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V. INTRODUCTION



CTLO. 

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 (3 ~ anhydroglucose units. Each of these 

units has three hydraxyl groups. These hydroxyl groups make it possible 

for cellulose chains to form hydrogen bonding. From this 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 forces 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 thermoplasticity and improve the elastic properties, 

the chains must be separated in order to lower the forces of cohesion ani 

consequently increase the intermolecular slip. This can be brought about



by two methods; either by introducing substances which have greater att- 

raction for the hydroxyl groups and thus are able to penetrate between 

ani 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- 

wees the possibility of hydrogen bonding, 

Beeause of the strong attraction between the molecular chains in 

cellulose and the close packing possible, very few solvents have been 

found, ami none of these are at all permanent. This fact explains why 

cellulose itself is not available as a plastic, whereas its derivatives 

are » 

The second method for bringing about 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 cellulose, or of esters, 

such as cellulose acetate. 

The extent or degree of substitution brings about variation in 

mechanical properties. This has been investigated by several authors on 

original samples of cellulose acetate disregarding the effect of molecular 

weight distributions which represents an wneontrolled variable. 

It is the purpose of this investigation to find the effeet of degree 

of acetylation, alone, on mechanical properties of cellulose acetate films. 

In order to accomplish this work four 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 varied from one another only by the degree of 

acetylation, were cast into films and various physical properties were
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determined for such films, 

From the data thus obtained an attempt was made to determine the 

effect of degree of acetylation alone on mechanical properties of 

cellulose acetate films,
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LITERATURE REVIEW 

The Structure of Cellulose 

Cellulose is a naturally occuring high polymer. The elucidation of 

its chemical structure has occupied the attention 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 cellulose fiber is that it consists of a mass of longechain molecules, 

The structure of the long chains themselves has been fairly definitely 

established as large numbers of (3 -anhydroglucose units, linked together 

as 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 suitable 

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 

value. These average values vary from sample to sample, according to the 

origin and treatment of the cellulose. 

Other discussions concerning the structure of cellulose can be found 

in staniard text books on cellulose (38, 61). 

Acetylation of Cellulose 

The earliest method for the preparation of cellulose acetate was 

given by Paul Schittzenberger 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 dried. 

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 

similar course to the conversion of any alcohol to 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 

is called the solution process by which cellulose acetate is dissolved as 

it is formed and remains in solution at the end of the reaction, The 

second method 1s called the nonesolution process by which the fibrous 

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 is, for instance, of great importance. Pretreatment 

of cellulose with suitable reagents greatly improves the acetylation 

process, The most vsual method (38, 61, 77) is simply to treat the 

cellulose with glacial 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 

anhydride while the catalyst is sulfuric acid and the solvent medium 

is acetic acid or methylene chloride. 

The reaction is allowed to proceed under varying conditions of time, 

temperature and pressure to get the desirable range of viscosity and 

degree of acetylation. 

Usually when acetylation is completed, the product is called primary 

cellulose acetate or cellulose triacetate. This is then hydrolyzed by 

acetic acid to the so called secondary cellulose acetate which is acetone 

soluble. The secondary cellulose acetate is precipitated in a large 

volume of water, washed thoroughly and dried. 

The mechanism of the acetylation reaction, using sulfuric acid as 

a catalyst, has been discussed by a large nimber of investigators. For 

instance some investigators (30, &1, 87) claimed that sulfuric acid reacts 

with acetic anhydride forming acetylsulfuric acid which functions as the 

acetylation agent. Ost (59), however, believed that the function of 

sulfurie acid is to form cellulose sulfate ester at first and then the 

sulfate groups are replaced by acetyl groups. 

The theory of Ost has been confirmed by several investigators notably 

in the most recent work by Malm and Tanghe (49). 

The use of other catalysts in acetylation and their mechanisms are 

discussed thoroughly in several books on cellulose (17, 38, 61).
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Solubility of Cellulose Acetate 

Generally speeking cellulose acetate is 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 (86), the latter having a 

degree of combined acetic acid between 50 - 58 %. 

¥yrther 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 

amd diacetone alcohol. 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 efficiency or power of a solvent can be 

judged from the viscosity of the resulting solution, anil the lower the
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viscosity the more active the solvent (21, 43). 

Generally speaking, the solubility decreases with increase in degree 

of polymerization (23), and this effect is illustrated by ite use for 

separating fractions of different degree of polymerization from a commer- 

clal sample, 

ec 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 distributién is of considerable 

importance in the study of degradation machanismy in the comparison of 

molecular weights obtained by different methods; and in the study of the 

mechanical properties of cellulose derivatives (61), For these and other 

reasons, a large number of attempts have been made to secure this infore 

mation on various cellulose derivatives such jas cellulose acetate. The 

methods employed have almost always been those of fractionation into fracte 

ions of narrower molecular weight distribution amd the construction of the 

distribution curve from a knowledge of the weight and molecular weight 

of these fractions, 

Fractionation of cellulose triacetate, in which all the three 

hydroxyl groups of a glucese unit have been acetylated, is very difficult 

and little informatizn is available about it (22). 

Most of the work published on fractionation refers to acetone- 

soluble acetates, and the most widely used method is that of fractional 

precipitation (38). 

Generally speaking, the separation of a polymer mixture into fractions
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4s 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 fractionation of macromolecules may be acce 

omplished in a number of ways. The methods of separating materials 

into fractions have been tabulated by Cragg ani Heammerschlag and are 

given in Table 1 (13). 

The fractionation of polymers is much more difficult and more come 

plex than the fractionation of ordinary low molecular weight compounds 

(15). For example, in the fractionation of acctanilide or sucrose, a 

fraction is eventually obtained that consists of pure acetanilide or 

sucrose, 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 contain 

polymers of different chain lengths. 

Regardless of the method used in fractionation, the objective of the 

separation is to obtain fractions as narrow and as sharp as possible. To 

obtain this sharp distribution, it may be necessary to refractionate the 

isolated fraction, and to combine all fractions within the same molecular 

weight range. But it is claimed that no matter how many times the fraction 

is refractionated the best that can be attained is a fraction with an 

average degree of polymerization with 4 5% variation from the mean (15, 61, 

70). 

Since fractional precipitation is the most widely nsed method, it will
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Table i 

Separation of Mixtures into Fractions 

Method Principle on which Separation is Based 

i, Solubility Methods 
1. Fractional Precipitat- 

ion, 

a. By addition of Pre+ 
cipitant. 

b, By Cooling. 

2. Fractional Solution 
a. Solvent of Varying 

Composition, 
b. Varying Temperature 

3 Distribution between 
Two Immiscible Sole 

Solubility decreases with increases 
in molecular weight. 

Distribution Coefficient depends 
on molecular weight, 

vents. 

II. Rate-of-solution method Smaller molecules diffuse faster. 
(diffusion into a single 
solvent) 

III, Ultracentrifuge Sedimentation velocity increases 
with molecular weight. 

IV. Chromatographic adsorp- Smaller molecules are preferentially 
tion. adsorbed. 

Ve. Ultrafiltration through Sieving action, 
graded membranes. 

VI, Molecular distillation Larger molecules are less volatile.



be discussed in some detail, 

A suitable combination of a solvent am a precipitant miscible 

with one another is selected, and the latter is added to a dilute solution 

of the polymer in the former until a slight turbidity develops at the temp- 

erature chosen for the fractionation (27). For the purpose of assuring 

establishment of equilibrium between the two phases which form, it is 

usually considered desirable to warm the solution to homogenity and then 

to allow precipitation to take place during gradual cooling to the temp- 

erature of the fractionation bath. The solution is stirred during pre- 

cipitation, Thereafter the precipitated phase is allewed 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 

phase, representing the first fraction, is recovered by drying or by co- 

agulation in a large excess of precipitant, A judiciously 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, 89). 

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, somewhat 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 convenient temperature range, it may be used alone without
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eidition of another 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 fractionation 

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 fractionaleprecipitation method. As a general rule, 

fractional precipitation by the addition of a precipitant to a concentrated 

solution of the polymer produces unsatisfactory results. Douglas and 

Stoops (19) have shown that the separation 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 unwieldy array of overlapping fractions obtained by successive 

refractionations. 

When sufficient sharp fractions have been isolated from a polymer, ani 

the molecular weights of the fractions have been determined, the distribut- 

ion of the fractions of the various molecular weights isolated from the 

original sample may be represented in a number of ways. For instance, 

by determining the percentage of each fraction and its degree of polymer- 

ization, it is péssible to construct an integral distribution curve, This 

is done by plotting 100 - A, where A is 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 points on the integral distribution curve and plotting them 

against the corresponding 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). 

