corresponiing degrees of polymerization, Methods of determ-
ining the integral and differential distribution curves for cellulose
acetate are discussed thoroughly in Thompson's Master's and Doctoral
Theses (88, 89),

Molec Meight Dete tion Ce ose Aceta

Fot only from the scﬁ.entific aspect, but also in view of the various
commercial uses of cellulose and cellulose derivatives, a knowledge of the
molecular weight of a given sample 1s of great importance because of its
influence on the behavior and usefulness of cellulose and its derivatives,

The methods used for the determination of molecular weight of cellulose
acetate are numerous, The most important of which include; end group
determination; osmotic pressure measurements; ultracentrifugation; light
scattering; dielectric dispersion; and viscosity,

The exd group method 18 based upon the assumptions that the chains
in cellulose isolated from its various sources are open and that the end
groups of the terminating units may undergo certain characteristic re-
actions (38). End group determinstions make use of the fact that the two
end groups are different from the groups in the repeating glucose wmits
axd represent certaln percentages of the total chain. As the ratio of
end groups to normal groups necesearily changes with the chain length, a
small end group content of a given sample indicates a long average chain
length and vice versa,
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The osmotic pressure method is discussed thoroughly by Doty and
Spurlin (61). In this method the technique of osmometry as applied to
cellulose acetate is limited in the low molecular weight range by mem~
brane permeability and in the high moleeular weight range by the pre=
cision of measurement, As a consequence, the over-all precision of
molecular weight determinations is highest for sharp fractions in the
range of 20,000 ~ 100,000 where the probasble error can be kept below
Y 14, The error in this range will inecrease, however, for unfractione
ated samples to an extent that depends on the molecular weight distrie
bution and the selectivity of the membrane used,

The ultracentrifuge method was first developed by Svedberg (83, &4)
vho used this method in the study of proteins, The prineiple is based
on the facts that particles suspended in a liquid distribute themselves
8o that their concentration diminishes with height due to gravitational
influences, the size or weight of the particles, the temperature, etc.,
and the wertical distribution of the particles will be proportional to
their weights, Under direet gravitational influence it is possible to
show changes in concentration if the particles are of enormous size,
that is, beycnd the size of ordinary molecules, Molecular weights are
usually determined in an ultracentrifuge by either of two methodss the
sedimentation equilibrium method or the sedimentation rate method.

The former method consists in subjecting the solution of the polymer
to the high gravitational field and measuring the fall in concentration
during the course of the centrifuging at definite time intervals, These

changes in concentration are followed or recorded by optiecal changes in
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refractive index or light absorption and the average molecular welght can
be caleulated from e certain relationship between molecular weight and
changes in concentration (15).

Lemm and Poulson (45) have perfected the use of the ultracentri-
fuge for the determimation of molecular weights as based on sedimenta-
tion rate and diffusion, By measuring the rate of sedimentation per unit
centrifugal field and the diffusion constant, the moleecular welskt cun be
calculeted from the well-known Svedberg equation (85),

In the light scattering method of determining molecular weights of
macromolecules, when a beam of light falls upon a liquid, a gas, or a
80lid, the electrical field of the light induces electronic oscillations
in the materisl, The irradiated materials in turn serve as a secondary
source of light and emit scattered radiation with a wave length equal to
that of the incident light., If no fluoreseence or absorption oeccurs when
a parallel beam of light is passed through a transparent system such as
a gas, a liquid, a solid, or a solution, all the decrease in light is due
to scattering. By measuring, as a function of concentration, the abso-
lute intensity of light scattered at various angles from a monochromatie,
incident beam, it is possible to determine the weight-average molecular
weight. The intensity of scattered light depends on the polarizability
of the particles compered with that of the medium in which they are sus-
pended; it depends also on the size of the particles and their concentrat-
ion, If the solution is sufficiently dilute, the intensity of the scatter-
ed light is equal to the sum of contributions from the individusl parte
icles, The intensity of the light scattered in a given direction bty a
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single particle will be proportional to the sguare of its size and inde-
pendent of its shape if its polsrizability is the same in different dire
ections and its dimensions are small compared with the wavelength of the
light, The total light scattered by a solution containing particles at
a specified concentration by weight consequently is greater ths larger
the individual perticles, Hence the size of the particles may be deducw
ed from the intensity of the light scattered by a dilute soluilon or suse
pension, assuming, that the polarizabilities of the particles and of the
medivm are known, The irregularly coiled polymer particles in dilute
polymer solutions fulfill the condition of polarizability, but if their
molecular weights aere very large, their mesn dimensions in solution may
not be much less than the wave length of the light, Cerrections must
then be made for the dissymmetry of the scattered light in order to cal-
culate the molecular weight,

