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FOREWORD

The arrangement of this thesis may require
some explanation. The main text has been written
to be published with little modification. Additionsl
information is contained in a series of Appendices
which include a historical survey, details of ex-
perimental procedures and calculation of hydro-
dynamic parameter. The last two Appendices contain
the data from which the results described in the
text were computed. The main text and the series
of Appendices have separate bibliographies, lists

of Figures and lists of Tables.
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SUMMARY

Viscosity and light-scattering measurements wers
made on several fractions and two unfractionated samples

of cellulose trinitrate, The samples were prepared from
bleached ramie, unbleached ramie and cotton linters. Sol-

vents were acetone and ethyl acetate.

Viscosity was measured in a multi-shear viscometer
designed for the purpose. Light-scattering measurements
were made in a Brice-Phoenix Light-scattering Photometer

modified to accommodate a cell which could be centrifuged.

The range of molecular weight investigated was from
6.5 £ 10° to 25.0 x 10°. The relationship between the
z-average mean~square radius of gyration, ;;2, and the

z-average molecular weight was approximately linear in

— ——

both solvents;~—The ratio of (soa)z/ﬁ; (where (soa)Z is
the value of sza in the unperturbed state) was found to

be constant in acetone but inecreased with ﬂ; in ethyl ace-
tate. This indicated that, whereas in acetone random coil
configuration was attained, a configurational transition

occurred in ethyl acetate in the molecular weight range in-

vestigated.




The intrinsic viscosity was found to be independent
of shear rate in acetone. In ethyl acetate it was inde-
pendent of shear rate for [77] <30 al. g.-'l. At higher

values the intrinsic viscosity wes linearly related to

the rate of shear in the range of shear rate of 700 sec.” T

to 300 sec.-l.

The value of the exponent a in the relationship
between intrinsic viscosity and molecular weight was found
to be lower than unity but approximately equal in both

solvents.

The hydrodynamic paremeter qj was calculated for
both solvents. In acetone its value increased with mole-
cular weight but in ethyl acetate a constant value of QD/

was obtained.

The Huggins! interaction constant, k!, increased
with decrease in shear rate; k' at constant shear rate
was higher in acetone than in ethyl acetate. Both k! and
the second virial coefficlent, Ao, decreased irregularly
with increasing molecular weight. A possible correlation
between the irregularities and the nitrogen content of

the samples was observed.
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Coertain persistent anomalies at high concentration
were observed during light-scattering measurements. The
plot of reduced intensity vs. concentration deviated from
linearity above a certain critical concentration which
decreased approximately linearly with increasing molecular
weight. At about the same concentration vertical bands of
diminished and inereased intensities (striations) were ob-
served. Several experiments were carried out to ascertain
the origin of these phenomena. Results suggest that the
effects were not trivial but related to some basic property

of the solutions studied.
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PREFACE

The molecular configuration of cellulose derivatives
in solution is known to differ considerably from that of
an ideal Gaussian coil. This is because the B ~glucosidic
chain is relatively stiff compared with many synthetic
polymers. At very high molecular weight, however, random
coil statistics would be expected to apply. BReliable data
are lacking in this range largely because of the experi-
mental difficulties in preparing fractions and handling

solutions,

The object of the present investigation was to study
the configurational behaviour of cellulose trinitrates of

high molecular weight in acetone and ethyl acetate. Nitrates

were made from raw ramie, bleached ramie and cotton. Several

fractions and two unfractionated samples were used. Visco-
sity and light-scattering measurements were made on these

samples in the two solvents.

Viscosity was measured in an Ubbelohde capillary
viscometer. The insgtrument was designed to permit deter-

minations at different rates of shear and dilution ig.situ.

Light-scattering measurements were complicated by
the high viscosity of the solutions, even at low concentra-

tion, and the consequent difficulty in removing the extra-




neous dust particles and gel-like material. This difficulty
was overcame by ultracentrifugal clarification in small
glass cells which were placed directly into the light-
scattering apparatus after centrifuging. A Brice-Fhoenix
Light-scattering Photometer was modified to accommodate

the special type of cells needed for this technique.

The intrinsic viscosity end the Huggins! interaction
constant were obtained from viscosity measurements. Light-
scattering measurements yielded the molecular weight, radius
of gyration and the second virial coefficient. From a com-
parison of molecular weight and dimensions information was
derived concerning the configuration of the cellulose tri-

nitrate chain in dilute solution.

Cortain unexpected but persistent anomalies in light-
scattering were found at higher concentrations. Above a
certain critical concentration an unusual increase in the
scattered intensity occurred and visible discontinuities
were noted in the beam as it passed through the solution.
Several types of experiments were carried out in order to
ascertain whether these effects were spurious or due to
inherent properties of high molecular welght cellulose tri-

nitrate in solution.
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IRTRODUCTION

Modern theories of high polymer solutions are based
on the concept of the idesl Gaussian chain in which the
orientation of a segment is independent of the direction
of its predecassor in the chain. In real polymsers bond
angle restrictions and steric hindrances to free rotation
can severely restrict the degree of randomness in inter-

segment orientation.

As first shown by Kuhn (23), the real polymer may
be replaced by a model random coil containing fewer seg-
ments, each of which is considerably longer than the ori-
ginal monomer unit. If the molecular weight is high compared
with the segment length of the model, the molecule will show
the configurational behaviour of a random coil, in spite of
restraint on random orientation hetween the monomer units.
Conversely, for a stiff chain at low molecular weights,
the conflguration may differ markedly from that of an ideal
random c¢oil. In such a case, as the molecular weight in-
creases from a low value, configurational changes should
occur by which the molecule approaches Gaussian bshaviour

more nearly. If the chain is flexible, random flight




statistics will apply at a relatively low value of the aver-
age molecular weight, H, e.g., 30,000 for polystyrene (31).
Cellulose nitrate (15, 18) has been shown to be a rather
stiff chain for which non-Gaussian behaviour is observed

for samples having molecular weight as high as 400,000 (31).

The configurational transition in the case of cellu-
lose trinitrate (designated CTN hereafter) can be studied
by following the change of molecular dimension with molecu-
lar weight. A suitable parameter is the root-mean-square
radius of gyration, \/;_2, which in the case of a polymer
is defined as the average distance of a segment from the
centre of gravity of the molscule; «/;“2 is readily deter-
mined by the light-scattering method. As shown by Benoit
and Doty (4), for a stiff rod-like chain \/;_2 is propor-
tional to ¥ and ;E/M will increase with M. For a Geussian

2

coil 8- varies as M and _B_E/M is constant. Inferences

about the configuration of the molecules can, therefore,
be drawn from the variation of ;2/1-5 with M. The data of

Hunt et al (18) for CTN in ethyl acetate show an increase
in ;'é/ﬁ_ with increasing molecular weight. The authors
worked only with low molecular weight material, and pre-

dicted an asymptotic approach to a constant value of ;E/H




at high M. fhe earlier light-scattering measurements of
Holtzer et al (15) over a wide range of molecular weight
also demonsfrated such an inocrease of ;é/ﬁ- with M at low
M. But because of experimental difficulties the authors
regarded their data for samples of molecular weight higher
than 1,5 x l('.l6 as unreliable. An unambiguous demonstration
of random coil behaviour of CTN at very high molecular

weight has not yet been given.

The intrinsic viscosity, [77] , of a polymer solu-
tion is also related to molecular configuration. Hydro-
dynamic theories developed by Debye and Bueche (ll), Kirk-

wood and Riseman (20) and Brinkman (5) have lent support to

the empirical equation

W\:kﬁa eeee (1)

put forward by Houwink (16) . In Eqn. (1) K and a are con-
stants. The value of the exponent a depends on the configu-
ration of the molecule. According to the above theories,
for a stiff chain several regions may be distinguished in
the [’77] -M relation as the molecular weight increases;

each region is characterized by a value of a. At low M
when the molecule is rod-like a has a value which approaches

2. With increasing ﬁ, the molecule passes through a non-




Gaussian coll to a free-draining Gasussian coil when a be-
comes 1. With further increase in M the coil develops a
solvent immobilizing character which decreases a until it
approaches 0.5; this is the value for a solvent impermeable
coil. With CTN the evidence for such change of the value

of a with molecular weight is conflieting. For example,
Badger and Blaker (2) and M&nster (29) obtained a definite
curvature in the plot of log ['77] vs. log M while Holtzer

et al (15) have indicated that their data gave constant a

throughout the molecular weight range.

The flexibility and the configurational characteris-
ties of polymers are affected by the nature of the solvent
used. Good solvents (with negative heat of mixing) prefer
solvent-solute contact; reacting with or solvating the
polymers, they stiffen and stretch the molecules., In poor
solvents, on the other hand, solute-solute contact is prefer-
red and the polymer has a more compact structure. Such
change in configuration results in a change of the exponent
a in Eqn. (1), a being less in the poor solvent than in the
good solvent. This has been demonstrated in the case of
synthetic polymers, e.g., polystyrene (3). For CTN the data

are incomplete. In the only such investigation on CIN in

more than one solvent Immergut, Rgnby and Mark (19) related




fﬂ] to the osmotic molecular weight. The values of a
obtained by them were 1.03 and 0.91 in ethyl acetate and
acetone respectively. On the other hand, Holtzer et al
(15), Hunt et al (18) and Newman et al (32) report near

unity values of a in acetone and ethyl acetate.

It is evident that complete and reliable data are
lacking in the high molecular weight range, both in regard
to the relation of ;2/1T¢f with M and in the value of a in
Eqn. (1) in different solvents. The purpose of this work
was, therefore, to study the configuration of high molecular

weight CTN in a good (ethyl acetate) and a poor (acetone)
solvent. Viscosity and light-scattering methods were used

and the results interpreted in the light of modern theories

of the solution properties of polymers.

A more detailed survey of earlier work in this field

is given in Appendix I.
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EXPERIMENTAL

The experimental part is divided into several sec-
tions. Materials together with the proecedure of fraction-
ation are described first. Viscosity and light-scattering
methods are described in the two following sections. A
short description of the refrastive index measurements is

included at the end.

MATERIALS

Cellulose Nitrates

Cellulose trinitrates prepared fram unbleached raw
remie, bleached ramie and cotton linters (designated re-
spectively by H, M and T) were used in this investigation.

The method of nitration has been described by Timell (44).

Nitrogen contents are given in Table I.