  

Not only from the sefentific 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 is 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 

determinations osmotic pressure measurements; ultracentrifugation; light 

scattering; dielectric dispersion; and viscosity, 

The end group method is 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 umlergo certein characteristic re- 

actions (38). End group determinations make use of the fact that the two 

end groups are different from the groups in the repeating glucose units 

am represent certain percentagea of the total chain. As the ratio of 

end groups te normal groups necessarily changes with the chain length, a 

small end group content of a given sample indicates ea 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 molecular weight range by the pre- 

cision of measurement, As a consequence, the over-all precision of 

nolecular weight determinations is highest for sharp fractions in the 

range of 20,000 - 100,000 where the probable error can be kept below 

+ 1%. The error in this range will increase, however, for unfraction~ 

ated samples to an extent that depends on the molecular weight distri- 

bution and the selectivity of the membrane used. 

The ultracentrifuge method was first developed by Svedberg (83, &4) 

who used this method in the stuly of proteins. The principle is based 

on the facts that particles suspended in a liquid distribute themselves 

so that their concentration diminishes with height due to gravitational 

influences, the size or weight of the particles, the temperature, etc., 

and the vertical distribution of the particles will be proportional to 

their weights, Under direct gravitational influence it is possible to 

show changes in coneentration 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 methods: 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 ami measuring the fall in concentration 

during the course of the centrifuging at definite time intervals. These 

changes in concentration are followed or recorded by optical changes in
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refractive index or light absorption and the average molecular weight can 

be caleulated from a certain relationship between molecular weight and 

changes in concentration (15). 

Lamm and Poulson (45) have perfected the use of the ultracentri- 

fuge for the determination 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 molecular weicht sun be 

calculated from the well-known Svedberg equation (85), 

In the light seattering method of determining molecular weights of 

macromolecules, when a beam of light falls upon a liquid, a gas, or a 

solid, the electrical field of the light induces electronic oscillations 

in the materiel, 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 fluorescence or absorption oecurs when 

a parallel] beam of light is passed through a transparent system such as 

& 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 monochromatic, 

incident beam, it is possible to determine the weight-average molecular 

weight. The intensity of scattered light depends on the polarizability 

of the particles compared 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 individual part- 

icles. The intensity of the light seattered in a given direction by a
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single particle will be proportional to the square of its size and inde} 

pendent of its shape if its polarizability 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 the larger 

the individual particles. Hence the size of the particles may be deduce 

ed from the intensity of the light scattered by a dilute solution or suse 

pension, assuming, that the polarizabilities of the particles and of the 

meditm are known, The irregularly colled polymer particles in dilute 

polymer solutions fulfill the condition of polarizability, but if their 

molecular weights ere very large, their mean dimensicns in solution may 

not be much less than the wave length of the light. Corrections 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 theory of dielectric dispersion method 

for determining molecular weights of high polymers 1s due to Debye (2) 

and extended. by Scherer and Testerman (66) on cellulose nitrate. This 

method is still under investigation by Scherer and his co-workers in an 

attempt to determine not only the molecular weights of high polymers 

but also the distribution of chain lengths (35). The method generally 

consists of measuring the ability of a dipolar molecule to follow al- 

ternating charges between two electrodes, Small particles cease at 

higher frequency then large particles to follow the alternations,



The last and the most widely used method for determining the mole- 

cular weight of cellulose acetate is the viscosity method developed by 

Staudinger (7, 15, 27, 38, 61, 78, 80). 

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 phenomenon 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 

viscosity, which represents the capacity of a polymer to enhance the 

viscosity, increases with molecular weight. An absolute value for the 

molecular weight of a polymer cannot 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 ree 

lationship between the viscosity of cellulose or its derivatives in 

solution and its average molecular weight:
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USP = Ky x M 
6 

in which ngp is the specific viscosity (i.e., the viscosity increase 

over that of the solvent); ¢ is the concentrations Mis the molecular 

weight; and Ky is a constant, Thus, if the value of the constant is 

known, the molecular weight of a given cellulosic material may be cal- 

culated simply from its specific viscosity, 

fo establiesh the value of the constant K,, the molecular weight 

of the cellulosic material must be determined by one of the absolute 

methods, With the Ky thus established for one type of cellulose ace- 

tate it is possible to ealeculate the molecular weight of cellulose 

acetate by using the above equation (36) which can be written in the 

following mamer 

ep = Bo 2 ote xe 
¢ @ Ry e 

where 

Bsy = specific viscosity 

mn = viscosity of polymer solution 

No = viscosity of pure solvent 

= relative viscosity 

constant 

=
 fi 

s molecular veight 

c = goncentration of solution in grams per liter 

Many investigators proposed several modifications of Stawlinger'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 lew molecular 

weights (5, 38). 

In almost all the viscosity measurements for cellulose acetate, 

acetone is used as the solvent, In a recent paper, however, (12) a 

methed was described using cuprammonium hydroxide or cupricthylene di- 

amine as the solvent which is sufficiently alkaline to de-esterify com- 

pletely the cellulose acetate and the degree of polymerization detere 

mined is that of the pure cellulose formed, 

This procedure is preferred since some intermediate products as well 

as the highly substituted cellulose acetate are difficultly soluble, and 

the factor for converting the viscosity of cellulose acetate solutions 

to degree of polymerization varies markedly with the degree of acetylation. 

Furthermore, mixed esters can be handled by thei same technique, thereby 

avoiding the necessity for complicated formulas relating viscosity and 

degree of polymerization with degree of acetylation (61), 

  

Several investigators discussed the mechanical properties of high 

polymers including cellulose acetate (3, 7, 9, 31, 52, 61, 77). Their 

discussions are more or less qualitative in their nature. 

Factope which influence the mechanical properties of high polymers 

are numerous, They incluie such factors as molecular structure, degree 

of orientation, 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 stuly the effect of one factor on 

the mechanical properties, other factors must be kept conetant or elimin- 

ated, 

It is an established fact that linear polymers with high degree of 

polymerization have better and higher physical properties than polymers 

with low degree of polymerization, 

For cellulose derivatives a minimum value of degree of polymeriza- 

tion between 30 - 80 is required for mechanical testing, The mechanical 

properties, however, increase with increase in degree of polymerization 

until reaching a limit between 100 - 250 above which no appreciable 

change, if any, is found in the mechanical properties (9, 19, 64, 65, 73, 

Ths 76)e 

Native cellulose, particularly in the form of cotton and similar 

fibers, has an extraordinarily high tensile strength. The origin of 

this tensile strength is thought to lie in the powerful forces of cohes~ 

lon 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 thiming ani ultimately breaking (77). The 

two processes have been shown pictorially by Meyer (55). 

In practice, it is usually found that, up to a point, increase in 

chain length leads te 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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where this happens, the chains are se 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 decree of alignment of the chains, 

that is, the degree of orientation, also influences tensile strength, 

as the closer the packing the more the attractive forees are given full 

play. The forces holding the chains together are xlso sufficiently strong 

to restrict deformation by rise in temperature and consequently lead to a 

lack of thermoplasticity. Using simtlar arguments to those employed when 

discussing tensile strength, it can be shown that other mechanical 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 

amounts, 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 comparable circumstances (69). 

Most effective use of these forces of attraction can be made if the 

attractive centers are regularly spaced along the chain to permit active 

groups from adjacent chains to approach each other most closely. Hyd- 

rogen bonding ani 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), The presence of bulky substituent groups reduces the 

lateral edhesion and disrupts the regular geometrical clese packing of 

the molecules, Thus, cellulose and cellulose triacetate can 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 crystalline cellulose with greatly enhanced stren- 

gth (92, 72). 

fo increase thermoplasticity and improve the elastic properties, 

the chains must be separated in order to lower the forces of cohesion 

ani consequently increase the intermolecular slip. This can be brought 

about by two methods; either by introducing substances which have great- 

er attraction for the hydroxyl] groups and thus penstrate between and 

push aside the chains, or by replacing all or some of the hydroxyl 

groups with bulkier groups, such as acetate, the latter methad also 

reduces the possibility of hydrogen bonding while the former process is 

the same as plasticizing. 

The second method for bringing about 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 cellulose, or of 

esters, such as cellulose acetate. It would be expected that the larger 

the substituent group introduced, the greater the anticipated effects, 

that is, lowering of the softening points, increase in solubility and 

elongation, and se 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 maximum, and 

then decrease somewhat. This decrease, as has been explained before, is 

thought to be because, with a completely substituted molecule, close 

packing of the chains is again possible, whereas, with partial substitut- 

ion, the surfaces of the chains are more ragged with consequent increase 

in mobility and slip. Also the poorer packing resulting from wueven 

surfaces gives improved solubility 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 preperties, such as tensile strength and rigidity, amd 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 sub- 

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 

end completely msubstituted, This type of molecule would have differ- 

ent characteristics from an evenly acetylated type, owing to the oppart- 

unity for closer packing, etc., along the unsubstituted portion. Little
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work has been published on this topic, but it is obvious that properties 

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 

is true, of course, of its derivatives, The presence of a large number 

of short chains has been found to adversely affect the tensile strength 

and other mechanical properties, presumably due to the pulling out of the 

gmall chains umer stress (76). It was found that the samples which are 

most uniform in molecularity have a greater folding strength than come 

parable samples of greater polymolecularity. 