The modern work which dates from the paper in 1944 by Debye (16)
has been reviewed by Oster (60) and Doty and Edsall (18).

A considerable part of the theoaxry of dlelectric dispersion method
for determining molecular weights of high polymers is due to Debye (2)
and extended by Scherer and Teaterman (66) on cellulose nitrate, This
method is still under investigation by Scherer and his coeworkers in an
attempt to determine not only the molecular weights of high polymers
but elso the distribution of chain lengths (35). The method generally
consists of measuring the ability of a dipolar molecule to follow ale
tamting charges betueen two electrodes, Small particles cease at
hig_her frequency than large particles to follow the alternatioms,



The last and the most widely used method for determining the mole=-
cular weight of cellulose acetate is the viscosity method developed bty
Staudinger (7, 15, 27, 38, 61, 78, €0),

Solutions or melts of high polymers exhibit flow characteristics
which are very different from those of ordinary liquids, Not only are
the viscosities of the melts high, but the viscosities of their solutions
are also large compared to that of the solvent, even when very dilute
solutions are used,

Viscosity may be considered a phencmenon of internal friction which
regulates the motion of adjacent portions of liquid, and its reciprocal
is defined as fluidity (15).

The higher the molecular weight within a given series of linear
polymer homologs, the greater the increase in viscosity produced by a
given weight concentration of polymer., In other words, the intrinsie
viscoeity, which represents the capacity of a polymer to enhance the
viscosity, incresses with moleoular weight, An absolute value for the
molecular weight of a polymer camnot be derived from solution viscosity
measurements, The dependence of the intrinaic viscosity on molecular
weight must be established more or less empirically in each individual
case by comparison with molecular weights determined by one of the absoe
lute methods discussed above (27).

Staudinger (78) has developed the following equation for the re=
lationship between the viscosity of cellulose or its derivatives in

solution and its average molecular weights
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BSP =Ky x M

c

in vhich ngp is the specific viscosity (i.e., the viscosity increase
over that of the solvent); ¢ is the concentrationy M is the moleculer
veight; and Ky is a constant, Thus, if the value of the eonstant is
known, the wolecular weight of a given cellulosic materiel may be cal-
culated simply from its specific viscosity,

To establish the value of the constant Ky, the moleoular weight
of the cellulosic material must be determined by ome of the absolute
methods, With the Ky thus established for one type of cellulose ace-
tate it is possible to eslculate the molecular weight of cellulose
acetate by using the above equation (38) which can be writtem in the

following mammer

i
:
1

2ep
c ¢ m, ¢
vhere

Dgp = specific viscosity

n = viscosity of polymer solution

n, = viscosity of pure solvent

n, = relative viscoslty

K, = constant

M = molecular waiglﬁ.

e = goncentration of solution in grams per ‘liter

Many investigators proposed several modifications of Staudinger's

equation (4, 5, 6, 37, 44) but it was found that the original equation
of Staudinger was fairly satisfactory especially in dilute solutions of
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concentrations as low as one gram per liter, especially for low molecular
weights (5, 38).