Fractionation

The samples were fractionated by adding water to
an acetone solution following the method of Mitchell (2d).
The exact quantities of water necessary for precipitation

were ascertained from exploratory fractionations. Frac-




TABLE T

Analytical Data of Cellulose Nitrates

Source #Nitrogpn Degree of Bagse molecular
content substitution weight
%N

Unbleached

raw

ramie (H) 13,68 2.90 288
Bleached

ramie (M) 13.40 2.93 290
Cotton

linters (T) 13.57 2.48 2d5

#Camplete nitration to cellulose trinitrate would
correspond to 14,14% N with a base molecular
weight of 297.
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tionation data for samples M and H are given in Tables II

and III respectively.

For sample M, 4.5 gm. was soaked in acetons-water
mixture (91:9) for 24 hours and then stirred vigorously
for six hours to yield a 0.1% solution; solutions of higher
concentration were too viscous for convenient handling. The
solution was then centrifuged at 500 g for 20 minutes to
remove any undissolved material. The decanted solution
was placed in a 25°C bath and distilled water added to it
dropwise with vigorous stirring. When the previously deter-
mined quantity of water had been added, the system was
allowsed to stand for onme hour in the bath while the stir-
ring continued. The precipitate was separated by centri-
fuging for 20 minutes at 500 g. The precipitate in the
centrifuge cups was gel-like in appearance. It was found
that addition of methanol facilitated removal of the pre-
cipitate from the cups. Excess liquld was squeezed out of
the solid which was then wvacuum-dried at about 4500. This
procedure was repeated to yield four fractions (M-1, M-2A,

M-2B and M=3).

The solution remaining after separation of M-3 was

evaporated to dryness to yield M-i.
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TABLE II

Fractionation Data on Sample M

Fraction Water added Weight Yield
ce. gn. %
M-1 31.0 1.190 2d.4
FM-24 4.4 0.723 17.0
fu-28 5.2 0.524 12.3
MN-3 12,1 0.578 13.8
M-4 0.880 19.5
Undissolved
material 0.320 7.1
Loss 1.9

#Fractions M-2A and M-2B had nearly identical
intrinsic viscosities and were, therefore,
blended by dissolving in acetone and preoipi-
tating by addition of water. The blended sample
is referred to as M-2 hersafter.




12

Sample H was fractionated in essentially the same
way from a 0.1% solution of 2 gm. in acetone. The solution
left after separation of the third fraction was evaporated
to about 1/4 its original volume by blowing air through it
and stirring. The resulting suspension was centrifuged
to take out the fourth fraction. The final fraction was

obtained as before by evaporating the remeining liquid to

dryness.

All fractions were stored over fused calcium chloride

in a refrigerator.

Sample T, also, was fractionated after the method
of Mitchell (28). Ten fractions were obtained of which
only T-6 and T-8& were used in this study. These fractions
were chosen in order to extend the range to a somewhat lower

molecular weight than values found for the fractions of M and H.

Finally a fraction, P, from asn exploratory fractiona-
tion of bleached ==w ramie nitrate was used to fill the gap

of molecular weights between M-2 and M-3.

In the fractionation of samples M and H the solutions
developed a cloudiness which increased as the fractionation

proceeded. Repeated centrifugations did not remove the
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TABLE III

Frectionation Data on Sample H

Fraction Water added Weight Yield
ce. en. %

H~1 34.0 0.369 14.5

H-2 10.3 0.5U48 27.4

H~3 40.0 0.397 19.8

H-4 ~ 0.265 13.3

BE-5 - 0.340 17.0

Undissolved

material 0.020 1.0

Loss 3.0
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e¢loudiness., The effect seemed greater in sample H, possibly
because of its lower nitrogen content. Evidently part of
the precipitate remained suspended as colloidal material.
It is probable that the non-sedimentable aggregates from

one cycle were precipitated on the next addition of water.
However, this is an assumption and must be recognized as
such when considering the effectiveness of the fractionation

procedure.

Solvents

Reagent grade acetone was used in fractionation.

For viscosity and light-scattering measurements reagent
grade solvents were redistilled. Boiling ranges for acetone

and ethyl acetate were 56.3-56.4°C and 77-77.3°C respectively.

Preggration of Solutions

Solutions were made up by shaking CIN in solvent for
24 hours in a wrist-action shaker. This was followed by
centrifugation in stainless steel tubes at 24,000 g for
30 minutes to remove any undissolved material. Three-
fourths of the liquid in the centrifuge tubes were decanted
into a glass-stoppered flask. This served as stock solu-

tion from which solutions were made for viscosity and light-
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scattering measurements. A calibrated 10 cc. hypodermic

syringe was used for transfer of liquids.

It was thought possible that CTN might form aggre-
gates on repeating cycles of dissolution recovery (by pre-
cipitation or evaporation) and re-solution, in which case
erroneous results would be obtained from the light-scattering
measurements. Since such cycles were inevitable in frac-
tionation and recovery, light-scattering experiments, which
are described later, were carried out to test the possibility

of aggregate formation.

VISCOSITY MEASUREMENTS

Since the wviscosity of solutions of high DP cellulose

nitrate is shear-dependent, a standard shear rate of 500 sec.-l

was adopted following the convention of Newman g}_gl_and
others (32, 42). A modified form of the suspended-level
dilution capillary viscometer of Schurz and Immergut (40)
was used. The viscometer had four bulbs which enabled
measurements to be made at different rates of shear calcul-
able fram the expression (22)

8Vi

Gy = eeeee (2)

377 r3%4
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where Gi = mean rate of shear corresponding to buld i

=
i

- volume of bulb i

[~ 4
(Y
]

- efflux time of Vi

]
!

- radius of wviscometer capillary,

Efflux times were measured at 25;00:t0.01°0 to 0.1
sec. for each of the four bulbs for pure solvent and over
a range of concentrations of the solutions obtained by pro-
gressive dilution of the solution first introduced in the
viscometer. Efflux times for five or six concentrations
were measured on each sample. Kinetic energy corrections
(amounting to 0.2 to 3 percent) were applied in the usual
way (10) and values of the specific viscosity, 77sp’ at

shear rates calculated from Eqn. (2) were obtained.

The concentration, ¢, of the initial solution was
determined in a duplicate measurement by evaporation and
weighing. The solid from 10 c¢c. of the solution was dried
in vacuum to constant weight in a weighed aluminium cup.

In determining the concentration of ethyl acetate solutions,
filtered ethyl alcohol was added during evaporation to aid

in the complete removal of ethyl acetate (18).

s

From this data, plots of log 2 against log G
for different concentrastions were obtained. Fig. 1 shows

an example. From these plots the values of ?ég.for G = 500
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Fig. 1

Log of reduced viscosity vs. log of rate
of shear at different concentrations for

fraction H-2 in acetons.
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Msp

sec.” were obtained by interpolation. A plot of vs.

¢ was then made as shown im Fig. 2. Linear extrapolation

to zero concentration gave the intrinsic viscosity, fn]500'

In & similar manner intrinsic viscosities were obtained

for a range of G values between 300 and 700 sec. L.

!

The Hugginst! interaction constent (17), k500, was

calculated from the slope of the l7§2.vs.c line at 500 sec.'l
e

in the squation

nsp:[n] +k'[77] 2 ceees (3)

c

A more detailed description of the viscometer is

given in Appendix II.

LIGHT-SCATTERING

Apparatus

Light-scattering measurements were made in a Brice-
Phoenix photometer. The instrument was modified to accom-
modate cells of the type described by Dandliker and Kraut
(9) in which the solution is clarified by ultra-centrifu-
gation in situ. This course was found necessary after at-
tempts t0 remove stray dust from the solutions by conventional

means such as centrifugation (outside the measuring cell) and
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Fig, 2

Reduced viscosity vs. concentration
for fraction H-2 in acetone at a shear

rate of 500 sec. T.
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filtration proved unsatisfactory. Despite elaborate care
the solution clarified by centrifuging became contaminated
with dust in transferring it to the measuring cell; when
ultrafine sintered glass filters were used, the solute was

retained by adsorption on the filter.

The modified optical system is shown in Fig. 3.
Pig. 4 is a photograph of the mounting of the cell SC in
the bath B. This bath always contained distilled and fil-
tered solvent. A 8 mm, x 4 mm, slit S; in front of the
mercury lamp L is focussed by lens Ly at the centre of the
scattering cell. The beem is 4 mm. x 2 mm. at the centre of
the cell. Scattered light is collected by an opening (4 mm.
x 2,5 mm.) in front of the lens Lo, Horizontal convergences
in the incident and scattered beams are 5° and the vertical

convergences are 9°. All measurements were made with blue

light (\= 4358 X).

The Light-scattering Cell

The cells were of the same shape as described by
Dandliker and Kraut (9). The dimensions were larger to
allow use of about 8 to 10 ce. of liquid. The cells were
capped with serological stoppers.
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Fig. 3
The optical system in the light-
scattering apparatus after modifica-

tion for use of small cells,

Legend:
L - Light source
MF - Monochromatic filter
P3 - Photographic shutter
NF - Neutral filters
Ly - Lens in the incident beam

CLl - Cylindrical lens in the incident
beam

SC - Scattering cell
B -~ Bath
Lo - Lens in the receiving systen

CL2 - Cylindrical lens in the receiving
system

PM - Photomultiplier

S1» 82, 83 and 84 - Diaphragms
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Tests and Calibration of the Apparatus

The apparatus was tested for symmetry with a dilute
solution of fluorescein. After correction for volume change,
the scattered intensity was constant to + 1%. Negligible
background scattering was found with toluene and acetons.

The photomultiplier response to vertically polarized light
was only 1.2% higher than that to horizontally polarized

light. No correction was made for this small effect.

The calibration for each cell was carried out with
Ludox suspension in 0.05 M aqueous NaCl (13). The spectro-
photometric turbidity was determined with a Beckman DU
spectrophotometer using 10 em. ¢ells, The calibration was
chscked by messuring the excess turbidity of a 0.50% solu-
tion of Cornell standard polystyrene in toluene. The value
found was 3.26 x 10'3 em,~! which is in good agreement with
the National Bureau of Standards value (24%) of 3.30 x 1073
om."l. The Rayleigh ratio of rmedistilled and filtered benmene
was found to be 49.6 x 106 em.”l, also in good agreement

with the Maron and Lou (26) value of U49.7 x 10~ om.”t.

Measurements

Five or six solutions of decreasing concentration

were prepared by diluting aliquot portions of the stock
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solution, the preparation of which has been described above,
Each solution in its cell was centrifuged in a Spinco modsl
L ultracentrifuge at about 55,000 g for 30 minutes using
the swinging bucket rotor, No. SW25.l. After light-scat-
tering measurements, concentrations were determined by eva-
poration of 5 ec. of solution from each cell to dryness

under vacuum to constant weight.