The real difficulty in the establishment 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 is applied to the degree of heterogeneity. 

Many investigators have tried to correlate the degree of heterogeneity 

with mechanical properties but no precise conclusion has been attained 

yet due to the disagreements between 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). 

These results have been confirmed by Scherer and Rouse with cellulose 

nitrate (65) and by Scherer ami MeNeer with ethyl cellulose (64). 

Further investigations on the effect of molecular weight distri- 

butions on mechanical 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 75% 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 mechanical properties of cellulose 

acetate fractions when plotted against the average D.P. showed that at 

a D.P. of 60 or less the films were too brittle to form coherent films 

and were thus assigned a zero value for all mechanical properties. 

From a D.P. of 60 to a value in the range of 100 to 150 there was a 

rapid increase in mechanical 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 

against 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 fount 

4n 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 is not suffe 

iciently thermoplastic to be formed or manipulated by other techniques. 

In addition, its discoloration ani decomposition points are near to its 

softening point. These disadvantages 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 physical property. Plasticizers produce changes in the 

physical properties by separating the chains of the polymer, thereby 

reducing the magnitule 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 

where 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 

and 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 ancther 

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 vole 

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 chains, 

Plasticizers are often divided into two classes (77): solvent or 

gelatinising types, amd 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). 

Different plasticizers are found to produce a very different order 

of modification of the properties, For example, it is found that a cell- 

ulose acetate containing 28% of one 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 case. Differences in the 

extensibility are often even more marked, and the same proportion of 

plasticizer can give varying figures in 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 propert- 

ies of polymers before selecting plasticizers for commercial use. 

Temperature, has a marked effect on the mechanical properties of 

cellulose acetate. This is illustrated by Welch, Hayes, Carawel and 

Nason (90). 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 elongation
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increases ani the material becomes tough, but the ultimate strength 

is reduced somewhat. With further increase in temperature the ten- 

sile strength is considerably reduced and the material becomes soft 

and weak, These researches found out that temperature changes on the 

ultimate elongation of cellulose acetate umdier tension showed that an 

increase is 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 modulus of elasticity of cellulose . 

acetate showed that over a certain range the modulus was directly pro- 

portional to the temperature. 

Still another important factor affeeting 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 increases, corresponi- 

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 strictly valid umler the precise conditions of the test 

(775 24). 

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

The mode of fracture of cellulose acetate unlier 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 

from some slight surface imperfection which spreads until rupture takes 

place, 

All materials when subjected to a constant tensile force tend to 

extend, and the gradual increase in length with time is referred to as 

cre6p. 

The subject of creep has reccived considerable attention both from a 

theoretical and practical standpoint, An excellent disenssion on the 

theoretical aspects has recently been published by Adams and Throdahl (1), 

while W.N. Finiley (25) investigated the practical creep properties of 

cellulose acetate plastics, 

Findley’s work showed that cellulose acetate plastics uniergo 

considerable deformation when subjected to relatively small loads for 

prolonged periods of time. Fracture may also take place if the load 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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Chemicals Used 

The acetone used was commercially pure grade obtained from Commer- 

clal Solvents Corporation, Newark, New Jersey. 

The n - heptane was pure grade, 99 mole per cent minimum, obtained 

from Phillips Petroleum Company, Bartlesville, Oklahoma, 

The cupriethylenediamine solution contained exactly one mol, of 

copper, obtained from Ecusta Paper Corporation, Pisgah Forest, North 

Carolina, 

The cellulose acetates. were obtained from Hercules Power Company, 

Parlin, New Jersey, 

Per cent 

Combined Acetic Acid 

Type Lot Number Quo Found 

PM, 40441 52.0-52.8 52.0 

PM, 41037 5205053 05 5208 

Lay 43038 5 4..0-55,0 D404 

FM, 42039 55 65=56~2 5546
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INTRODUCTION 

The four samples of cellulose acetates were chosen from the diff- 

erent types available at Hercules Powler Company (36). These four samples 

have approximately the same viscosity range but different degrees of com- 

bined acetic acid. They are all soluble in acetone. Other types of cell- 

ulose acetate, with higher or lower degree of combined acetic acid than 

the chosen four types are insoluble in acetone, and fheir fractionation, 

if possible, is extremely difficult, 

Three of these fractions, namely, PMs, LH,, and FMg have been inves- 

tigated by Myers (57). He determined their distribution curves using 

small seale 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 sampe 

le with a D.P. of 300. 

It was also found that in order to get a sufficient amowmt of a sharp 

fraction to be used for mechanical testing, a starting material of at 

least 2000 gms was necessarye 

Fractionation Procedure 

The methods of fractionating the four types of cellulose acetates 

were 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 stepewise fractionation and the selective fract~ 

ionation. 

Step-wise Fractionation 

In this procedure four batches of a 4% solution of cellulose acetate 

was made in a twenty liter pyrex bottle by mixing together 500 gms of air 

dried cellulose acetate and 12000 gms of solvent (95% acetone ami 5% 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° ec for a period of about 12 hours after which a judici- 

ously chosen amount of precipitant, n-heptane, was 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° c air thermostat for 22 hours, 

The supernatant solution, which contained 2% cellulose acetate after 

this operation, was decanted into anether 20 liter pyrex bottle, brought 

to 25° c with infra red lamps ani another measured increment of preci«- 

pitant was added to precipitate about 10% of the original cellulose 

acetate ani again placed in the 15° c 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 

make 2% solution to which a measured amount of precipitant was added to 

precipitate about 10% fraction by the same procedure described above.



43 

This fraction contained, in most cases, very high D.P. material and 

severel kinds of impurities including gums, resins and dust, This 

fraction was stored for future use if needed. 

The supernatant solution was fractionated in the same manner 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 ami those fractions which had 4 D.P. not 

too far from 300 were combined together and dissolved in a 20 liter 

pyrex bottle to make a 2% solution, To the solution wes added enough 

precipitant to precipitate about 10 - 15% fraction and separated out. 

Another 10 - 15% 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 which 

had D.eP.s 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 

was reached. Refractionation of tis fraction gave no appreciable 

change in D.P. which meant that the fraction had reached the highest 

possible sharpness by this method, 

It was found that this method of fractionation was a very efficient 

one but unfortunately it was very tedious and very lengthy. 

Selective Fractionation 

In this method, four batches of a 4% 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 amoumt 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 placed in 

the 15°e air thermostat for 22 hours. The supernatant solution is se- 

parated ani stored for future use if it 1s needed, although, it is usue 

ally discarded in most cases because it is found that it contains fract- 

ions of very low D.P. 

The 50% fraction 1s dissolved in sufficient amount of solvent to 

make 2% solution to which a measured amount of precipitant is added to 

precipitate about 10% fraction. This is the purification fraction which 

is stored for future use, 

fo the supernatant liquid is added enough precipitant to precipitate 

75% of the remaining fraction, rotated for 1.5 hours and placed in the 

15°e 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 

acetone as the solvent. The fraction is then dissolved in enough solvent 

to make 2% solution and 75% of 1t is precipitated by the procedure de- 

scribed above. The degree of polymerization of this fraction is again 

determined. The same procedure 4s repeated until reaching a fraction 

having approximately 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 wtil the last fraction 

reached a D.P. of 300, 

This last fraction is then dissolved to make a 2% solution. None 

solvent is added to precipitate between 5 ~ 10% 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 D.P. less than 300, To the supernatant liquid is added enough none 

solvent to precipitate 75% fraction, This is repeated until a fraction 

with an average D.P. of 300 is again reached, This fraction is again 

dissolved and between 5 - 10% of it is precipitated. If the average D.P. 

of this fraction is again over 300 the sare method of fractionation is 

repeated on the supernatant solution to get a sharp fraction which has an 

average D.P. of 300 and gives no appreciable change in degree of polymer- 

ization no matter how many times it is 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 wifore 

mity, then, poured into flat pyrex dishes and left for several 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% 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 it was posse 

ible to get sharp fractions with an average degree of polymerization of 

300 for each of the types of cellulose acetates, PM,, LH,, FM6 using ace- 

tone as the solvent. The highest attainable sharp fraction for cellulose 

acetate type FM, had an average D.P. of approximately 240, Another sharp 

fraction of PM, was prepared which had a D.P. ef 215. Thie 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 cellulose acetate there is 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 1+ must be dus to differences in the degree of combined acetic 

acid only since the effect of molecular weight distributions as well as 

the effect of D. P. are eliminated. 