In almost all the viscosity measurements for cellulose acetate,
acetone 1s used as the solvent, In a recent paper, however, (12) a
method was described using cuprammonium hydroxide or cupriethylens di-
amine o2 the solvent which is sufficlently alkaline to de-esterify com~
pletely the cellulose acetate and the degree of polymerization detere
mined 1s that of the pure cellulose formed,

This procedure is preferred since some intermediate products as well
a8 the highly substituted cellulose acetate are difficultly soluble, and
the factor for converting the viscosity of cellulose acetate solutioms
to degree of polymerization varies markedly with the degree of acetylation,
Furthermore, mixed esters can be handled by tha:i same technique, thereby
avoiding the necessity for complicated formula,s« relating viscosity and
degree of polymerization with degree of acetylation (61),

Severel investigators discussed the mechanicel properties of high
polymers including cellulose acetate (3, 7, 9, 31, 52, 61, 77). Their
discussions are more or leses qualitative in their nature,

Factope which influence the mechanical properties of high polymers
are numerous, They include such factors as molecular structure, degree
of orilentation, polymolecularity, degree of polymerization, degree of
substitution, plasticization, atmospheric conditions and various other
physical and chemical considerations, Only those factors which are of
great importance will be discussed briefly.
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It must be born in mind that these factors are interdependent on
each other, Any change in any factor will produce a change in the effect
of other factors, therefore in order to study the effect of one factor on
the mechanical properties, other factors must be kept constant or elimin-
ated,

It is an established faet that linear polymers with high degree of
polymerization have better and higher physical properties than polymers
with low f%agree of polyzerization,

For cellulose derivatives a minimum value of degree of polymeriza-
tion betwsen 30 -« 80 418 required for mechanical testing, The mechanical
properties, however, increase with increase in degree of polymerization
untilreaching & limit between 100 « 250 above which no appreciable
change, if any, is found in the mechanicel properties (9, 19, 64, 65, 73,
Thy 76)e

Native cellulose, particularly in the form of cottonm and similar
fibers, has an extraordinarily high tensile stremgth. The origin of
this tensile strength is thought to lie in the powerful forces of cohes=
ion between the molecular chains, Rupture of the fiber can obviously
take place in two ways, either by fracture of the main valency links,
that is, of the molecular chains themselves, or by the chains slipping
past each other, causing thimming and ultimately bweaking (77). The
two processes have been shown pletorially by Meyer (55).

In prectice, 1t is usually found that, up to a point, increase in
chain length leads to an increase in tensile strength, and then there is
a falling-off of this effect. Meyer (55) claimed that, at the point
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vhere this happens, the chains are so long that the forces of cohesion
between them are greater than those required to break the main valency
links, and, consequently, the latter process predominates, The origin
of the forces between adjacent chains of cellulose is now known to be
due to hydrogen bonding between the hydroxyl groups.

It should also be mentioned that the degree of aligmment of the chains,
that is, the degree of crientation, also influences tensile strength,
as the closer the packing the more the attraetive forces are given full
play., The forces holding the chains together are :lso sufficiently strong
to restrict deformation by rise in temperature and consequently lead to a
lack of thermoplasticity. Using similar arguments to those employed when
discussing tensile strength, it can be shown that other mechaniecal prop-
erties, including elongation, flexibility and impact strength, are also
dependent on the amount of slipping which takes place between the molecular
chains when stretched,

Substitution of the hydroxyl groups in cellulose reduces, by varying
smouts, the attraction between cellulose chains simply by changing the
character of the molecular grouping present (2C), Thus, it is found that
cellulose nitrate makes a somewhat stronger sheet than does cellulose ace-
tate under comperable circumstances (69),

Most effective use of these forces of attraction can be made if the
atiractive centers are regularly spaced along the chain to permit active
groups from adjacent chains to approach each other most closely. Hyd-
rogen bonding and other polar forces drop off rapidly with increasing
distance., Hence it is also important that molecular shape and flexibility
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- be of such a nature as to allow the chains when fully extended and pare
allel to pack readily into a close lattice under the forces of lateral
attraction (61)s The presence of bulky substituent groups reduces the
lateral sdhesion and disrupts the regular geometrical clese packing of
the moleoules, Thus, cellulose and cellulose triacetate cen form high-
ly ordered and rigid systems not possible with partly esterified cellu~
lose acetate (92), Saponifying the incomplete cellulose acetate gives
rise to a more highly erystalline cellulcse with greatly enhanced stren-
gth (92, 72). o

To increase thermoplasticity and improve the elastic properties,
the chains must be seperated in order to lower the forces of cohesion
and consequently increase the intermolecula.r slip, This can be brought
about by two methods; either by introducing substances whieh have great-
er attraction for the hydroxyl groups and thus penetrate hetween and
push aside the chains, or by replacing all or some of the hydroxyl
groups with bulkier groups, such as acetate, the latter method also
reduces the possibility of hydrogen bonding while the former process is
the same as plastiecizing,