The angular variation of scattered intensity was mea-
sured from § of 30° to 135° as soon after centrifugation
as possible. Solvent scattering was always measured and,
at each angle, subtracted fran that of the solution to give
the scattering due to the solute alone. The scattering
intensity, 19 , Was expressed as the ratio of the galvano-
meter readings for the scattered light and the transmitted
beam. This procedure eliminated errors due to lamp intensity
fluctuation, photocell fatigue and attenuation of the inei-

dent beam by scattering or absorption.

The Rayleigh ratio, Rp, was obtained from 19 by

mesans of the relationship:

ng 2 sin g
.l+cm29

e eees (W)

the derivation of which is given in greater detail in Appendix
IV. Here C is the calibration constant, (25,2 is a refraction
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correction factor (14) in which ng is the refractive index

of solvent and o, that of water. Multiplication by the fac-
8in g

1 -+cos=g
normalized to constant scattering volume.

tor

yielde the vertically polagﬂked component

The effect of depolarization and fluorescence of
'CIﬂ'solution on scattered intensity has been shown to be
negligivble (18). No correction was, therefore, gade for

these effects.

After the manner of Zimm (%6), Ko/R was plotted
against sin 9/2 + ko when a grid-like plot as shown in
Fig. 5 was obtained; k is a convenient constant and K is
given by K = 27T2ns2(dn/dc)2/n'xu} where dp/dc is the re-
fractive index inerement, N is the Avogadro number and )‘,

the wave length (4358 X) of light in vacuo.

The lines at 9 = 0 and ¢ = 0 produced by multiple
extrapolation were themselves extrapolated to give a com~

mon intercept,
(KO/RG ) ’

¢=0
6=0

the reciprocal of which gives the weight-average molecular
2

weight, M;. The z-average radius of gyration,\/ﬁ;;, was

obtained from the initial slope of the ¢ = 0 line by means

of the expression
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Pig. 5

Zimm plot of light-scattering data

for fraction M-2 in acetone.
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2
Initial sl 16ms "2
nivial s ope - - (n/>\ )2 eees (B)
Intercept 3 Z

where n is the refractive index of the aolution.

The concentration dependence of the intensity can

ba written as

1
Key = + 2A0 eeo (6)
Ry “wr(g) -
o
R
wWhere P(g) = :R_a—_ . R‘é is the Rayleigh ratio if there were

no intraparticle interference. Ag is the second virial co-
efficient and is computed from the slope of the (Ko/Re )9_0

vs. ¢ line in the Zimm plot (46).

Further details of the development of light-scattering
techniques are given in Appendix IV.

REFRACTIVE INDEX MEASUREMENTS

The increment of refractive index SE of the solution
over that of the solvent was measured by mg:ns of a Brice-
Phoenix differential refractometer for A= 4358 L at 25°.
The instrument was calibrated with sucrose solutions of
different concentrations using sodium light ( A= 5890 g).

The calibration was checked by measurement of An for a 4%
aqueous KCl solution. The measured value was within 0.U4%

of the valus calculated from data obtained from the Inter-

national Critical Tables.
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RESULTS

The experimental results are described in several
sections. The results of aggregation experiments are des-
erived first, followed by a short section on capillary ad-
sorption, Light-scattering and viscosity data on all samples
are presented next. Finally, an account is given of certain
anomalous observations made during light-scattering measure-

ments.

Aggregation

The possibility of irreversible aggregation on re-
pesting cycles of dissolution, recovery by drying or preci-
pitation and re-dissolving, of CTN was checked by measuring
the light~scattering dissymmetry. The presence of aggregates
would give rise to0 a marked increase in the dissymmetry

during each cycls.

A sample of bleached ramie nitrate was studied in
acetone and ethyl acetate solutions. The procedure for

both solvents was identical and is described below,

An approximately 0.2% solution was made by shaking
the vacuum~-dried solid for 24 hours with the solvent. This

was centrifuged at 500 g for 20 minutes to remove any
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undissolved material. The light-scattering dissymmetry,

145 / , was measured and concentration determined by the
1135 method previously described. The remaining

solution was then evaporated to dryness in a vacuum-evapor-

ator at about 25°C. The vacuum~dried CTN was then redissolved
and the dissymmetry and concentration were measured without

further centrifugation.

As shown in Table IV, there was no increase in dis-

symmetry in either solvent after drying and redissolving.

This proved absence of significant aggregate formation.

Similar results were obtained in another experiment
in acetone solution where the solid was precipitated out by

adding water, instead of being evaporated to dryness.

Anomalous Viscosity Behaviour at Low Concentration

Marked upward curvature of the graph of’T]Sp ve. ¢

c

was observed at very low concentration of CIN in ethyl

acetate. An example of this behaviour is given in PFig. 6.

The deviation from lineafity of the ﬂgp vs. ¢ graph has also
¢

been observed in the case of other polymers (34, 41) at low

concentration. The effect is probably a spurious one arising

from & small decrease in capillary diameter due to an adsorbed
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TABLE IV

Results of Aggregation BExperiments

Acetone Ethyl Acetate
Bafore After Before After
drying drying drying drying
and and
re-dissolving re-dissolving
elg.d1.~L) 0.1935 0.2075 0.1850 0.2015

11'50
/11350 2.11 2.19 2.20 2.20
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Fig., 6

Reduced viscosity vs. concentration
for fraction H-2 in ethyl acetate at

very low concentrations.
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layer of polymer on the walls of the capillary. It was
perceptible at low concentrations when the time of flow for
the solution was only a few seconds greater than for the

pure solvent.

In measuring viscosities the effect was avoided by
working with a viscometer of comparatively wide capillary

and at concentrations at which the sffect was negligibls.

An experiment in this connection is described in.

Appendix III.

Viscosity and Light-scattering

The experimental results from viscosity and light-
scattering measurements are listed in two tables. Table V
contaihs the results in acetone solution while the contents
of Table VI are for ethyl acetate solutions. The quantities
given for each sample are the weight average molecular weight,
M, z-average root-mean-square radius of gyration, «V/EE,
the second virial coefficient, Ao, the intrinsic viscosity,
['77} 500 and the Huggins' interaction constant k5/00. The

data which were reduced to yield these results are given

in Appendices VII and VIII,

In order to derive the configurationsal parameters
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TABLE V

Results of Viscosity and Light-scattering Measurements

in Aceatone

Sample FU]500 K'eog W, x1077 «/4:3' A2x10LL
dl.g."l 2 mole ce. g.'2
-8 12,1 0.83 6.5 869 7.3
T-6 15.6 0.95 8.4 958 7.4
M-3 18.9 0.62 9.9 1060 3.2
P 20.5 0.55 11.4 1150 4.1
M 22,1 0.52 15.3 1440 4.9
M-2 26.0 0.56 16.9 1480 4.6
M-1 36.8 777 0.33 22,4 1610 3.8
- H 43.4 4?9 0,39  23.8 1670 5.1
~ H-2 43.6 0.41 25,0 1730 3.8




34

TABLE VI

Results of Viscosity and Light-scattering Measurements in
Ethyl Acetate

Sam- 500 %500 ﬁwx1°°5'yA:§ agz10* (],

al.g™t 2 mole ce. al.g.”t
Se

7-8 16.9 0.58 6.8 972 7.3 16.9
T-6 20.4 o.74 7.8 1097 7.8 20.4
M-3 24,6 0.52 9.4 1430 3.1 24,6
P - - - - - -

M 32.%4 0,50 16.1 1520 6.6 32.9
M-2 32.8 0.55 15.9 1630 R 34,4
M-1 .6 0.35 23.2 2100 4.g 46.5
H - - - - - -

H-2 5.6 0.27 25.0 2190 3.6 61.3
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from the light-scattering data, certain assumptions as to
the molecular weight distribution were necessary since

polydispersity is inevitable even in carefully fractionated
material (15, 18). A suitable distribution is one in which
the z-average, weight average and number average molecular
weights, represented respectively by M,, My and M, are re-
lated in the proportion 3:2:1, Such a distribution has been
used by others (15, 46) and was assumed by Hunt et al (18)

for their high molecular weight samples. This proportionality
will be assumed in com.puting'ﬁZ and M, from the values of

Eﬁ obtained from light scattering.

The initial concentrations of solutions employed for
light-scattering measurements varied from 0.12 to 0.35 8'/100 a.
depending on the molecular weight. At the lowest concen-
tration the solvent scattering intensity was 50 percent of
the scattering intensity from solution. The initial con-
centration range in viscometry was 0.035 to 0.085 8:/100 co.
depending on the molecular weight. The lowest concentration
in viscometric measurements were a fifth or sixth of the

initial concentration.

The refractive index increment, dn/dc, at 25°C used

1 -1

for the calculation of K were 0.104 ecc. g7~ and 0.105 cec. g.
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for ethyl acetate and acetone solution respectively. These
were the mean values from solutions of bleached and unbleached
(raw) remie nitrate. The corresponding K values wers 1,85 x

107 and 1.84% x 107 respectively for ethyl acetate and acetone.

Shear Dependence of Viscosity

Shear dependence of intrinsic wviscosity in the range

1 was estimated.

of rate of shear between 300 and 700 sec.
For the complete range of molecular weight studied [7i]nas
found to be independent of G in acetone solution over the

renge of shear rates mentioned. 4 typical plot of 7)gp vs,

°
¢ for different G is shown in Fig. 7.

In ethyl acetate solution, on the other hand,[n]
showed slight dependence on the rate of shear for the higher
molecular weight samples. An example is shown in Fig. &,
where the values for H~2 have been plotted. The magnitude
of the dependence decreased with decreasing molecular weight
and below FU]; 30 the dependence was no longer observed.
Similar results for the shear dependence in ethyl acetate

solution was obtained by Timell (%2).

In those cases where such dependence was noticed,

[77] values at different G were linearly related to the rate
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Fig. 7

Reduced viscosity vs. concentration
for fraction H-2 in acetone at different

rates of shear.,
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Fig. 8
Reduced viscosity vs. concentration
for fraction H~2 in ethyl acetate at

different rates of shear.
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Fig. 9
Intrinsic viscosity vs. rate of shear
for samples M, M-1, M-2 and H-2 in

ethyl acetate.
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of shear. Fig. 9 shows the variation of Fq]'with G for
samples M, M-2, M-l and H-2. Extrapolation of these lines
gave values of the intrinsic viscosity at zero rate of shesr,

Pn]o which have been included in Table VI.