Location of the Precipitation Point of the Various Fractions 

The location of the preeipitation points was done by small scale 

fractionation of four grams of each of the fowr types of cellulose ace- 

tated by the step-wise method using 4% and 2% solutions of each type of 

cellulose acetates. The n-heptene was added drop by drop from s burette 

with continuous shaking of the solution until two milliliters in excess 

of the amount needed to give a turbidity to the solution. 

To the supernatant liquid from each fraction, n-heptane was added 

until turbidity was obtained,
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The process was repeated until seven fractions were obtained. The 

fractions were dried and weighed. A graph was plotted using milliliters 

of n-heptane along the abscissa and curuletive 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, 

while curves are shown in figures 2 - 9, 

  

The method applied in determining the average degree of polymerization 

of the various samples of cellulose acetate was the viscosity method of 

Stauwlinger (78), which was deseribed by several authors in the literature 

(67, 75)6 

Both acetone and cupriethylenediamine were used as soivents 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, cooled in a desiccator and weighed accurately to the neare 

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 Erlermeyer flask amd the flask was stoppered immediately 

and allowed to stand for at least 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 diameter 20 om



Table 2 

  

Precipitation Date For 4% PM, Type Cellulose Acetate 

Type of Cellulose Acetate: PM, (51.9% Combined Acetic Acid). 

Concentration of Solution: 4%, 

Solvent: 95% Acetone ani 5% Distilled Water. 

Precipitants ne-heptene. 

Inital amount of neheptane 
added to obtain turbid 

  

  

solutions 11.5 ml. 

Fraction Milliliters n-heptane % Fraction in Accumulative 
Number Added Original Semple Z 

1 1.5 7.5 705 

2 1.0 11.8 1903 

3 1.5 25.0 4he3 

4 1.5 20,5 64.8 

5 1.5 11.5 7603 

6 2.0 10.0 86.3 

7 3.0 8.5 9408
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Table 3 

For </> PM Cellulose 

PM, (51.9% Combined Acetic Acid). 

Acetate 

  

  

Concentration of Solution: 27% 

Solvents 95% Acetone and 5% Distilled Water. 

Precipitant: n-heptane. 

Inital Amount of n-heptane 
added to obtain Turbid Sol- 
ution: 2345 ml. 

Fraction Milliliters n-heptane % Fraction in Accumulative 
Number Added Original Sample % 

1 3.0 563 503 

2 2.0 8.5 13.8 

3 225 12.8 26.6 

4 205 14.5 41.1 

5 2.8 9.5 50.6 

6 3e2 15.0 65.6 

7 4.5 13.4 79,0 
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Table 4 

Precipitation Data For 4% Cellulose Acetate 

Type of Cellulose Acetate: PM, (52.8% Combined Acetic Acid). 

Concentration of Selution: 4% 

Solvent: 95% Acetone and 5% Distilled Water. 

Precipitant: n-heptane. 

Inital Amount of n-heptane 
added tb obtain Turbid 

  

  

Solution: 15.5 ml, 

Fraction Milliliters n-heptane % Fraction in Accunulative 
Number Added Original Sample 4 

1 1.5 8.8 8.8 

2 1.0 17.5 26.63 

3 1.0 21.1 A7e4 

4 1.2 19.0 6604 

5 1.5 1202 78.6 

6 220 9e7 88,3 

7 3.0 Fel. 95 04
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Type of Cellulose Acetate: PM, (52.8% Combined Acetic Acid). 

Concentration of Solution: 2% 

Solvent: 95% Acetone ani 5% Distilled Water. 

Precipitant: n-heptane, 

Inital Amount of neheptane 
added to obtain Turbid 

  

  

Solution: 33 mi. 

Fraction Milliliters n-heptane % Fraction in Accumulative 
Number Added Original Sample 

1 3.0 11,3 11.3 

2 2.0 12.0 2323 

3 2.0 14.3 37.6 

4 222 1402 51.8 

5 2.6 12.1 63.9 

6 302 12.4 7653 

7 4e5 10.2 8.5



Precipitation Data For 4% Lu, Type Cellulose Acetate 

Type of Cellulose Acetates 

Concentration of Solution: 

Solvents 

Precipitant: 

Inital Amomt of n-heptane 
added to obtain Turbid 
Solutions 

Table 6 
ae 

LH, (54.4% Combined Acetic Acid). 

Lh 

95% Acetone and 5% Distilled Water. 

neheptane, 

18.5 ml. 

  

  

Fraction Milliliters n-heptane ~ Fraction in Accumulative 
Number Added Original Sample 

1 1.5 2447 2he7 

2 1,0 2340 4707 

3 1,2 16,0 63.7 

4 1,3 12.1 758 

5 1.6 8,0 83,8 

6 21 5.3 89.1 

7 4,0 5.1 Bhe2
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Type of Cellulose Acetate: IH, (54.4% Combined Acetic Acid). 

Concentration of Solution: 2% 

Solvent: 95% Acetone and 5% Distilled Water. 

Precipitants neheptane. 

Inital Amount of n-heptane 
added to obtain Turbid 

  

  

Solution: 39 mil, 

Fraction Milliliters n-heptane % Fraction in Accumulative 
Number Added Original Sample 

1 3.0 20.5 20.5 

2 2.0 16.5 3740 

3 205 19.2 56.2 

4 245 12.3 6865 

5 3.0 9.9 Teh 
6 3.6 7.8 £642 
7 5.0 505 Qe? 
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Table & 

Precipitation Data For 4% FM¢ Type Cellulose Acetate 

Type of Cellulose Acetate: FM, (55.6% Combined Acetic Acid). 

Concentration of Solution: 4% 

Solvents 95% Acetone and 5% Distilled Water. 

Precipitant: n-heptane. 

Initeal Amount of n-heptane 
added to obtain Turbid 

  

  

Solutions 20.5 ml. 

Fraction Milliliters n-heptane % Fraction in Accumulative 
Number Added Original Sample 4 

1 1.5 28.5 2865 

2 1.0 2405 53.0 

3 1.3 15.9 6809 

4 1.4 11.0 7909 

5 1.7 6.1 86.0 

6 203 hed 90.5 

7 ed 3.5 9400
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Table 

Precipitation Data For 27% FMg Type Cellulose Acetate 

Type of Cellulose Acetate: Mg (55.6% Combined Acetic Acid). 

Concentration of Solution: 2% 

Solvents 95% Acetone and 5% Distilled Water. 

Precipitant: n-heptane. 

Inital Amount of n-heptane 
added to obtain Turbid 

  

  

Solutions 43 ml. 

Fraction Milliliters n-heptane % Fraction in Accumulative 
Number Added Original Sample Z 

1 30 19.7 39.7 

2 2.0 18.7 38.4 

3 205 20.6 59.0 

4 2.5 12.8 1.8 

5 3,0 9e1 80.9 

6 3.6 7.0 87.9 

7 5.0 6.4 9403
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length), which was immediately stoppered with a neoprene rubber stopper 

previously extracted with acetone. The test tube was placed in a con- 

stant temperature water bath maintained at 20% (+ 0.05%). The viscos- 

ity of the solution was determined at this temperature, on a five mill- 

iliter sample of solution, in an Ostwald Fensk viscosimeter which was 

standardized with pure acetone. 

It is to be noticed that the above procedure was done in duplicate 

on each sample of cellulose acetate using two different viscosimeters 

of size 50. 

The degree of polymerization was calculated from the following equa- 

tion 

DP. ee? 

where 

t = time of efflux of solution 

to = time of efflux of solvent 

K = eonstant 

G = eoncentration of cellulose acetate 
expressed in grams / liter 

The value of the constant K for each type of cellulose acetate was 

obtained from Myers Master's theses (57). Myers used a ratio whereby 

the constants based on Kraemer’s work (44) could be converted to the 

constants based on Staudinger's work (41), and found, that for types 

PM, and PMy cellulose acetate the constant K in the above equation had 

a value of 9.4 x 104 while for types LH,, and FM, cellulose acetate 

the value of the constant K was 9.2 x 10 4,



  

It is very unfortunate that there is no practical method for measuring 

the molecular weight of cellulose and cellulose acetate in terms of abso- 

lute degree of polymerization units, Until a universally acceptable met- 

hod becomes available for doing this, it is necessary to qualify the use 

of a degree of polymerization expression by describing clearly how the 

degree of polymerization result is arrived at from measured viscosity data. 

The method which is about to be deseribed involves the use of cupramn 

onium hydroxide or cupriethylenediamine which are sufficiently alkaline 

to de-esterify completely certain cellulose esters, When a cellulose 

ester such as cellulose acetate, therefore, is dissolved in cupriethylene- 

diamine, the resulting specific viscosity of the sample is due to chains 

of regenerated cellulose. In other words, a solvent such as cupriethy- 

lenediamine is suitable for the measurement of the viscosity or weight~ 

average molecular weight of both cellulose ani cellulose acetate (12). 