The second method for bringing sbout the necessary separation of
the chains is by replacing the hydroxyl groups by other groups, This
can be done by the formation of ethers, such as ethyl cellulese, or of
esters, such as cellulose acetate. It would be expected that the larger
the substituent group introduced, the greater the antieipated effects,
that is, lowering of the softening points, increase in solubility and

elongation, and 8o on,
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The extent or degree of substitution also brings about variation of
these properties, In general, elongation, flexibility and similar prop-
erties increase with increasing degree of substitution to a meximum, and
then decresse somevhat, This decrease, as has been explained before, is
thought to be because, with a completely substituted molecule, close
pecking of the chains is again possible, whereas, with pertial substitute
ion, the surfaces of the chains are more ragged with consequent inerease
in mobllity and slip., Also the poorer packing resulting from uneven
surfaces gives improved solubllity characteristics. A similar effect
can be brought about by substituting with two different sized groups,
such as is the case of mixed esters, an example being cellulose acetate
butyrate,

It should be noted that the separation of the molecular chains,
although desirable because of its effect on such properties as soften-
ing point and flexibility, has an adverse effect on other important
mechanical properties, such as tensile strength and rigidity, and the
art of manufacture is to strike a balance between these many factors
to give a product of maximum value (77). The distribution of the sube
stituent groups also plays a great role in affecting the mechanical
properties of cellulose acetate, For example, a molecule of cellulose
acetate with an average of, say, two acetate groups per glucose unit,
could have one end of the chain completely acetylated and the other
ernd completely wmsubstituted, This type of molecule would have differ-
ent characteristics from an evenly acetylated type, owlng to the opport-
unity for closer packing, etc., along the unsubstituted portion, Little
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work has been published on this topie, but it is obvious that propertics
such as solubility may be profoundly affected. The history of a cellue
lose derivative can never be completely known, and so the exact behavior
of a given sample cannot be precisely predicted or explained (77).

Mention has already been made of the fact that a sample of cellulose
consists of molecular chains of widely different lengths, snd the same
1s true, of course, of its derivatives, The presence of a large number
of short chains has been found to advaersely affect the tensile strength
and other mechanicsl properties, presumably due to the pulling out of the
small chains under stress (76), It was found that the samples which are
most wmiform in molecularity have a greater folding strength than com-
parable samples of greater polymolecularity.

The real difficulty in the establishmwent of a satisfactory relate
ionship between molecular weight and strength lies in the fact that the
latter is influenced by many other factors difficult to control expere
imentally., The same difficulty 1s epplied to the degree of heterogeneity,
Magny Iinvestigators have tried to correlate the degree of heterogeneity
with mechanical properties but no precise conclusion has been attained
yet due to the disagreements betueen the results of several investig-
ators (61), Some investigators claimed that materials with high degree
of heterogeneity possess better mechanical properties than others with
low heterogeneity, such as fractions, (54, 58, 63), while others claimed
that unblended materials are better than blended materials (19, 51, 68,
76).

Recent work, however, indicates that fractionated polymers have
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better mechanical properties than unfractionated polymers (73, 74)e
These results have been confirmed by Scherer and Rouse with cellulose
nitrate (65) and by Scherer and MeNeer with ethyl cellulose (64).

Further investigations on the effect of molecular weight distri-
butions on mechanlcal properties showed that materials having up to
25% polymers with D.P, less than 100 have almost no harmful effect on
the mechanical properties, (64, 65, 73, 74) although, White (91) in a
patent claimed that a blend of 757 ethylcellulose of D.P, 1000 with 25%
of partially ethylated glucose (ethyl cellulose of D.P, = 1) has good
mechanical properties,

Thompson (89) found that the mechanicsl properties of cellulose
acetate fractions when plotted against the average D.P, showed that at
& D.P. of 60 or less the films were too brittle to form coherent films
and were thus assigned a zero value for sll mechanical properties.