These results show a small or no dependence of Pn}
on G in the range of shear studied. As clearly shown in

Pigs. 6 and 7 marked shear dependence of 7gp occurs at fi-

nite concentration. This shesr dependenceois probably not
related to an iﬁtrinsic property of the molecule but is due

to molecular interaction which will increase as concentration
increases. A similar result has been noted recently by Nawab
(30) for suspensions of model filaments. In the present work
the reservation must be made that the range of shear was some-
what narrow and a more marked variation of [5ilwith G may

have been detected if measurements were made at much lower

shear rates,

Anomalous Light-scattering

Early in the work it was noted that the graph of
KO/RG vs. sin2 8/2 + ke at 9:;0 curved downwards after a
certain concentration was reached. Fig. 10 is a Zimm plot

showing this effect. Such deviation from linesrity was

found in all the samples. The concentration, c,, at which
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Fig. 10

Zimm plot of light-scattering datea for
fraction M-1 in acetone showing deviation

fromn linearity of (Kc/ vs ¢ line at

Ry g=o
high concentration.
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the curvature started # depended on the molecular weight;
Cq decreased approximately linearly with inereasing molecu-
lar weight, as shown in Figs. 11 and 12 for acstone and
ethyl acetate respectively. The curvature started at such
low concentration in the case of the very high molecular
weight fraction H-1 in acetone solution that extrapolation
was impossible. The effect was also observed in solutions
which were centrifuged for omne hour or mo;e instead of the

usual 30 minutes. Thus the effect could not be caused by

the presence of any debris-like material.

At about the same concentration at which the deviation

from linearity of Zimm plots occurred, a curious optical
phenomenon was noted. If the solution was centrifuged for

30 minutes at 55,000 g, placed in the light-scattering appara-
tus and the scattered beam observed in a mirror held at low
angles, quite clear vertical striations, i.e. vertical bands
of scattering substance could be seen. They were observed

in nearly all samples provided that the concentration was

sufficiently high.

#It would have been preferable to use the concentration
at which (Ke/R ) attained a meximum valus, It was
not possible 8 f=p to obtain this point in all cases
and, therefore, the critical concentration was
taken to be the point at which a clear deviation from
linearity was detected.
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Fig. 11

Critical concentration vs. molecular

weight of the samples in acetone.
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Fig., 12

Critical concentration vs. molecular

weight of the samples in ethyl acetate.
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Striations occurred only on high speed centrifugation.
No striation could be seen in a fresh, uncentrifuged solu-
tion. Thus the phenomenon was associated in some way with
conditions produced by ultracentrifugation. If a centri-
fuged solution was allowed to stand, the striations gradually
disappeared over a period of several hours, indicating that
the process responsible for their production was reversible.
In some solutions the discontinuities were not stationary

but appeared to drift gradually.

The effect of striations on the scattering intensity
was relatively small. A variation of intensity by about
+ 5% was found in successive measurements. No clear trend
of increase or decrease in scattering intensity was noted
on standing. Also, the polarization of the transmitted or

scattered light was unaffectsd.

If the effect were due to the presence of gross ag-
gregates, prolonged centrifugation should cause it to dis-
appear. However, striations were observed in a sample
centrifuged at 55,000 g for 5 hours. It was also possible
that the discontinuities were caused by the mixing of a
clear layer of solvent left by sedimentation at the top of
the cell or at the conical walls. Experiments described in

Appendix V proved that this was not the case.
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A further possible cause could be an orientation of
the molecules in the high fields used. If the CTN molecules
possessed an intrinsic asymmetry in specific volume along
the chain, it might orient on sedimentation and produce a
micellar structure in which regiomns of varying refractive
index would appear. Such oriemntation might be expected to
produce an increase in the sedimentation constant with in-
crease in the centrifugal field. No such increase was, in

fact, detected. Sedimentation constants measured at 38,900 g

and 259,000 g were equal within +0.7%.

Experiments were carried out to test whether stria-
tions were associated with incipient gel-formation in the
centrifuged solﬁtion. Snmall glass spheres were allowed to
fall through the solution and attempts were made to detect
irregularities in the sedimentation velocity of the spheres.
Inadegquate optics and the difficulty of eliminating thermal

currents rendered the results inconclusive.

Greater details of these experiments are given in
Appendix V and the possible causes of striations and the
deviation from linearity of the Zimm plot are discussed

further in a later section.
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DISCUSSION

Variation of Radius of Gyration with Molecular Weight

The radius of gyration is a characteristic dimension

of the molecule in solution and, as expected, increased

with increasing molecular weight. (Tables V and VI). Also
for a given sample, s2 was higher in ethyl acetate than

in acetone indicating greater extension in the former solvent.

In both solvents the relationship between ;3 and
M

, Was aprroximately linear as shown in Figs. 13 and 14, 1In

acetone the line passes through the origin and is expressed

by the equation

—_—

=0.79x M

2
Sz 2 ceess (6)

For ethyl acetate the relationship is

%:133@-355 ceves (T)

If the data for CTN in ethyl acetate obtained by Hunt et al.

(18) are included in Fig. 14, it is seen that below a mole-

cular weight of about 800,000 the graph curves towards the

origin., Similarly in Fig. 13 the data of Holtzer et al. (15)
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Fig. 13

Z~average mean-square radius
of gyration vs. z-average mole-
cular weight of the CTN samples

in acetone,

O = Present Work

X = Holtzer et al, (15)
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Fig. 14

Z-average mean-square radius of
gyration vs. z-average molecular
weight of the CTN samples in ethyl

acetate.
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X - Hunt et al.(18)
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suggest a breakdown in the linearity at low molecular
woight. Recently Notley and Debye (33) have noted a simi-
lar trend in the relationship between molecular dimensions

and weights of polystyrens.

Configurational Change with Molecular Weight

The deviation from linearity in Figs. 13 and 14 could
be expected if a transition to non-Gaussian behaviour occurred

at low molecular weight. Such configurational changes have

been treated theoretically by Benoit and Doty (4) in terms
of a stiffness parameter, the persistence length, q. The
persistence length was defined originally by Porod and
Kratky (21, 38) as the mean value of the projection of an
infinitely long chain along the direction of the first ele-
ment in the chain. The expression deduced by Benoit and

Doty is

s 2 _ qa[x_ 1 _,_;- 2(1—e-x)/x2] eeees (8)

W]

wherevgg is the unperturbed radius of gyration (describved
later) and x is the number of units of length q in the

fully extended molecule. The wvalue of x is given by



hl

x max _ D.P. X length of one monomer unit
q q
_ ¥ length of one monomer unit ceene (9)
- M * q
o

Thax being the length of the fully extended chain. The

o
length of one monomer unit was taken as 5.15 A.

For large x (i.e., large M) Eqn. (8) reduces to

ceves (10)

which is equivalent to constancy of ;;2/ for the Gaussian
M
coil condition., For smaller x, the other terms significant-

ly decrease the value of soz/ﬁ-indicating an approach to the

rod-like configuration.

After the manner of Hunt et al. (18), the experimen-

tally determined valuss of (s 2 may be plotted against

)/
B % Z/MZ
My and compared with the theoretical curve deduced from
Eqn. (8). The unperturbed radius of gyration was obtained

from the relationship

«//EE = o Vs, ceees (12)
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where the expansion factor, o< , was calculated from the
second virial coefficient by the method of Orofino and
Flory (35). 4As found by Hunt et al. for CTN in ethyl ace-
tate, ¥ was near to unity for all samples in both solvents
(1.03 - 1.09) and showed a very slight increase with increas-
ing molecular weight. The persistence length, 4, required
in Eqn. (8), was calculated by means of Egqn. (10), from
(EE)Z and M, for the two highest molecular weight samples.
Averages of the values of q were 115 3 and 200 X in acetone
and ethyl acetate respectively. Hunt et al. (18) used a q
value of 117 K derived from the data on their three highest

molecular weight samples.

In Figs 15 and 16, (Ei)z/_ is plotted against i
for acetone and ethyl acetate Mz respectively. Values
of (;:2)) , end M, are given in Table VII. The data of Holtzer
et al. (15) for CTN in acetone are included in Fig. 15 and
the data of Hunt et al. (18) for CTN in ethyl acetate are

included in Fig. 16.

As predicted by theory, the combined data in both

cases show increase of (gg)z/— with.ﬁ%. In the case of

acetone, the results from the present investigation lie in

the region of constant (EE) while at lower molecular

Z /ﬁz
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Fig. 15

Dependence of (;;2) on ﬁz for

2/t
the CIN samples in acetone. The
solid curve is the theoretical one
based on Eqn. (8). The broken curve
is for a hypothetical helical configu-

ration of CTN in solution.

@ - Present Work

QO - Holtzer et al. (15)
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Fig. 16

Dependence of (;gg)z/ﬁz on M, for CTN
samples in ethyl acetate. The upper
so0lid curve is the theoretical one based
on Eqn. (8). The broken curve is for a
hypothetical helical configuration of
CIN in solution. The solid curve H 1s

the one proposed by Hunt et al. (18).

@ - Present Work

O - sunt et al. (1)
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ERRATA

Page 47 Eqn.(6); read 0.80 for 0.79

Page 55 - Table VII; colum 2, row 6; read 2,54 for 2,86




TABLE VII

Molecular and Hydrodynamic Parameters

Sample In Acetone In Ethyl Acetate
- -2 -6

L (;f;)z x10"° oo w . =6 (s5) X120

M,x10Q 22 Hrx10” M x10 .%_E P 1210 22
T-8 0.98 0.66 2.34 1.01 0.85 2.95
T-6 1.26 0.80 2.90 1.17 1.08 2.83
M-3 1.49 1.04 3,05 1.47 1.98 1.96
P 1.71 1.21 2.97 - - -
M 2.30 1.85 2.21 2.42 2,01 3,52
M-2 2.86 1.93 2.62 2.32 2.47 2.86
M-1 3,42 2.27 .91 3, 4,07 2.64
H 3.57 2.32 .32 - - M
H-2 3.75 2.63 4,11 3.75 4. .59 3,28

e
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weight the data of Holtzer et al. (15) show decrease in

—5 N

(so )z/— . Their results indicated that at M, values above
Mz 106 the molecule behaves like a Gaussian coil.