Various investigatore (8, 12, 34, 39, 40, 41, 79) already have con- 

sidered de-esterifying cellulose esters for the purpose of measuring the 

molecular weights of the resulting regenerated cellulese in a cellulose 

solvent such as cuprammonium hydroxide, 

Malm and his associates (48) found that in the case of a series of 

aliphatic acid esters of cellulose, the intrinsic viscosities of these 

esters varied with the acetyl group ami the solvent used. However, after 

these esters were completely de-esterified, the degrees of polymerization 

of the regenerated celluloses were found to be substantially the same. 

Kraemer (44) has shown from ultracentrifuge experiments that the
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intrinsic viscosity is related to the degree of polymerization, and he 

gives these relationships for cellulose in cuprammonium solutions as 

follows: 

DePs 
[a] = 260 

where 

[n] = intrinsic viscosity 

Since cuprammonium hydroxide and eupriethylenediamine solutions are known 

te disperse cellulose to the same degree, the above equation can be used 

when the solvent is cupriethylenediamine (82). 

In the case of 0.5% cuprammonium solutions of cellulose having basic 

degree of polymerization less than 300, it has been shown that 

“EP = [a] 
and the equation for determining the degree of polymerization cat be 

written as follows; 

vhere 

D.P, 0 = baste degree of polymerization 

Ban = specific viscosity 

c = concentration in grams / 100 ml. 

260 = gonstant for pure cellulose 

fhe cupriethylenediamine solution obtained from Ecusta Paper Corpor- 

ation contained one molar solution of copper and had to be diluted with 

distilled water to obtain exactly 0.5M of copper. ‘The solution was analyzed
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for copper and ethylenediamine to insure exact molarity. The solution 

was then stored under nitrogen until used, 

The follewing procedure was carried out for the determination of 

degree of polymerization (12). 

Experience showed that cellulose acetate in the form of powler is 

easily de-esterified and dissolved in cupriethylenediamine. Cellulose 

acetate sample, in film or filter form, was dissolved in acetone and 

enough distilled water was added to the solution to obtain turbid solution. 

The turbid solution was then transfered to a flat dish and placed in an 

oven at 50°¢ for overnight to dry. The cellulose acetate thus obtained 

was in the form of powler, 

Approxinately 0.25 grams cellulose acetate power was placed in an 

oven at 105¢% for two hours, The sample was then cooled in a desiccator 

and weighed accurately by difference to the nearest 0.) milligram. The 

gample was then transfered into a large test tube (2.5 om diameter 20 cm 

length) and 25 ml, of cupriethylenediamine solution was pipetted into 

the test tube. The mixture was then stirred for one hour by a glass 

stirrer rotating at approximately 400 r.p.m. The solution thus obtained 

was stable for four hours in the presence of atmospheric oxygen, The 

solution was then filtered through a coarse sintered glass filter into 

another large test tube which was stoppered with a rubber stopper and 

placed in a constant temp rature water bath maintained at 20°¢ (¢ 0.05%c). 

The viscosity of the solution was determined at this temperature, on a 

five milliliter sample of solution, in an Ostwald Fensk viscosimeter 

size 100 which was standardized with pure cupriethylendiamine,.
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It shovld also be mentioned that the above procedure was done in 

duplicate on each sample of cellulose acetate using two different vis- 

cosimeters of size 100, 

The concentration of the regenerated cellulose can be calculated 

from the weight of cellulose acetate used and its per cent of combined 

acetic acid, 

From the data obtained and the equation mentioned before, the degree 

of polymerization can be caleulated, 

It was found that the degree of polymerization of the various samp- 

les of cellulose acetate determined by the cupriethylenediamine method 

had values approximately four times as much as the D.P. determined by 

the acetone viscosity method. On the other hand a sharp fraction of 

cellwlose acetate type PM, was sent to Picatinny Arsenal, Dover, New 

Jersey (11) for the determination of the degree of polymerization by 

light scattering method and the value was found to be approximately 

equivalent to the value obtained by the cupriethylenediamine metnod, 

ie@., the light scattering D.P. was almost four times as much as the 

DP. determined by the acetone viscosity method, 

fable 10 illustrates the different values of the degree of poly- 

nerigation obtained by several methods, 

  

The method applied was an extensie# and slight modification of that 

developed by Murray, Staud and Gray (56). 

The method which is about te be deseribed is usually used for the 

acetone soluble cellulose acetate.
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Table 10 

Comparison of the Different Methods of Determining 

the Degree of Polymerization of the Various Samples 

of Cellulose Acetate 

Type of Degree of Acetone Cupriethy- Methyl cell- Light 
Cellulose Combined DP. lenediamine osolve Scattering 

  

Acetate Acetic DP. D.P. D.Pe 
Acid 

PM, (original) 52.0 126 560 - - 

PM, (original) 52.8 163 650 ~ - 

PH, (original) 52.8 - 732 178(89) - 

1H, (original) 544 203 806 - - 

FM, (original) 55.6 187 737 - - 

PM, (sharp 
fraction) §2.0 300 1380 ~ 1240 
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Approximately 0.5 grams of air dry cellulose acetate was dried in 

an oven at 105°C for two hours, cooled in a desiccator ani weighed 

accurately by difference to the nearest 0.1 milligram, The sample was 

then transfered into a 500 milliliter wide-mouth Erlenmeyer flask, 50 

milliliters of acetone was pipetted into the flask containing the same 

ple of cellulose acetate and the flask was stoppered and allowed to 

stand for 24 hours with occasional shaking witil complete dissolution, 

50 milliliters of standerdized 0.5N NaOH was edded to the solution and 

the flask was loosely stoppered and placed in an oven at 50°C for one 

hour with occasional shaking. The solution was then back titrated 

with standardized 0.5N H€1 solution using phenolphthalein as the indi- 

eator, The milliliters of NeOH solution consumed for the saponification 

of the cellulose acetate sample was used for the calculation of the de- 

gree of acetic acid in the sample, 

The above procedure was performed in duplicate for each sample of 

cellulose acetate and a blank was run using the same procedure on pure 

acetone. 

The equation used for calculating the degree or % of combined ace- 

tic acid for the cellulose acetate samples is: 

dcu,coar = SCOp x Mp) = (COp = Ba) , 0.06 x 100 
wt. of Sample 

  

where 

GC, = milliliters of NaQH solution 

Ny, = normality of NaOH solution 

Co, = milliliters of HCl solution 

Na = normality of HCl solution
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0,06 = militequivalent weight of acetic acid 

The degrees of combined acetic acid for the four sharp fractions are 

shown in Table ll. 

Me thed or Cast 

  

The fractions were dissolved in pure acetone to make highly viscous 

golutions which can be poured without great difficulty. The solutions 

| were made in one liter Erlenmeyer flasks and shaken in a shaking mach= 

ine for about ten hours, PM, type cellulose acetate required at least 

24, hours shaking before complete dissolution, The solutions were then 

allowed to stand at room temperature for 24 hours for removal of air 

bubbles and to allow any solid impurities to settle down 

The films were male by pouring a portion of the viscous solution on 

a carefully leveled glass plate which had been thoroughly cleaned and 

dried, A film spreader was then immediatly drawn across the glass plate 

at an even rate. This operation was performed in an air thermostat at 

15°c to minimize the rate of evaporation of acetone amd obtain a very 

smooth, uniform and transparent film, The glass plate containing the 

film was left standing for about one hour after which it was removed from 

the 15°%c constant room and placed on a leveled stand at room temperature 

for about one additional hour to dry completely. 

One edge of the film was carefully loosened with a spatula blade using 

a small amount of distilled water. The film was then pulled up carefully 

and came out in one piece. 

Using the same method, several films were obtained for each fraction. 

The films thus obtained were humg from the edges with spring type clothes
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Sharp Fraction Acetone | 4 
Cellulose Acetate D.P. Combined Acetic 

Type Acid 

  

PM, 215 50.8 

PM, 240 50.8 

PM, 300 52.0 

Lity 300 Shel 

FM, 300 55.8
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pins in a room maintained at 77+ 1° F and 50 + 2% relative humidity 

for at least three days before rumning mechanical tests on them, 

The film spreader used was obtained from Yerkes Research Laboratery 

of E,I, duPont de Nemours ani Company in Buffalo, New York. It consist- 

ed of stainless steel rod am stainless steel side plates, By turning 

the rod the distance between it and the bottom of the side plates could 

be varied. This had to be adjusted differently for each fraction of 

eellulose acetate so that the final thickness of the dry films of all 

the fractions had a value of 0,002 inches as shown in Table 12, The 

degrees of polymerization and the degrees cf substitution were also ine 

serted in table 12 for comperison, 

echanics esting cf the     
Atmospheric Conditions. Mechanical testing of the films were made 

in a conditioned room as specified in the Tentative Method of Condition- 

ing Paper and Paper Products for Testing (A.S.T.M. Designation: D685) of 

the American Society for Testing Materials, 

The specifications require that the temperature should be 77 + 1.80F 

and the relative humidity 50 + 2% 

The temperature and relative humidity were recorded by the Brown 

Recorder, Model 6882 ~ 601, manufactured by Brown Instrument Company, 

Philadelphia, Pennsylvania, The values were 77 + 1°F and 50+ 1% res= 

pectively which were well within the A.S.T.M. specifications. 