From a D.P, of 60 to a value in the range of 100 to 150 there was a
rapid increase in mechanieal properties, and above this there was little
or no change in the mechanical properties, A plot of the mechanical
properties of the blends against either their weight average D.F. or
egalnst their number average D.P. showed no apparent relation, A
thorough discussion and explanation of the effects of molecular weight
distribution of cellulose acetate on mechanical properties can be found
in Thompson's doctoral dissertation (89),

Another important factor which affects the mechanical properties is
the use of plasticizers which are always used commercially with cellulose

acetate films, The reason for using plasticizers is that cellulose
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acetate films are too brittle to be useful and the ester i3 not suffe
iciently thermoplastic to be formed or manipulated by other techniques.
In addition, its discoloration and decomposition points are near to its
softening point. These dissdvsntsges are completely overcome by the use
of suitable plasticizers, The efficiency of the plasticizer is concern-
ed with the amount of plasticizer needed to produce the required change
in the desired physiesl property. Plasticizers produce changes in the
physical properties by separating the chaine of the polymer, thereby
reducing the magnitude of the intermolecular forces (61, 77).

It has been mentioned before that cellulose acetate consists of
long molecular chains of varying lengths, lying in part ordered and
part disordered fashion, That is to say, some ordered regions occur
wvhere the long chains are aligned in a fairly regular fashion and show
definite crystallinity, It was also pointed out that a high degree of
attraction exists between neighboring molecular chains and it is this
strength of cohesion which is thought to account for the remarkably
high tensile strength and other mechanical properties of cellulose
end cellulose acetate fibers and films,

It was also mentioned that extensibility, flexibility and other
similar properties are thought to be due to the sliding over one another
of the molecular chains when the plastic body is under stress,

The simplest and most effective way of separating the chains is by
the introduction of plasticizers which are organic compounds of low vol=
atility and have a very high power of attraction for the fringes of the
cellulose acetate molecule, Consequently, these compounds have the power
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of overcoming the forces of attraction holding the polymer molecules
together, and entering between the chalns,

Plasticizers are often divided into two classes (77): solvent or
gelatinizing types, and non solvent types, the latter sometimes being
referred to simply as softeners, The solvent types are regarded as
true solvents for the polymer and have the greatest power of solvation
of the side groups of the long chain molecules, A practical method of
testing the miscibility level of plasticizers and polymers are developed
and extended by Jones (42)s

Different plasticiszers are found to produce a very different order
of modification of the properties, For example, it is found that a cell-
ulose acetate containing 287 of ome particular plasticizer has the same
flow temperature as one containing 35% of another; that is, with exactly
the same grade of acetate being used in each cese. Differences in the
extensibility are often even more marked, and the same proportion of
plasticizer can give varying figures 1in eleongation using different
plasticizers (28, 32),

Reed (62) has recently published a very complete list of those factors
which he considers to be of great importance concerning physical properte
ies of polymers before selecting plasticizers for commerclal use,

Temperature, has & marked effect on the mechanical properties of
cellulose acetate, This is illustrated by Welch, Hayes, Carswel and
Nason (90)e At low temperatures the material has a high ultimate streng
th, but the elongation at break is small. The material is relatively
brittle and hard, At higher temperatures the ultimate elomgation
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increases and the material becomes tough, but the ultimate stremgth

is reduced somewhat. With further increase in temperature the ten-
8lle strength is considerably reduced and the material becomes soft
and veak., These researches found out that temperature changes on the
ultimate elongation of cellulose acetate under tension showed that an
increase 1s observed up to approximately 50°C ., but at higher temper-
atures a decrease takes place, Tests by the same authors on the influ-
ence of temperature changes on the medulus of elastieity of cellulose .
acetate showed that over a certain range the modulus was directly pro-
portional to the temperature.

54111 another important factor affecting the mechanical properties
of cellulose acetate is humidity which has a marked effect on tensile
strength, This has been discussed thoroughly by the same authors above
(90), They showed that as the moisture content incresses, correspond-
ing to increase in humidity, the tensile strength decreases; but as
saturation point is reached, changes take place more slowly. The in-
fluence of humidity on cellulose acetate of high acetyl content is less
than in the case of medium acetyl content, because of the superior water
resistance of the former, Moisture acts in many ways as a plasticizer
with cellulose acetate. However, when humidity is too high, a relative
decrease in percentage elongation takes place, the effect being more
pronounced in the case of highly plasticized cellulose acetate, The
modulus of elasticity decreases rapidly, at first, with increase in
humidity, but slows down as the saturation point is reached.