For ethyl acetate, except for one point, (;;E)Z/_ increases
with M, over the complete range of molecular weights.
This suggests that in the molecular weight range studied,
CTN does not attain the random coil configuration in ethyl
acetate., Curve H in Fig, 16 is the theoretical one given
by Hunt et al. which is based on a persistence length of
117 X computed fram the results for their three highest
molecular weight samples. The points from the present in-
vestigation are well above their theoretical line. This
discrepancy indicates that Hunt et al. (18) did not use a
high enough value of-ﬁZ in computing q. It must also be
noted that because of increasing trend of (ggz)z/ﬁzwith ﬁz,
the value of q computed for samples M-1 and H-2 may

also be erroneocusly low.

The higher value of the persistence length in ethyl
acaetate was unexpected since, to a first approximation, q
must depend only on orientation and steric factors in the
chain itself. It is possible, however, that the greater

solvation in ethyl acetate may cause an added inflexibility

due to more extensive packing of solvent molecules around the

polymer in the better solvent.
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As shown in Figs. 15 and 16 the transition from rod-
like to a coiled molecule appears too abrupt in the theoreti-
cal curves computed from Eqn. (%) when compared with the ex-
perimental data., It is interesting to note that a heliecal
or spiral arrangement of the chain in solution would yield
better agreement with experiment. For a large enough molecule,
a flexible helix would assume a random coil configuration
except that the extended length of the helix would be less
than L — by a factor depending on the pitech. If the length
of the coiled helix is assumed to be 2/5 times the length of
the fully extended molecule#, the persistence length becomes
g.q and the broken curves in Figs. 15 and 16 are obtained,
which show better agreement with experimental points in the
low and intermediate molecular weight region. This cannot
be regarded as proof of a spiral configuration for CTN, al-
though it is noteworthy that a helical arrangement has been

proposed for the chemically similar polysaccharide, amylose

(37, 39).

Variation of Intrinsic Viscosity with Molecular Weight

The intrinsic viscosity is a measure of the effective

hydrodynamic volume of a solute and, as expected, [ﬂ] 500

#The arbitrary value, 2/5, was obtained by trial and
error. The plot was sensitive to small changes in
this factor.



TABLE VIII

Values of g_and K

1l

Investigator Solvent Range of Method G(sec. ) & K Ref.
M x 10” for [7]
Holtzer et al. Acetone T.7-264 ILight 0 0.99 1.73 x 1072 15
scattering
Hioltzer et al. " 64-264 " 0 0.91 5.37 x 102 15
HPresent n 65-250 n 500 0.91 5.96 x 1077
Newmen et al. Ethyl  9.3-150 Ultra- 500 0.99 k.82 x 1072 32
acetate centrifuge
Hunt et al. n 4,1-57.3 Light 0 1.01 2.50 x 10-5 14
scattering
Present " 68-250 " 500 0.83 2.60 x 10~*
Present n 68-250 " 0 0.46 1.66 x 10~%

.ﬁ a and K values derived from the six highest molecular weight sample.
## The standard error in a was O.og in all cases.

8G
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increased with Mj. The values of the constants K and a in
Eqn. (1) were obtained from plots of log [’77]500 vs. logﬁw
shown in Figs. 17 and 18 respectively for acetone and ethyl
acetate solutions, The values are given in Table VIII along
with the more recent values obtained by other workers. If
[7no at G=0 (obtained as described previously) is used a
increases from 0.83 to 0.86 in ethyl acetate. Similar adjust-

ment leaves E.unchanged for acetone solutions since [77] was

found to be independent of G.

The intrinsic viscosity of CIN has been shown to vary
considerably with small changes in the nitrogen content of
the sample (25, 45). The intrinsic viscosity was corrected
by the method of Lindsley and Frank (25) to & hypothetical
value, [”ﬂr corresponding to 14.14% nitrogen. The results
are shown in Table IX. [7{]T is considerably higher than
the corresponding [77} value given in Tables V and VI. Plots
of log [77] ";00 vs. log My vield a = 0.77 in ethyl acetate

T
0

and a = 0.87 in acetone. With [ﬁ] (i.e., fO]T at zero

rate of shear) the value of a becomes 0.82 in ethyl acetate.

As mentioned in the Introduction, the value of a is

influenced by two factors: (i) the configuration of the mole-

cule and (ii) its permeability to solvent. Any increase in
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Fig. 17

Log of intrinsic viscosity at a rate
of shear of 500 sec.”t vs. log of
molecular weight far the samples in

acetons,
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Fig. 18
£ig. 0

Log of intrinsic viscosity of the samples
in ethyl acetate at a rate of shear of

500 sec.”t vs. molecular weight.
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TABLE IX

Values of Intrinsiec Viscosities after

Correction for Nitrogen Content

In acetone In Ethyl Acetate
T T T
7] 500 (500 ] %
Sample dl.g;'l dl.g -1 dl.g:l Nitrogen
T-8 4.5 20. 20. 13.58
T™6 18,7 o4, ol., 13.58
M=-3 20. 27.2 27.2 13.84%
P 23. - - 13.74
M 2k, 6 36,1 38.7 13.41
M-2 2d.d 36.3 .1 13.43
M~1 4o, 4 9,0 5l.1 13.85
H Eo.u - - 13.68
H~-2 9.4 66.5 69.5 13.76
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molecular extension would cause an increase in g_whereas

a change from the free-draining to the solvated (solvent

immobilizing) state would cause a to decrease.

As shown in Table VIII, a was lower than unity in
both solvents in contrast to the results of Holtzer et al.
(15), Hunt et al. (16) and Newman et al. (32). The lower
value of a in the high molecular weight range is in conformity
with the expectation of Hunt et al. (18). Also, it is sup-
ported by the agreement between the present data and those
for the six highest molecular weight samples of Holtzer et
al. (15). Purther, the low value of a is accentuated by the
correction of the [77] values for variation in nitrogen con-
tent. Thus the data supports in a general way the assumption
of a more coiled configuration at high molecular weights as

demonstrated by the light-scattering results.

Within experimental error & was equal in both acetone
and ethyl acetate in the molecular weight range studied.
This applies to the work of others (15, 18, 32) as well
and is contrary to the hehaviour of other polymers (e.g.,
polystyrene (3)) in good and bad solvents. This seeming
anomaly may be due to the increased solvation in the good

solvent which will decrease a by contributing to the solvent
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immobilizing character and compensating for extension ef-
fects. The low a in ethyl acetate may also be related to

the configurational behaviour discussed above. The data

in Figs. 15 and 16 show that, while the configuration in
acetone was constant in the present range, it changed con-
tinuously in ethyl acetate. For ethyl acetate, therefore,

it is unlikely that the value of the exponent can be assigned
with certainty to any model and g.should remain an empirical

guantity determined for various ranges of M.

The Hydrodynamic Parameter (D

It was of interest to compute the universal hydro-
dynamic parameter dj introduced by Flory (47). Following

the notations of Hunt et al. (18) the intrinsic viscosity

may be related to the chain dimensions by the equation

[ﬂ: Cb":i/ﬁ) 7 7 ceees (12)

The prime is appended to (D to indicate use of the radius

of gyration instead of the end-to-end distance as customarily
used (47). Values of P! for CIN im both solvents are given
in Table VII. The detailed calculation of (O ' is described

in Appendix VI.
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As shown in Table VII, (' increases with molecular
weight in acetone. This is contrary to the conclusion of
Holtzer, Benoit and Doty (15) whose results suggested that
D1 is constant. In ethyl acetate, on the other hand, D! is
seen to be virtually constant with & mean value of 2.86 (+0.33)
x 1022 which is close to the constant experimental value of

22

3.2 x 107 obtained for the synthetic polymers.

The data can be further analyzed if Eqn. (12) is

written as

®/= k ["ﬂﬁz/(;?f@ cesss (13)
2

or /- 1 'r]] =D
b= ki ———. [ /\/;; ceens (1U)

Where k is a constant for each solvent derived after the

manner of Hunt gﬁ_g}_(l&) and depends on the polydispersity

(See Appendix VI). For a random coil g?/ﬁ
z

Z
(¢ is taken as unity) according to Benoit and Doty (4) and

is constant

Hunt et al (18). Also, Kunst (48) has shown that [7)] is
directly proportional to \/zi for polyisobutylene in dif-
z

ferent solvents. Similar direct proportionality betwesn

2
[77]and«¢/;; can be derived from results on polystyrene
(49), polymethyl methacrylate (50) and polyvinyl acetate (51)
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Fig. 19

Ratio of intrinsic viscosity to
root-mean-square z-average radius
of gyration vg. intrinsic viscosity

in acetone and ethyl acetate.

@ - Ethyl Acetate

(O - Acetone
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all of which have been shown to obey random flight statisties.
Therefore, (D' is constant for these polymers. In the case
of CIN [77 ]/\/3?2 increases with intrinsic viscosity in

Z
ethyl acetate and acetone in the ranges investigated, as shown
in Fig. 19. Since ;2/_ iz constant in acetone @' will in-

2/M,

crease with increasing M; whereas the increase of ;§/ﬁ with
2

M 1in ethyl acetate apparently Jjust compensates the increase

in fn]/ /;2 leaving (D' constant. The change of En]ﬁy/:é
z z

might be expected in ethyl acetate for which a configurational
transition occurs throughout the range studied. In acetone,
however, the light-scattering data suggest that a random

coil configuration was attained. The increase of rn]ﬂv/zg
may, therefore be related to a decreasing degree of free- i

draining as the molecular weight increases.

Interaction Constants

The Huggins' interaction constant, k', is essentially
an empirical quantity, but its value has been used as an
indication of molecular branching (8). It was, therefore,
of interest to consider the variation of k' for change of
solvent and shear rate. A typical set of results is shown
in Teble X. The value of k' is higher in the poor solvent,

acetone, which is in agreement with the findings of Alfrey
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TABLE X

Huggins! Interaction Constant, kt, for Fraction H-2

in Two Solvents at Different Shear Rates

G (sec.'l) Acetone Ethyl Acetate
300 0.51% 0.366
400 0.450 0.310
500 0.407 0.274
600 0.364 0.232

700 0.330 0.206
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et al. (1) for polymethyl methacrylate in different solvents.
It may also be noted that k' decreases with increasing rate

of shear, in agreement with the results of Masson and Goring
(27) on carrageenin - a polygalactose sulphate - and Conrad
et 2&:‘6) on cellulose in cuprammonium and cupristhylenedi-
enine, In consideration of the dependence of k! on such
variables as solvent and rate of shear, one has to be cautious
in using k' as a criterion for detecting branching, especially
in the case of solutions showing non-Newtonian viscosity be-

haviour.