Thickness of Films. The thickness of the conditioned films were 

measured with a dead weight micrometer. Only those parts of the films 

which measwred 0,002 inches in thickness were used for testing.
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Degree of Comb« Concentration Thickness of the 

  

Film D.P. ined Acetic of Dry Films 
Acid Solution 

PM, 215 50,8 7.0 % 0,002 inches 

PM, 240 50.8 6.5 % 0.002 inches 

PM, 300 52.0 G0 % 0,002 inches 

LH, 300 Shek 8.5 Z 0.002 inches 

FM, 300 55.8 | 9.0 % 0.002 inches
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The tensile strength and the clong- 

  

ation of the films were determined by the Sehopper Type Tensile Streagth 

and Elongation Tester, manufactured by Testing Machines, Ine., New York, 

New York. The films were cut very carefully to obtain specimens with 

0.5 inch in width and at least 5 inches in length. Results on specimens 

which broke at some obvious flew or which broke in the grips were dise 

carded. The tests were made according to the Tentative Method of Test for 

Tensile Properties of Thin Plastic Films (A.S.T.M, Designation : D&82) of 

the American Soclety for Testing Materials, except that gage marks were 

not used and the elongation was obtained directly from the scale readings 

of the tester, 

The results of the tensile strength and elongation tests on the fracte 

ions are given in tables 13 and 14 and the graphs correlating the tensile 

strength and elongation to the degree of acetylation are shown in figures 

10 and 11 respectively, 

Bursting Strength. The bureting strength of the films was determined 

on the Mullen Tester, manufactured by B.F, Perkins and Son, Inc., Holyoke, 

Maseachusetts. The gage measuring the pressure in pounds per square inch 

was graduated from 0 to 200. The films were cut carefully to give test 

specimens 2.5 x 2.5 inches, The tests were made according to the Stand- 

| : (A.S.TsMe Designation 1 

D774) of the American Society for Testing Materials. 

  

The results of the bursting strength tests on the fractions are given 

in table 15 and the graph correlating the bursting strength to the degree 

of acetylation is shown in figure 12.
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Folding Endurance, The folding endurance of the films was determined 

on the Sechopper Type Folding Endurance Tester, manufactured by Testing 

Machines, Inc., New York, New York. The machine was equipped with a coune 

ter which counted the number of double folds before rupture. The films 

were carefully cut to give test specimens 0.6 inch in width ami 4 inches 

in length, The tests were made according to the specifications of Stand- 

hods of Test for Folding Endurance of Paper (A.S.T.M. Designation : 

D643 of the American Society for Testing Materials. 

The results of the folding endurance tests on the fractions are given 

in table 16 and the graph correlating the folding emlurance to the degree 

of acetylation is shown in figure 13.
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VIIT. DISCUSION OF RESULTS



Discussion of Results 

Before discussing the results obtained in this investigation it seems 

of importance to indicate certain factors closely related to them. 

Mention has already been made in the review of the literature that 

factors influencing the mechanical properties are numerous, such as, mole« 

cular structure, degree of orientation, polymolecularity, degree of poly- 

merization, degree of substitution and various other chemicel and physical 

factors. 

These factors are interdepemiant on each other amd a change in any 

factor will bring about a change in the effect of other factors, Therefore, 

in order to study the effect of one factor on the mechanical properties of 

cellulose acetate films, other factors must be kept approximately constant 

or climinated, 

In this investigation an attempt was made to eliminate all the import- 

ant factors affecting the mechanical properties of the cellulese acetate 

films with the exception of the degree of substitution. Hence any change 

in mechanical properties should be due to the degree of substitution alone, 

The theoretical consideration of the effect of degree of substitution on 

mechanical and other physical properties of cellulese acetate has been con- 

sidered by various authors (7, 36, 38, 53, 55, 61, 77). All of these au- 

thors seem to agree that the degree of substitution has a marked effect on 

the physical properties. This effect is brought about by substitution of 

the hydroxyl groups of cellulose by bulky substituent groups, thereby, re- 

dueing the attraction between the cellulose chains, so that hydrogen bond- 

ing as well as other poler forces drop off. On the other ham, the presence
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of bulky substituent groups reduces the lateral adhesion and disrupts the 

regular geometrical close packing of the molecules, The larger the sube 

stituent groups, the greater the disruption of the regular geometrical 

close packing, Thus it is reported in the literature (69) that cellulose 

nitrate makes a somewhat stronger sheet than does cellulose acetate under. 

comparable circumstances. This is due to the fact that the acetate groups 

are lerger than the nitrate groups ani less polar and hence the chains in 

cellulose acetate are more separated and held by weaker forces than the 

chains in cellulese nitrate. 

Malm and his co-workers (48) prepared cellulose triesters using var- 

ious orgenic acids which differ from each other by the number of carbon 

atoms, These investigators found that, in general, the larger the sub. 

stitnent group, the lower the melting point of the triester, These results 

confirmed the theoretical interpretation of the effect of the size of sub- 

stitnuent groups on the melting point of cellulese triesters, 

The degree of substitution also brings about variation of the physical 

properties (77). In general, it is expected that elongation, flexibility 

and similar properties should increase with increasing degree of substitut~ 

ion, while tensile strength and other similar properties should decrease 

with increase in the degree of substitution, 

A careful consideration of tables 13 - 16 pages 77-80 reveals that 

the changes in degrees of acetylation caused almost no appreciable changes 

in the mechanical properties of the various cellulose acetate films, This 

seemed to disagree with the theoretical interpretation, An attempt will be 

made later to give some explanations for such unexpected results.
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It is of interest to notice that although the sharp fraction of PM, 

type cellulose acetate has a D.P. of 240, its mechanical properties are 

almost the same as the sharp fractions of the other types of cellulose ace- 

tates PM,, LH,, and FMg which have D.P.'s of 300 each. 

Another sharp fraction of PM, type cellulose acetate of lower D,P. 

had to be prepared to fini out if such a change in D.P,. would cause any 

serious change in the mechanical preperties, The second sharp fraction 

of PM, type cellulose acetate had a DP. of 215. Its mechanical proper ties 

were almost the same as those of the fraction having a DeP. of 2402 This 

result was in agreement with several investigators (27, 53, 55, 61, 64, 65, 

Thy 77, 89) who found that if the D.P. of cellulose or cellulose deriv- 

ative reached 200 or above, no appreciable change in mechanical properties 

was noticed, 

This was done since the highest D.P. available in PM, type cellulose 

acetate was fourd to be 240, and no fraction of a D.P. 300 could be obtained 

from this type of cellulose acetate, On the other hand it was found that 

the fractionation of PM, type cellulose acetate was very difficult compared 

with the fractionation of the other three types of cellulose acetate, The 

reason could be attributed to the low degree of substitution which made it 

difficulty soluble in acetone. 

Hereules Powler Co. (36) determined the mechanical properties of corigi- 

nal cellulose acetate samples having the same range of degree of acetylation 

as the samples used in this investigation. They obtained variable results 

for each sample tested, but no correlation could be mate between the degree 

of acetylation and mechanical properties of the cellulose acetate films.
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These variable results could be attributed to the differences in molecular 

weight distributions between the various semples, The molecular weight 

distribution curves of the various samples of cellulose acetates obtained 

from Hercules Powler Co. were studied by Myers (57) who found that the 

various samples of cellulose acetates had widely different molecular weight 

distribution curves, Thompson (89) found that there was a marked influence 

of the molecular weight distributions on the mechanical properties of cell- 

ulose acetate films, 

Therefore, a8 a consequence of Thompson's and Myer’s investigations 

the effect of degree of acetylation on mechanical properties of cellulose 

acetate films can not be determined on original samples. 

Mineral impurities, which are found in original materials, greatly 

affect the physical properties of cellulose acetates, An example which 

can be found in the literature (46, 61) is the marked difference between 

solubility curves of original samples and fractionated or purified cellulose 

acetates, This result has been confirmed and thoroughly discussed in Lee's 

Master's Thesis (46). From these and other discussions already mentioned 

in the review of the literature it can be coneluided that original samples of 

cellulose acetates can not be used to study the effect of one variable un- 

less all the other variables are eliminated or kept constant for samples of 

cellulose acetates under investigation, 

It has been mentioned before that the results of this investigation do 

not support the theoretical interpretation of the effect of degree of ace- 

tylation on mechanical properties of cellulose acetate films within the 

range of the degree of combined acetic acid and the degree of polymerization
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of the sharp fractions used, 

Several interpretations can be made in an attempt to explain this 

anamoly. 