It worth mentioning here that the results obtained from mechanical
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tests are only striectly valid under the precise conditions of the test
(775 24).

The final property which is to be described i1s the so called creep,

The mode of fracture of cellulose acetate under tension has been
described by Findley (26), He pointed out that fracture is usually a
characteristic of brittle materials and, as a rule, starts as a tear
’f‘rom some slight surface imperfection which spreads until rupture takes
place,

All meterials when subjected to a constant tensile force tend to
extend, and the gradual increase in length with time is referred to as
creep.

The subject of creep has recgived eonsiderable attention both from a
theoretical and practical standpoint, An excellent discussion on the
theoretical aspects has recently been published by Adams and Throdahl (1),
while W.N. Findley (25) investigated the practical creep properties of
cellulose acetate plastics,

Findley's work showed that cellulose acetate plastics undergo
considerable deformation when subjected to relatively small loads for
prolonged periods of time. Fracture may also take place if the loed is
maintained for a sufficient length of time, even though the stress is
far below the ultimate strength as determined by short time tests,
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c cals Use

The acetone used was commercially pure grade obtained from Commer-
c¢lal Solvents Corporation, Newark, New Jersey.

The n = heptane was pure grade, 99 mole per cent minimum, obtained
from Phillips Petroleum Company, Bartleaville, Oklahoms,

The cupriethylenedismine solution contained exactly one mol,of
copper, obtdined from Ecusta Paper Corporation, Pisgah Forest, North
Carolina,

The cellulose acetates. were obtainmed from Hercules Powder Company,
Parlin, Rew Jersey,

Per cent

Combined Acetic Acid

Iype Lot Number Cuoted Found
PM, 40441 52,0-52.8 52.0
By, 41037 524525345 52,8
W, 41038 51,0550 Shed

MY, 41039 55 45=5642 5546
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INTRODUCTION
The four samples of cellulose acetates were chosen from the diffe-

erent types available at Hercules Powder Compeny (36)., These four samples
have approximately the same viscoslity range but different degrees of com-
bined acetic acid. They are all socluble in acetone, Other types of cell-
ulose acetate, with higher or lower degree of combined acetie acid than
the chosen four types are insoluble in acetone, and fhelr fractionation,
if possible, 1s extremely difficult.

Three of these fractions, namely, PM;, LH;, and FMg have been inves-
tigated by Myers (57). He determined their distribution curves using
small scale fractionation, From these distribution curves and from sub-
sequent investigations on the method of determining the degree of poly=-
merization, using acetone as the solvent, a fraction with a D,P. of 300
was thought to be the fraction with the highest percentage in the original
sample,

On this basis an attempt was made to fractionate the four samples of
cellulose acetates to get as sharp a fraction as possible from each samp-
le with a D,P. of 300.

It was also found that in order to get a sufficlent amount of a sharp
fraction to be used for mechanical testing, a starting materisl of at

least 2000 gms was necessary,.

ctionatio: oced ur
The methods of fractionating the four types of cellulose acetates
vere extensions and slight modifications of that developed by Scherer
and his co-workers (47, 57, 67, 88, 89),



Two methods of fractional precipitation were applied in this invest-
igation, They are the step-wise fractionation and the selective fract-

ionation.

Step-wise Fractionation
In this procedure four batches of a 4% solution of cellulose acetate

vas made in a twenty liter pyrex bottle by mixing together 500 gms of air
dried cellulose acetate and 12000 gms of solvent (95% acetone and 57 dis=-
tilled water), The bottle was then rotated in a rotating machine until
complete solution was obtained. This required at least 12 hours, After
dissolution was completed the bottle was transfered to a constant temper-
ature room at 25° ¢ for a pericd of about 12 hours after which a judicie
ously chosen amount of precipitant, n-heptane, vas slowly added to the
solution with continuous stirring to precipitate 50% of the original cell-
ulose acetate. The bottle was rotated for about 1.5 hours and then placed
in a 15° ¢ air thermostat for 22 hours,