The variation of k'500 and Ao, the second virial co-
efficient in light scattering, with molecular weight is shown
in Fig. 20 for both solvents. The graphs are irregular, but
there is a significant decrease in k'500 with increase in M
for both solvents, This is contrary to Hugginst' (17) sugges-

tion that it should be independent of molecular weight.
Similar dependence of k'500 on molecular weight was found
by Timell (43) for CTN in ethyl acetate and Alfrey et al.

(1) for polymethylmethaorylate in different solvents.

The second virial coefficient, Ao, for a polymer-
solvent system should decrease slowly with increasing mole-

cular weight. For the same polymer the value of A, is
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Fig. 20

The second virial coefficient, A2, and
the Huggins! interaction constant, k',
vs., molecular weight of the samples in
acetone and ethyl acetate. Nitrogen

content of the samples have also bheen

included in the graph.

@ - Ethyl Acetate
O - Acetone

X = Nitrogen Content
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dependent on the nature of the solvent, being higher in a

good solvent. These two general characteristics of A2 which
have been observed in the case of other polymers are not

found for CTN solutions. Holtzer et al. (15) found negligible
end irregular change of A2 with molecular weight. In ethyl
acetate for low molecular weight fractiomns, Hunt et al. (18)
obtained values of A2 which were practically the same as

found by Holtzer EE.EL' except the lowest molecular weight
sample for which the value was slightly higher. 1In the pre-
sent investigation, values of Ao were found to be the same,

within experimental error, in both solvents; a slight de-

crease in 4o with increase of E% can, however, be datected.

An obvious feature of Fig., 20 is the irregularity of
the data. Similar irregular results for the Huggins'! constant
have been reported by other workers (1, 6, 4#3). Irregularities
in both k'500 and A, show the same trend in the two different
solvents, indicating that this behaviour is due to some in-
trinsic properties of the samples rather than to experimental
error. The nitrogen contents of the samples have been in-
c¢luded in Fig. 20. Except for two points, there is a rough
correlation between the nitrogen content and the eccentricities

in k¢ (19) and Ap. A more detailed study would be required

500
to elucidate more clearly the source of these irregularities.
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Light-scattering Anomalies

As shown in the results, the light-scattering function,

Kc/R9 decreased with inecrease of ¢ above a certain concen-
tration which increased with decrease of molecular weight.
Similar downward curvature of the Q9= O line of the Zimm

plot was noted by Holtzer et al. (15) for their two highest
molecular weight samples. The authors attributed this to
possible experimental error. However, the consistency and
regularity of the effect in the present study indicated that

its cause is not triviel but is related to some fundamental

property of the solution.

The phenomenon suggests the existence of a critical
concentration above which the particle size increases. Such
an increase could be due to an association-dissociation

equilibrium, association being favoured by higher concentration.

It is possible that the critical concentration is re-
lated to the concentration at which the molecules form a
close-packed array with molecular domains touching each other.
Parent and Rinfret (36) suggested the existence of a critical
concentragtion from discontinuities in heats of mixing measure-

ments of polyvinyl acetate in methanol and s-tetrachloroethane.
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Recently Cragg and Bigelow (7) came to similar conclusions

from viscosity measurements of polymer-polymer-solvent systems.

Approximate calculations of the close-packing of mole-

cular domains were computed from molecular dimensions derived
in two ways:

a) The radius of an equivalent sphere was derived from the
root-mean~-square number average radius of gyration.

b) The radius of the equivalent Einstein sphere was calcu-

lated from the value of [ﬂ] .

The theoretical concentration of close-packing, ca and
¢, Tespectively from (a) end (b), are compared in Table XI
with the experimentally determined critical concentration
Cc. Evidently, in both solvents, Co 1s considerably greater
than cé or cb for the range of molecular weights studied.
This suggests that considerable interpenetration of the
chains must take place before the association reaction can
occur to any extent. Such interpenstration might be quite

possible in the case of cellulose nitrate because of the

pronounced extension of the chain.

The phenomenon of striations seemed to be related to
the downward curvature of the Zimm plot bscause it occurred

in approximately the same region of concentration. A somewhat



TABLE XI

Calculated and Measured Critical Concentrations

Number-average Acetone Ethyl Acetate
molecular Calculated Measured Calculated Measured
weight
Ba Ob cc ca cb Oc
0.33 x 106 0.035 0.155 0.36 0.026 0.111 0.20
1.25 x 106 0.017 0.043 o.o&§5 0.008 0.032 0.07

Concentration in g./100 cec.

Hl
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analogous observation was described as a "stippled" appear-
ance in the light-scattering beam by Holtzer et al. who
Tound the effect to disappear on prolonged centrifugation.

These authors attributed this to the presence of aggregation.

In the present investigation, this phenomenon was ob-
served in all samples. The experiments described earlier
showed that its cause was probably not trivial, i.e., it
was not caused by convection currents set up due to concen-
tration or temperature gradients. The constancy of sedimen-
tation constant over a wide range of centrifugal field sug-
gested that molecular orientation did not occur. This was
also supported by the absence of perceptible depolarization

in the transmitted beam in the presence of striations.

Another possible cause was incipient gelation caused
by the high compression experisnced by the solution during
ultracentrifugation. This might produce macroscopic regions
of slightly different refractive index which could give the
observed seffect. However, no indiecation could be found in
the literature supporting the occurrence of gelation with
pressure. The sedimentation experiments with falling beads
were designed to test this idea; for reasons given in an

earlier section, preliminary results of these experiments

were inconclusive.
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An elucidation of the anomalous light-scattering
might also be reached by an analogy with the macroscopic
behaviour of cellulose fibre in suspension. When fibres
in suspension are allowed to sediment, flocculation takes
place due to mechanical entanglement induced by differential
sedimentation (12). The degree of flocculation depends,
among other factors, on the axis reatio and the concentration
of the fibres. A fully extended CTN molecule has a much
greater axis ratio than a cellulose fibre and would, there-
fore, be susceptible to molsescular entanglements during sedi-
mentation in a high centrifugal field. Such flocculation,
if extensive, might produce the visible inhomogeneities
and the increase in scattered intensity observed at higher

concentrations.
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HISTORICAL REVIEW

Cellulose nitrate is probably the most important of
all cellulose derivatives. Its application in such diverse
fields as explosives, lacquers and plastics necessitated
solution of many problems, out of which has grown an ex-
tensive technical literature on the subject. The elucida-
tion of the structure of eellulose, its recognition as a
high-polymeric substance and the development of a method
of nitration of cellulose without degradation (8) have
aroused renewed interest in the study of cellulose nitrate.
The fact that it is easily made in the laboratory and is
soluble in many organic solvents facilitates its use in

studying the molecular properties of the parent substance

cellulose which is either insoluble or unstable in solu-~

tion in certain special reagents.

Cellulose is known to consist of long chains of -
glucopyranose units joined to each other through l-Y4 posi-
tions (9). The length of one B -glucopyranose unit in
the molecule is H.1H g. In the cellulose molecule there are,
for each unit, two secondary and one primary hydroXyl groups.
The polymer is, therefore, a polyhydric alcohol and under-

goes many typical alcohol reactions such as esterification,
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etherification.

Cellulose nitrate has essentially the same sksletal

structure as cellulose. It is obtained by nitration of
cellulose with various nitrating mixtures. Cellulose can
be nitrated to various degrees of substitution. The degree

of substitution is defined as the average number of nitrate

groups per anhydro-glucose unit.

Nitration of cellulose for technical purposes is
carried out mostly with nitric acid-sulphuric acid mixtures.
This method of nitration inwvolves degradstion of the cellu-
lose and complete nitration cennot be achieved (10). Stan-
dinger and Mohr (1Q) developed & method of nitration which
leads to complete nitration without appreciable degradation.
The process, in which nitric acid-phosphoric acid mixture
is used for nitration, was later improved by Alexander and
Mitchell (8). The solubility and viscosity of cellulose
nitrate solution are dependent to a large extent on the
degree of nitration (10). In view of this fact, it is
necessary to use samples with as high a nitrogen content

as possible.

In a sample of cellulose all molecules are not of

the same length, i.e., & certain degree of polydispersity



79

exists (1ll1). Also celluloses obtained from different sources
do not have the same average molecular weight (1l1). If a
cellulose trinitrate is prepared by a suitably mild nitra-
tion, its molecular properties, deduced by well-known physico-
chemical methods, can be related back to the properties of
the original sample of cellulose., Extensive investigation
of this type has been made by Timell (12, 13) and Conrad

and co-workers (l4). However, it is important that funda-
mental properties such as molecular weight or configuration
can be related correctly to observed phenomena such as vis-
cosity or light-scattering. As discussed elsewhere, there

is considerable uncertainty in this respect for high mole-

cular weight cellulose trinitrate.

Several physico-chemical methods are available for
determmination of the molecular weight, molecular size and
shape of polymers in solution. These are based on measure-
ments of osmotic pressure, sedimentation and diffusion,
viscosity, streaming double refraction and light-scattering.
Theoretical and practical aspects of these methods are
adequately described in text-books (6, 15, 16). All of
these methods have heen employed to galn an insight into

the size and configuration of cellulose nitrate in solution.
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Gralen (11) considered cellulose nitrate and cellu-
lose as unsolvated oblong ellipsoids. From sedimentation
and diffusion measurements the author calculated the msajor
and minor axes for a number of unfractionated samples.
For cellulose nitrates the minor axes for the samples were
constant and lower than that for the corresponding celluloses.
The author suggested that when the nitrate groups are at-
tached to the cellulose molecule it would be elongatéd by
stretching. This was attribubted to the marked dipole
character and large volume of the nitrate group which

reduced bending between the glucose units.

Earlier, Mosimann (17) compared the axis ratios
calculated from sedimentation and diffusion and from
streaming double refraction with those obtained by using
Burgers! (18) viscosity equation for ellipsoidal particles
with axis ratios much greater than unity and showing strong
Brownisn motion. The values from streaming double refraec-
tion were about 2h% lower than those from sedimentation
measurements. Axis ratios using Burgers! equation were
higher than those from the other two methods. Jullander

(19) corroborated the latter observation of Mosimann.