One possible explanation could be based on Meyer's assumptions, Meyer, 

in his book “Natural and Synthetic High Polymers" (55) pages 387 - 393 exe 

plained the extraordinarily high tensile strength of cellulose fibers and 

welleoriented acetate rayons, He deduced his arguments from the primary 

valenee chain structure of native fibers which had been previously considered 

by Mark (53), Meyer assumed that in a fiber composed of primary valence 

Chains of indefinite length, each extending over the whole length of the 

fiber, all the chains must te broken in the same region. From the project- 

ion of the unit cell, the crossesectional area of a chain amounts to about 

32 A. » thet is, a fiber 1 sq, mm. in cross section will consist of about 

3x 10" primary valence chains lying parallel to each other. Hence Meyer 

concluied from Mark's calculations that the work necessary to rupture such 

a fiber is equal to the chemical work required to separate the organic 

primary valence linkage. Using certain caleulations Mark found that the 

highest cellulose polymer strength is only about one tenth the force required 

to break simultaneously all the chains in any cross section of cellulosic 

fiber. This conclusion forced Meyer to assume that in practice the tension 

was not shared equally between the primary valence chains as he and Mark 

had originally assumed, Therefore, Meyer concluied, if this assumphior so 

true, then the most heavily loaded chains should rupture first and the rest 

will follow in successicn, The lees the orientation, the less the number of 

chains simultaneously placed under tension, and the less the tensile strength.



In welleoriented artificial fibers, the internal cohesion is so considerable 

that, in practice, rupture ocews only by chain fracture. 

Meyer explained that slipping of the chains along each other would 

occur when the energy required was less than that for the rupture of a prin- 

ary valence linkage, and he assumed that if the energy required to start slip- 

ping, by releasing the linkage between hydroxyl groups of glucose mits in 

neighboring chains amounted to 1000 to 2000 cal., then if 70 glucose wits 

of one chain were associated with 70 glucose units of a neighboring chain, 

70 to 140 kg. cal. would be required to effect a separation, which was 

greater than the energy necessary to break a chain at a glucosidal linkage, 

From this Meyer assumed that, in preparations where the chain length was of 

the order of several hundred glucose units, fracture was always by rupture 

of the chains, rather than by slipping, Preparations of high chain length 

would, therefore, exhibit a tensile strength independent of the number of 

links in the chain. 

Based on Meyer*s assumptions it seems possible that rupture of the chains 

eccwrs in all cellulose acetate films under examination, This will reveal 

that no matter what the degree of substitution is, the mechanical propert- 

ies will have to be the same since the degrees of polymerization of all the 

fractions tested are several hundreds of glucose wits. If Meyer's assumpte 

ions are correct it will be safe to say that the results of this investi- 

gation seem to be in agreement with his theoretical interpretations, If 

this argument is true, it might be possible that a cellulosic polymer with 

a DP. of 200 or more will give the same mechanical properties no matter 

how high the D.P. is since the breakage is always occuring by rupture of the
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chains. 

If Meyer's assumptions are not correct another explanation will have 

to be made for the experimental results obtained in this investigation, 

Another plausible explanation may be based on Mark's assumptions on 

the rupture of cellulosic fibers and films, Mark discussed thoroughly his 

ideas in the old edition of Ott's book "Cellulose and Cellulose Derivatives» 

(53) pages 997 - 1004, 

Mark made two assumptions in order to arrive at a calculation of the 

tensile strength of cellulose and its derivatives. The first assumption was 

that rupture was due only to a break of the chains themselves, while the sec- 

om assumption was that rupture was solely due to slipping of the chains al-~ 

ong each other. He used the first assumption as a first approximation to the 

order of magnitude of the tensile strength in the following manner. Assuming 

that a fiber consisting of infinitely long cellulose chains is subjected to a 

stress at its ends parallel to the direction of the chains, if all the chains 

are parallel their indivicvel cross section is 33 x 10 1° on” and hence the 

number of chains passing perpendicularly through the unit cross section of 

1 on* is 3x10". If the chains are not completely oriented, the number 

of chains per om*® will be smaller, The force necessary to break one cellulose 

chain must next be calculated, The most labile points in the chain will obvi- 

ously be the = C -« 0 « C « bridges which connect the glucose rings, The 

energy of the C - 0 bond is about 90 ke. cal. per mole. From this and the 

interatomic distances Mark has been able to caleulate the theoretical 

tensile strength due to the breakage of chains only. It is found to be ale 

most ten times greater than the values measured with well oriented and
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highly crystallized natural and artificial fibers and Mark concliwies that 

the breakage should be due to a different mechanism. 

This leais to the second assumption which is concerned with slippage 

of the chains along each other by the rupture of van der Waal's forces. 

Mark assumes a sample =f completely parallel cellulose chains with 

finite length, overlapping each other irregularly. A weak point will be 

found in such a system where overlapring does not exist i. e. a point 

where the cross section of the fiber or film contains only chain ends, 

Mark conclujed after making certain calculations that the cnergy 

required to break these van der Waal's forces at the chain ends was in 

fair agreement with the tenacity of poorly oriented viscose or acetate 

rayon's fillements and hence the rupture was probably due to the breake 

ing of van der \‘aal's forces and perhaps other secondary valence forces. 

With increasing overlapping of the chains, the ragged cross«section- 

al area over which only secondary valence forces need to be broken will 

be larger also, In other words, if the co-valent bonds are so strong 

that they do not rupture, van der Waal'’s forces must be opened over a 

much larger area because the chains are overlapping each other in an 

irregular way. Instead of breaking 3? x 10'* van der Waal's forces along 

a smooth cross section in one and the same instant, those parts of the 

chains which overlap must tear loose and slip along each other, In order 

for two chains to slip along each other, it is only necessary that the 

chains become uncorpled. 

After certain calculations Mark found that the theoretical force 

necessary to overcome the secondary forces and produce slipping was about
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50 to 100% higher than the tenacities of highly oriented viscose rayon 

fibers. 

Based on Mark's assumptions the breakage of the films must occur by 

Slipping of the chains along each other. Therefore, in cellulose acetates, 

the higher the degree of combined acetic acid, the easier would be the 

slippage of the chains because the strength of secondary valence forces 

between the chains will be lowered. However, the results obtained in this 

investigation showed no effect of the degree of acetylation on the mechan- 

ical properties of the films, 

A possible explanation would be that since all the fractions are sharp 

and have approximately the same D.P. therefore, the probability of finding 

cross sections of the films in which only chain emis exist should be very 

small or even negligible. Im addition, the probability of finding points 

at which the chains are overlapping each other irregularly might not only 

be very small but also the same in the four sharp fractions investigated 

ani hence the force necessary to slip the chains along each other may be 

approximately the same for all the four sharp fractions. The same argue 

ment has been used by Mark in an attempt to explain why in cellulosic mat- 

erials when a D.P. of 200 or above is reached there will be little or no 

change in mechanical properties primarily because the chains are so large 

that the probability of finding weak points at which the chains are irre 

egularly overlapping each other is lowered and hence no appreciable change 

in mechanical properties is found as the D.P. goes over 200. 

A third possible interpretation of the results optained in this invest~ 

igation would be that the range of the degree of substitution studied was
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small or not enough to give definite changes in mechanical properties, 

This meant that a much wider range was needed to find precisely ite effect 

on mechanical properties of the cellulose acetate films, But the great 

difficulty in such an interpretetion is that cellulose acetates having 

degrees of acetylation lower or higher than the samples used are insoluble 

in most organic solvents and their fractionation, if possible at all, is 

exceedingly difficult as pointed out in the review of the literature, 

An interesting point concerning the degree of substitution is that the 

physical properties of cellulose acetates having few percentages combined 

acetic acid more than the highest one used in this investigation are sign- 

ificantly different. (36, 38). 

Qn this basis, it is possible, that since such little change in degree 

of substitution produces a marked change in physical properties the degree 

of acetylation range used in this. investigation might not be too small to 

effect the mechanical properties, This point will not be clear unless 

further investigations are carried out which will be recommended later, 

4& fourth explanation which might throw some light on the preblem is 

that the degrees of polymerization chosen for the fractions were too high. 