The supernatant solution, which contained 2F cellulose acetate after
this operation, was decanted into another 20 liter pyrex bottle, brought
to 25° ¢ with infra red lamps and another measured increment of preci-
pitant was added to precipitate about 10% of the original cellulose
acetate and again placed in the 15° ¢ thermostat for 22 hours, The oper-
ation was repeated to get four or five different fractions from the
original supernatant solution,

The 50{ original fraction was dissolved in sufficient solvent to
meke 2% solution to which a measwred amount of precipitant was added to

precipitate about 10% fraction by the same procedure described above,
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This fraction contained, in most cases, very high D.P. material and
several kinds of impurities including gums, resins and dust, This
fraction was stored for future use if needed.

The supernatent solution was fractionated in the same mammer as the
original supernatant into four or five fractions.

The same procedure was followed for the three other batches of the
same type of cellulose acetate, The degrees of polymerization of these
fractions were then determined and those fractions which hed & D.P. not
too far from 300 were combined together and dissolved in a 20 liter
pyrex bottle to make a 27 solution, To the solution wzs added enough
precipitent to precipitate about 10 -« 157 fraction and separated out,
Another 10 « 157 fraction was separated from the supernatant layer and
the process was repeated until 6 - 8 fractions were obtained. The degrees
of polymerization of these fractions were determined, The fractions wvhich
had D.P.8 close to 300 were again combined and refractionated by the same
procedure described above,

The process was repeated until a very sharp fraction of a D.P, 300
vas reached, Refractionation of t:is fraction gave no appreciable
change in D.P, which meant that the fraetion had reached the highest
possible sharpness by this method.

It vas found that this method of fractionaption was a very efficient
one but unfortunately it was very tedious and very lengthy.

Selective Fractionation
In this method, four batches of a 47 solution of cellulose acetate

are made in the same manner as that described for the step-wise



fractionation and the temperature is brought to 25%,

A measured smount of precipitant or nonesolvent (n-heptane) is added
to precipitate 50 of the original cellulose acetate. The bottle is
then rotated for at least 1.5 hours, brought to 25°¢ and then plsced in
the 15°¢ air thermostat for 22 hours, The supernatant solution is se-
parated and stored for future use if it 1= needed, although, it is usu-
ally discarded in most cases because it is found that it contains fract-
ions of very low D.P,

The 507 fraction is dissolved in sufficient amount of solvent to
make 27 solution to vhich a measured smount of precipitant is added to
precipitate about 107 fraction. This is the purification fraction which
is stored for future use,

To the supernatant liquid is added enough precipitant to precipitate
75% of the remaining fraction, rotated for 1.5 hours and placed in the
15°¢ thermostat for 22 hours, The degree of polymerization of this fract-
ion is determined and found to be, in most cases, between 150 - 200 using
acetons as the solvent, The fraction is then dissolved in enough solvent
to make 2% solution and 75% of 4t is precipitated by the procedure de-
scribed above, The degree of polymerization of this fraction is again
determined., The same procedure is repeated until reaching a fraction
having epproximately a D,P. of 300,

The same procedure is followed in fractionating the other three
batches of the same type of cellulose acetate.

By the time all the four batches reach a D,P. of 300, (sometimes
before that), the amounts of cellulose acetate in the four bottles can
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be combined in one bottle and refractionated until the last fraction
reached a D.P. of 300,

This last fraction is then dissolved to meke a 27 solution., Nom=
solvent i1s added to precipitate between 5 « 107 fraction, The D.P. of
this fraction is determined, If it has a value over 300 it is discarded,
At this stage, the cellulose acetate in the supernatant layer has an avere
age Do.Ps less than 300, To the supernatant liquid is added enough non=-
solvent to precipitate 75% fraction., This is repeated until a fraction
with an average D,P, of 300 1s again reached, This fraction is again
dissnlved and between 5 = 10% of it is precipitated. If the average D,P,
of this fraction is again over 300 the sare method of fractionstion is
repeated on the supernatant solution to get a sharp fraection which hss an
average D.P, of 300 and gives no appreciable change in degree of polymer-
ization no matter how many times it 1s refractionated,