Viscosity equations developed by Kuhn (20), Huggins
(21, 22), Burgers (18) and Simha (23) for asymmetric
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particles showing strong Brownian motion were used by
Campbell and Johnson (24) to calculate the axis ratios of
cellulose nitrate fractions (12.2% N) of low molecular
welight from viscosity measurements. Xuhn and Huggins based

their theoretical treatments on rigid, rod-like molecules

and rigid, randomly kinked molecules respectively. DBurgers
and Simha took as their model elongated ellipsoids with
axi® ratios much greater than unity. Huggins also con-
sidered the viscosity of solutions of flexible chains.
Campbell and Johnson found good agreement between axis
ratios calculated from the equations of Kuhn and Simha

but these values differed widely from those calculated

fran the other equations.

These early investigations were based on models
which cannot be expacted to correspond to the actual mole-
cules in solution. Besides, the influence of such factors
as rate of shear (1) and the nitrogen content (25) on the
viscosity was not fully appreciated until recently. The
introduction of light-scattering by Debye (26) and its
further improvement by Zimm (27) and others (15) for
measuring directly the molecular dimensions of long chain

polymers, cambined with the theoretical developments (28,
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29, 30, 31) in understanding ths hydrodynamic properties

of polymers in solution advanced the study of cellulose

trinitrate.

The light-scattering experiments of Badger and

Blaker (32) were limited to very low molecular weight sam-
ples. The authors, however, showed that cellulose nitrate

is relatively stiff compared to the vinyl polymers. Their
inferences were, in general, corroborated by the later
work of Holtzer et al. (33). Working with fractionated

and unfractionated samples of highly nitrated cellulose
in acetone solution in a wide range of molecular weight,
Holtzer et al. came to the conclusion that the existing
hydrodynamic theories were inadequate to explain some of

their observations., These authors used a few samples of

6) but the re-

very high molecular weight (up to 2.64 x 10
sults for these were treated with considerable reservations
because of some anomalous observations during light-scattering
megsurements., The expected change in the viscosity-molecular

weight relationship at high molecular weight (discussed in

the Introduction) was not observed by these authors. This

L]
is in contrast to the observations of Munster (35) and

Badger and Blaker (32).
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With a view to exploring the limitations of the
existing hydrodynemic theories, Hunt et al.(34) carried
out an investigation on the configuration and frictional
properties of low molecular weight fractions of cellulose
nitrate in ethyl acetate. Their conclusions were similar
to those of Holtzer et al. (33). The authors suggested
that the disagreement with the theories for their samples
arose primarily from severe deviations fram random flight
statisties at such low molecular weight, and predicted

that at high molecular weight better agreement with the

theories would be achieved.

In view of this prediction and the conflicting data
in the published literature, an investigation of the con-
figurational behaviour of high molecular weight cellulose
nitrate was undertaken, the results of which are reported

in the present work.
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THE MULTI-SHEAR VISCOMETER

The viscometer is shown in Flg, l-A. It was of
the suspended-level type with a large bulb which permitted
dilution in situ. For elarity the horizontal scale of
the dlagram ﬁas been increased. The dimensions of its
different parts were so chosen as to allow interpolation

of viscosity values to a shear rate of 500 sec.'l.

The radius of the cepillary was 0.02254% cm. A curved
tube, 3 mm. internal diameter, joined the capillary to
the bulbs. By this arrangement a hydrostatic head small
enough to produce the necessary low rates of shear was
obtained. The cepillary length was 12 om. and the volume
of the mixing buld was about 100 em.3. The volume of the
bulbs, the mean hydrostetie head, hy, for each bulb and

efflux times of acetone are given in Table I-A.

The mean head, hy, was caleulated from the relation-
ship

hy - hp

- ° cees (1-4)
12 1'1/112

hm-

where h, and hp are the distances between the upper and
lower marks on each bulb respectively and the lower end of

the capillary.
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Figo l-A

The multi-shear viscometer
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TABLE I-A

Data for Multi-shear Viscometer

S
No. onm., 3 cn., sec.
1 2.74 17.0 78.4
2 1.98 12.0 80.0
3 1.75 7.1 119.4
4 0.43 3.1 130.8
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ANOMALOUS VISCOSITY BEEHAVIOUR AT LOW CONCENTRATION

It was observed that the solvent efflux times with
a freshly oleaned viscometer capillary differed signifi-
cantly from that measured directly after an experiment in
& solvent-rinsed viseometer. Table II-A gives the efflux
times of distilled ethyl acetate before and after viscosity

measurements.

The difference in efflux times, although only 0.6 sec.,
is considerably greater than the experimental error of =+ 0.1
gsec., The efflux time did not change on repeated washing
with solvent but was reduced to its original value by routine

cleaning with chromiec aecid.

Sinee all conditions were identical in both cases
the increase in the efflux time after viscosity measure-
ments indicated a decrease in the effective capillary radius,
probably due to some sort of film adhering to the ecapillary
Iali. The presence of such adsorbed layer has been proposed

by Oohrn (4), to explain the upward curvature of 'nsp vs. ¢

line at low concentration. He found a dependencec of the

thickness of the layer on concentration.

Takeda and Eno (5) have calculated the thickness of
the adsorbed layer from a solution of polyvinyl cehloride in
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TABLE II-A

Efflux Times of Bthyl Acetate before

and after Viscosity Measurements

Clean capillary . After viscosity measurement
and washing of capillary and
buldb three times with

solvent.
Sec. Sac.
83.9 84,5
4.0 4.5

83.9 gh.5
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0
eyclohaxanone and found values of 1500 to 3,300 A,

The effective capillary radius was ocalculated from
the two efflux times and the known capillary radius. The
difference, 3,200 i, may be teaken as the effective thick-
ness of the adsorhed layer. The value falls in the range

of values calculated by Takeda and Eno (5).

This, however, is not conclusive evidence of the
adsorption layer being the cause of the upward curvature

in the plot of ’Usp vs. ¢. Further experimental work is

required. o
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DEVELOPMENT OF LIGHT-SCATTERING TECHNIQUES

;

Experiments which led to the adoption of Dandliker
and Kraut's method of ultraclarification of solutions and
the eonsequent modifiecation of the Brice-Fhosnir 1ight-
scat tering photometer are deseribed in this appendix.

Preliminary Measurements

Measurements prior to modifieation were made in the
original Briee-Fhoenix apparatus with oylindrical cells.
The wave length of light used was 4358 .

The symmetry of the cells and the apparatus for
from 30° to 135° was tested with an aqueous solution of
fluorescein. The graph ofiIe (scattered intensity correocted
for volume ehenge by the faetor sin 5 )} ve. § is shown in
Fig. 2-A. The envelope is symmetrical and constant to -+ 1%.

The results of similar experiments with distilled and
filtered toluene and acetone are shown in PFig. 3-A. The
absence of marked irregularities in the graphs indicated

low intensity of seeondary reflections.

The calibration of the instrument was checked with
Cornell standard polystyrene in toluene and the turbidity

was found to be in fair agreement with the published wvalues.
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Figo 2"‘A

Scattered intensity (corrected for volume
chengs) at different angles vs. angle, g ,

for an aqueous alkaline solution of fluores-
cein in the light-scattering aspparatus before

and after modification.
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Figo 3-A

Scattered intensity (corrected for volume
change) at different angles vs. angle, g,

for distilled and filtered toluene and acetone
in the Brice-Phoenix apparatus with cylindrical

cells.
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Clarifiecation of Solvents and Solutions

Filtered reagent grade acetone was first used as
solvent. Rarly in the work it was found that one bateh
gave very high seattering value. This was traced to a
fluoreseent impurity. Henee reagent grade solvents were
used only after redistillation and filtration through ultra-

fine sintered glass filter.

Both filtration and centrifugation were tried for the
elarifieation of the solutions. In an attempted filtration
through an ultrafine sintered glass filter it was found
that the filtrate contained only 3% of the solute. The rest

of the solute remained adsorbed on the filter.

Gentrifugation at 24,000 g in an International eentri-
fuge with high speed attachment was tried. The tims of
ecentrifugation was limited by the rise of temperature of
the rotor. When the rotor was pre-cooled to 4°C, the tem-
perature of the rotor inereased to about 50°G on eentrifu-
gation for 45 minutes. This rise in temperature was unde-
sirable beeause of the possibility of degradation of CTIN.
However, eoneentratiom measurements before and after eentri-

fuging showed that there was no marked sedimentation of CI

in the high field used.
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Centrifugation at 45,000 g for one hour in a Spineo
model L ultracentrifuges using stainless steel tubes with
polyethylene gaskets was found to give satisfaetory elari-
fisation. However, in spite of elaborate preeautions to
eliminate extraneous dust partieles during transfer to
light-seattering cells and subsequent dilution reproducible
results eould not be obtained. IFor example, duplicate
measurements on a sample having intrinsic viscosity 36.8
g.'l dl, in acetone gave molecular weights differing by
19 percent. Moreover, two samples whose intrinsic viscosi-

ties differ by 10 units gave the same molecular weight.

The basic weakness in the above mentioned methods
of clarification lies in the faet that the solution must
be transferred from the container where it is cleaned to
the cell in which measurements are made, The best arrange-
ment would be a light-scattering eell which eould be centri-
fuged, Such a cell has recently been desceribed by Dandliker
and Kraut (1). Certain other advantages of this type of
oall are: (a) the volume required is small, (b} they are
relatively easy to make and (o) the part of the cell where
the incident light bsam enters is conical in shape, thus
reflecting the stray light out of the plane of the ineident
and scattered beams. In consideration of thése advantages

and more efficient elarification of the solution, 1t was
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decided to use this method of ultraclarification. This
necessitated changes in the cell table and in the optical

system of the Brice-Phoenix apparatus.

Modification of the Apparatus

(a) The Scattering Cell

Fig. 4-A shows a cell with dimensions. Cells werse
made fram selected glass tubing. The drawn-out tip at the
bottom of the cell should be gradually tapering as shown.
If the bottom was flat or thin the cells tended to crack §

during centrifugation.

Before use in light-scattering measurements, the
cells were tested by SPinning them at 55,000 g. A 75%
solution of glycerol in water was used as a floating medium
in the centrifuge cups. A frequent cause of breaskage was
traced to improper vacuum seal of the centrifuge cups.
The seal was improved by a thin film of vacuum grease applied
on the rubber gaskets in the cups. After centrifugation,
the cells were carefully washed with detergent and water
to remove any grease that might adhere to the cell, rinsed
with clean acetone, wiped with lens paper and then placed

in the cell assembly for taking measurements.
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Fig. U-aA

The light-scattering cell used in the
present work. The dimensions of the cell

are to scale.
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(v) The Cell Assembly

The cell assembly (Fig. 4) consisted of a eylindrical
vessel, B, and a device for holding the c¢ell upright in the
vessel; B was made from a carefully selected beaker of
outside diameter 55 mm. A brass ring 2 mm, thick held the
vessel in position; but it ocould be taken out for periodie
¢leaning. The scattering eell SC was held in position by
means of a sturdy, bent metal strip which was permanently
fixed to the ring. At the end of the strip there was a
V-slot and spring c¢lip to hold the cell vertically at the
eontre of the vessel B. A circular blackened teflon sheet
with a conical hole at the centre sat at the bottom of B.