These D.P.*s were chosen because 1t was thought that they represent the 

highest percentage in the original samples, amd even in this case, a very 

large amount of starting material was needed to give just enough sharp fra- 

ctions to be used for mechanical testing. The D.P.s seemed to be so high 

that their effect on mechanical properties overlapped the effect of degree 

of acetylation and hence the effect of the degree of acetylation alone 

could not be detected.
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This explanation could be in agreement with the assumptions of both 

Meyer and Mark, 

Based on Meyer's assumptions the D.P.a were so high that the forces 

of cohesion between the chains were great. Hence the fracture of the films 

was caused by rupture of the chains carrying the highest load, then the 

most heavily loaded chains would rupture and so on until all the chains in 

a cross section were ruptured. This could be true for all the fractions 

used since all of them had approximately the same D.P., and hence the eff- 

ect of the degree of acetylation could not be readily detected no matter 

how large the degree of substitution range might have been in the differ- 

ent samples. 

Based on Mark's assumptions, the probability of finding weak points 

at which the chains were irregularly overlapping each other to enhance 

slipping was very small and hence the force used to overcome the van der 

Waalts and secondary valence forces holding the chains would be so great 

that the effect of the degree of acetylation on it could not be detected. 

If the D.P.s of the fractions under examination were much less than 

300, for instance, &0 or 100, then, as a consequence of Meyer's and Mark's 

assumptions the slippage of the chains over each other during film rupture 

would be greatly enhanced and little force would be needed to do so, ani 

any change in mechanical properties, could be attributed to the increase 

or decrease of the degree of acetylation. This low range of D.P. might 

also help in reducing the effect of the D.P,. itself on the mechanical 

properties i.e. the effect of the D.P. might not overlap the effect of the 

degree of acetylation and hence the degree of acetylation would have a



better chance to show its effect on the mechanical properties of the 

various films, 

These are mere assumptions which can not be valid unless support- 

ed by further investigations which will be mentioned in a later section 

on recommendations for future work. 

A fifth and final possible interpretation of the wnexpected results 

obtainsd in this investigation would be that the machines used for teste 

ing the mechanical properties were not sensitive enough te determine the 

effect of degree of acetylation on mechanical properties of the cellulose 

acetate films, 

In the discussion above, the values mentioned for the degree of poly- 

merization of the sharp fractions were those determined in acetone solute 

ions, 

A careful consideration of table 10 page 69 reveals that the degrees 

of polymerization of the various samples of cellulose acetates determined 

by the acetone method or methyl] cellosolve, using constants obtained from 

the literature, are only about one fourth the degrees of polymerization 

determined by the cupriethylenediamine method, 

The reason for the use of cupriethylenediamine was to cheek the val- 

idity of the constants obtained from the literature for the determination 

of the DP, in acetone or methyl cellosolve., The euprithylenediamine 

method was found to be reproducible and as accurate as the acetone method 

except that great care had to be taken in keeping the solution under ni- 

trogen to prevent atmospheric oxygen from coming in contact with it when 

it was stored since it could be easily oxidized by air and the solvent
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power of the solution would drop markedly if any change ocoured in its 

exact composition. The results of the D.P.s obtained by cupriethylene- 

diamine were found to be very high aml unexpected, A sharp fraction was 

sent to Picatinny Arsenal for the determination of the D.P. by the light 

scattering method (11). The result was in good agreement with the cup- 

riethylenediamine method. 

As a matter of fact the cupriethylenediamine method measured the 

DP. of the pure cellulose formed after complete de-esterification of 

cellulose acetate. The constant used in this method was obtained from 

the literature for pure cellulose in cuprammonium hydroxide or cupriethy- 

lenediamine , 

It is very unfortunate, however, that there is no practical method 

- for measuring the molecular weight of cellulose and cellulose acetate in 

terms of absolute degree of polymerization units. A universally accept- 

ed method is needed for such determination to overcome the difficulty of 

finding the proper constant for a certain polymer in a certain solvent, 

If the D.P.s of the samples of cellulose acetates under investigate 

ion were as high as the values found by cupriethylenediamine and light 

scattering, the interpretations made for the umexpected results of the 

mechanical properties would probably be valid.



99 

IX. CONCLUSIONS
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le It was found that the degrees of acetylation of the various 

sharp fractions of cellulose acetates under investigation hai no mea- 

surable effect on the mechanical properties of their films, 

2e Several possible explanations for the lack of variation in 

mechanical properties with the degree of acetylation are the following: 

(a) It is possible that the degrees of polymerization of the 

various fractions are so high that the forces of cohesion between 

the chains are great. Hence, during mechanical testing, rupture 

of the chains occurs in all cases and the mechanical properties 

of «ll the fractions would be the same and independant of the degree 

of acetylation, 

(b) It is also possible that if fracture of the films is caus- 

ed by slipping of the chains along each other, then the force nec- 

essary to overcome the secondary valence forces holding the chains 

together is so great that the effect of the degree of acetylation 

oh it could not be detached by the methods of measurement avail- 

able. 

(c) It is possible that the effect of the high degree of poly- 

merization of the fractions on mechanical properties is high enough 

to overshadow the effect of the degree of substitution, 

(ad) It is also possible that the range of the degree of acety- 

lation in the fractions umler investigation is not large enough to 

give appreciable changes in the mechanical properties of the various 

fractions,
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(e) It is possible that the sensitivities of the machines used 

for mechanical testing are not high enough to detect changes in the 

mechanical properties of the various fractions due to variations in 

the degrees of acetylation, 

3. Of the explanations offered in "2" the most possible appears to 

be (a) and it is therefore concluded that at a D.P. of 300 the forces re- 

quired to rupture a film has reached the value required to rupture a 

C = 0-6 bond and is iniepeniant of the seconiary valence forces and so 

not affected by variation in the degree of acetylation. 

4. It was found that the degrees of polymerization of various sam- 

ples of cellulose acetates determined by the cuplethylenediamine vis- 

cosity method were almost four times greater than the degrees of poly- 

merization of the same samples determined by the acetone viscosity method 

uging constants obtained from the literature. It was also found that the 

DP. of a sharp fraction determined by light scattering method was in 

good agreement with the D.P, of the same sharp fraction determined by the 

cuplethylenediamine viseosity method. It is concluwied that a considere 

able variation exists in the DP. es determined by various methods but 

that for purposes of comparison of the properties any one method is sat- 

isfactory until the reason for such difference be found.
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Recommendations 

le Since the most plausible explanation for the unexpected results 

obtained in this investigation is attributed to the high degree of poly- 

merization of the fractions, it is recomm 

  

ended that mechanical properties 

be determined on sharp fractions of much lower D.P., such as, 80 er 100 

in an attempt to determine the effect of degree of acetylation alone on 

mechanical properties, 

2 It is recommended that a thorough and precise investigation be 

made on the molecular weights of the sharp fractions obtained in this in- 

vestigation in an attempt to evaluate the correct constants for the deter- 

mination of the degree of polymerization of cellulose acetates by the vis~ 

cosity method using various organic solvents, The investigation should 

include some absolute metheds such as light seattering method or ultrae 

centrifuge method or both, and comparison of the results with the viscos- 

ity methods using cupriethylenediamine, acetone am other common solvents. 

3. It is recommended that physical properties other than mechanical 

be determined on the sharp fractions obtained in this investigation, 

Such properties as, melting points and rate and degree of solubility in 

various solvents might help in an attempt to correlate the effect of de- 

gree of substitution on these and other physical properties. 

4e It is finally recommended that an attempt be made to fractionate 

cellulose triacetate into sharp fractions which, after testing mechanical 

and physical properties, might throw some light on the problem of abnormal 

properties of original cellulose triacetates compared with the partially 

hydrolyzed or acetone soluble original cellulose acetates.
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Summary 

Four samples of cellulose acetates having degrees of combined acetic 

acid between 50.8 - 55.8% were fractionated to obtain sharp fractions of 

approximately the same degree of polymerization. 

About 2000 grams starting material of each sample of cellulose ace- 

tate were needed to obtain approximately 50 grams of sharp fraction for 

testing the mechanical properties of their films. 

Fractionation of the cellulose acetate was from an acetone-water mix- 

ture, by addition of n-heptane to precipitate a certain fraction, After 

a series of refractionations, a sharp fraction of each of the four cellu- 

lose acetates was obtained, These fractions had different degrees of 

acetylation but approximately the same degrees of polymerization, These 

fractions were then dissolved in acetone and cast into films which were 

conditioned for three days and their mechanical properties were determined 

in an attempt to determine the effect of degree of acetylation on the mechan- 

ical properties. 

It was found that the degrees of acetylation of the various sharp 

fractions of cellulose acetates had no appreciable effect on the mechan- 

ical properties of their films, 

It was concluied that the degrees of polymerization of the various 

fractions were sc high that the effect of the degree of acetylation on 

the mechanical properties could not be detected. 

The degrees of polymerization of the various samples were determined 

by the viscosity method using acetone and cupriethylenediamine as the sol- 

vents, It was found that the degrees of polymerization of the various



106 

samples of cellulose acetates determined by the cupriethylenediamine vis- 

cosity method were almost four times greater than the degrees of polymer- 

ization of the same samples determined by the ecetone viscosity method 

using constants obtained from the literature,
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