Experience showed that this procedure is also an accurate method and
consumes, relatively, much less time than the stepewise fractionation,

It is to be noted that the fractions, in all cases, were most easily
obtained from the gel state by redissolving them in acetone and after
being rotated for several hours to insure complete dissolution and unifore
mity, then, poured into flat pyrex dishes and left for sewveral hours,
sometimes overnight, until a very viscous solution is left in the dishes.
Distilled water is then added to the viscous solutions and the cellulose
acetate fractions are precipitated in the fiber form. The cellulose ace-
tate fibers are then dried in an oven at 50°C overnight, They are then

stored at room temperature in brown glass jars away from sunlight until
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used, “

By following the above two procedures of fractionation 1t was poss=-
ible to get sharp fractions with an average degree of polymerisation of
300 for each of the types of cellulose acetates, F¥My, LH,, FMg using ace-
tone as the solvent., The highest attaingble sharp fraction for cellulose
acetate type PM, had an average D.P. of approximately 240, Another sharp
fraetion of PM, was prepsred which had a D.,P., of 215, This was prepared
to show later if such a change in D.P. could cause any appreciable
change in mechanical properties, From the discussion on mechanical
properties it will be seen that if the D,P, of a sharp fraction reaches
200 or more of the same type of ecellulose acetate there 1s little or no
change in mechanical properties which means that if there is any change
in mechanical properties of the four different types of cellulose ace~
tates it must be due to differences in the degree of combined acetiec
acld only since the effect of molecular weight distributions as well as
the effect of Do P, are eliminated.

Location of the Precipitation Point of the Various Fractions
The location of the preecipitation points wes donme by small scale

fractionation of four grams of each of the four types of cellulose ace~
tated by the step-wise method wsing 4% and 2% solutions of each type of
cellulose acetates, The n-heptene was added drop by drop from s burette
wlth continuous shaking of the solution until two milliliters in excess
of the amount needed to give a turbidity to the solution,

To the supernatent liquid from each fraction, n-heptane was sdded
until turbidity was obtalned,
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The process was repeated wntil seven fractions were obtained. The
fractions were dried and weighed, A graph was plotted using milliliters
of n-heptane along the abscissa and cumulstive per cent fraction along
the ordinate,

From the curves obtained, it was possible to determine the amowmt
of precipitant necessary to precipitate a desired per cent fraction,

The data for the precipitation curves are tabulated in tables 2 - 9,

vhile curves are shown in figures 2 « 9,

De t of Degree of Polymerization

The method applied in determining the average degree of polymerization
of the various samples of cellulose acetate was the viscosity method of
Staudinger (78), which was described by several authors in the literature
(67, 75).

Both acetone and cupriethylenediamine were used as solivents for the
various samples,

The following procedure used acetone as the solvent:

0,05 gram of air dry cellulose acetate was dried in an oven at 105°C
for two hours, cocoled in a desiccator and weighed accurately to the near-
est 0.1 milligram, The sample was then transferred into an Erlenmeyer
flask (size 125 ml.) with a glass stopper. The exact weight of the sample
was obtained by difference, Fifty milliliters of acetone were then pip-
etted into the Erlemmeyer flask and the flask was stoppered immediately
and allowed to stand for at leasst 24 hours with occasional shaking to
insure complete solution, The solution was then filtered through a
coarse sintered glass filter into a large test tube (2.5 cm diasmeter 20 om



Table 2

Precipitation Date For 4% PM, Type Cellulose Acetate

Type of Cellulose Acetates  PM, (51,97 Combined Acetic Acid).
Concentration of Solution: 4%,

Solvent: 95% Acetone and 5% Distilled Water,
Precipitants n~heptane,

Inital amount of neheptane
added to obtain twrbid

golutions 1l.5 =i,
Fraction  Milliliters neheptane % Fracticn in Aecumulative
Number Added Original Semple

1 1.5 745 745

2 1.0 11.8 1943

3 1.5 25,0 hhe3

4 1.5 20,5 64.8

5 1.5 11.5 7643

6 2.0 10.0 8643

7 3.0 8.5 9.8
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Table

Precipitation Data For 22 PM, Type Cellulose Acetate

Type of Cellulose Acetates PM, (51.9% C