This conical hole served to coentre the bottom of the cell.

A new table was maede from a block of an aluminium
alloy to replace the Brioce-Phoenix table. The table top
was flat with a rim 3 mm, wide and 6 mnm, deep. Three small
bolts, 120° apart, through the rim permitted centering of
the cell assembly. These bolts were securely positioned
by means of three Allen serews on top of the rim of the
table, After optical alignment two of the bolts were tigh-
tened permanently. The other was slackesned whenever the

cell assembly was removed. By means of suitable marks the
table, the cell assembly and each cell were always located

in the same respective position. All metal parts were
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painted dull black exeept for the marks which were dots
of white paint.

(¢) Changes in the Optical System

The purpose of modifying the optical system was to
decrease the size of the incident beam and the scattering
volume. This was achieved by means of suitable slits and

lenses in the inecident and seattered beams.

The main lens of the Brioce-Phoenix system was replaced
by the lens Lj, having a diameter of 29 mm. and focal length
of 76 ma. (Fig. 3). The lens was fitted in a metal ring
and was secured in the collimating tube by means of an
Allen sorew. The diaphragms S, (6§ nm. x 4 mm.) on the lamp
housing and 3, (20 mnm. = 8 mm.) on the metal ring holding
the lens Ll limited the primary beam.

Cylindrical lenses were placed in the incident and
scattered beams to compensate for the saherrations produced
by the ocurvature of the vessel B, The eylindrical lens
cL1 was glued to a brass plate with a eircular hole of
13 mn., diameter. The plate replaced the cell table diaph-
ragn of the original apparatus. The receiving system con-
sisted of an achromatic objective L2 of diameter 11 mm, and
focal length 18 mm. and the cylindrical lens CLy. CL, and

- GLQ were spesctacle lenses eut to diameters of 18 mm., and
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13 mm, respectively. The lenses Lo and CLp were fixed in
a newly-built nose-piece. <Tthe lens Lo was painted dull
black exeept for ean opening (¥ mm. x 2.5 mm.} to admit the
scattered beam. The nose-piece was removable and was locked

to the photomultiplier housing by means of a sorew.

(d) Optical Alignment

The position of the lens Ll was fixed by focussing
an image of the diaphragm 81 at the centre of the solvent-
filled vessel. The lens was then secured to the collimating
tube by means of the Allen serew. The position of the lens
I.2 was determined in the following way. A lamp was plaeced
in the photomultiplier housing and an image of the diaphragm
84 focussed at the eentre of the table by changing the posi-
tion of the lens. The lens was then glued to the nose-piece.
The nose-piece was designed to leave a small gap between
the lenses Lg and €Lp. After alignment the distances of
lenses L, and Ly from the centre of the table wers 110 mm,

and 2¢ mm. respectively.

Tests of the Modified Apparatus

The graph of I, vs. § in Fig. 2-A for a solution

8
of fluorescein shows that the scattering is symmstrieal

around 90°. Fig. H-A shows the envelopes of toluens and
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Fig. H-A

Scattered intensity (corrected for folume
change) at different angles vs. angle, g,
for distilled and filtered toluene and

acetone in the modified apparatus.
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acetone., The envelope for toluene was regular but slight
irregularity was observed in the case of low angle scattering
of acetone. This caused no error because the solvent scat-
tering was always subtracted fran the scattering by the

solution.

Pig. 6-A is a graph of galvanometer deflections near
§= 0°. It can be seen that the maximum intensity was at
+-0.5° when the working standard was in position. Without
the working standard the maximum intensity coincided with
the zero of the scale. Thus the diffusing plate in the
working standard deflected the incident beam slightly. Since
all intensities at g = 0° were measured with the working
standard in position, readings for transmitted intensities

were taken with the scale placed at -+0.5°.

Calibration

The apparatus was calibrated with Ludox suspensions
made from a 30% stock suspension. Suspensions of 3%, 2%,
1%, 0.5%, and 0.25% nominal concentrations were made by
diluting the stock with 0.05 M aqueous NaCl (2). The sol-
vent and the stock suspension were filtered through ultrafine
and coarse sintered glass filters, respectively, before dilu-

tion. Turbidities of these suspensions were measured in a Beckman
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Fi go 6"A

Galvanometer deflection vs. angle, @,

near g= 0°.
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DU speetrophotometer with 10 em. mstched eslls at )\ = 4354 g .
From gelvenometer readings at 90° and 6°, 1gg wes computed
for each of the cells at all concentrations in the light-
scattering apparatus. The working standard was in place

during measurement of intensity at = °.

From the spectrophotometric date e/ (¢ is concen-
tration in 3./em.3 and T is turbidity in cn.']‘) was plotted
against e and extrapolated to ¢ = 0 (Fig. 7-i). The 0/3-90

values from light-secattering measurements were plotted against
concentration and a linear extrapolation to ¢ = 0 gave (c/19o) .

¢=0
Fig. 8-A shows such plots for two cells.

The calibration faetor, C, was calculated from

(0/190)c=0 = c(c/'l')cno eseee (2-A)

The mean value of (0/1,90)° a for all the cells used was
(2.61+0.01) x 1073, The value of (e/-L—)c.O from spectro-
photometrie messurements was 0.0525. Thus C = 4.99 x 10~2

and T is given by

T = 499 x 1072144 ceres (3-4)

For measurements in non-aqueous systems a refraetion eorrec-

tion must be applied (3) to give
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Figo 7—A

c/r vs. ¢ for Ludox suspensions
at different concentrations from
meagsurements in a Beckman DU

spectrophotometer.
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o/i90 vs. ¢ for Ludox suspensions
of different concentrations in two
light-scattering cells (Fig. 4-A)
from measurements in the modified

light-scattering apparatus.
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nsa

2
g0+ ()

r = %99 x 10° eceee (4=A)
The relationship between the turbidity and the Ray-

leigh ratio at 90°, Ryg» 18

16T (5-4)
TEST o o
from which
3 ng 2
- oeoi o( TR 6"
B0 = g7 Oheor (] (6-8)
and
Ry = o Gt (n°)2. sing
6 =17 0 B T oosR0

2 sing
= 2,98 x 10734 (257

Dy  1+c0828

eo {7=4)

which is equation ( 4) of the main text.

As mentioned previously in the main text, the cali-
bration was confirmed by measurement of the scattering of g
liquid of known T . Rssults in good agreement with published

values were obtained,
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THE FORMATION OF STRIATIONS

Experimants which showed some of the charascteristies
of the phenomenon of striatioms are described in this

Appendix.

Effect of Striation on Scattered Intensity

An example of the order of variation of scattered
intensity observed in solutions showing striation is given
in Table IXI-A. The solution was centrifuged at about
55,000 g for 30 minutes. Values of ie obtained at dirf-
ferent times after putting the cleaned cell in the apparatus
and at different angles ,0, are shown in this Table.

A solution showing striation was centrifuged for
5 hours at about 55,000 g. 8triations were again observed
although the intensity of the scattered light was dimin-
ished. The variation of scattered intensity with time in
this solution is shown in Table IV-A.

Effect of Mixing Added Solvent

That the striations were not caused by mixing a
clear layer of solvent left by sedimentation either at the

top of the cell or at the coniecal walls was shown by the

—
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TABLE III-A

19 at Different Times and Angles for a Solution
Showing Striations

(Time of centrifugation - 30 minutes)

Angle Immediately After After
after 10 minutes 15 minutes
centrifuging
300 0.1695 0.1627 0.1420
350 0.1302 0.1204 0.1359
Yoo 0.1013 0.0934 0.1l045
500 0.0690 0.0636 0.0721

60° 0.0476 0.0l443 0.0502
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TABLE IV-A

19 at Diffsrent Times and Angles for a Striated Solution

(Time of eentrifugation - 5 hours)

Angle Immediately After After
after 10 minutes 15 minutes
centrifuging
Qo
30 0.0990 0.1119 0.1071
359 0.0731 0.0839 0.0827
4o° 0.0595 0.0664 0.0657
500 0.0389 0.0437 0.0431
60° 0.0305 0.0300 0.0292
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experiments described below. Solutions which were known

to show striations were used for these experiments.

A A layer of solvent was introduced on top of the
solution in a light-scattering cell. No striation was

observed for 4 hours when the experiment was stopped.

A centrifuged solution was left overnight whenm the
striations disappeared. A layer of solvent was then put
on the top. Again there was no discontinuity in the scat-

tered beam even after 3 hours standing.

A cell containing & fresh solution was cooled in
a refrigerator to about 506 and then a solvent layer intro-

duced on top of it. No striation was observed.

After each of the sbove experiments, pure solvent
was injected into the solution by means of a syringe. A
momentary discontinuity was observed which disappeared soon

after the injection was stopped.

A special cell was made in order to test whethexr the
striations were ocaused by a separation of a layer of solvent,
left under the sloping walls of the cell, on eentrifugation.
In the new cell (Fig. 9-A) the upper bduld was eliminated.
The conieal walls were radial to the centre of the rotor,

g0 that no solvent layer could accumulate under the conical
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Figo 9—A

A conical light-scattering cell for

investigation of striations.
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Fig, 10-A (a)

Ultracentrifuge diagrams for fraction
P in acetone at a fiseld of 259,700 g.

at different time intervals.
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Log of the distance, Xo, of the
boundary from the centre of the rotor

vs. time. Centrifugal field = 34,900 g.
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Fig. 1l2-4

Log of the distance, Xos of the
boundary from the centre of the

rotor vs. time. Centrifugal field
= 259,700 g.
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Fig. 13-A

log of the distance, X5, of the boun-
dary from the centre of the rotor vs.

time after reducing the field to 38,900 g.
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lines. The values of ths constants were corrected for
viscosity (temperature dependent) and density (temperature
and field dependent) in the usual way (6). The values,
referred to 20°C, were 6.76 S, 6.70 S and 6.73 S respec-
tively in the three stages of the experiment.

Sedimentation of Glass Spheres

Experiments to test whether striations were caused
by incipient gel formation were attempted. The experiments
consisted in observing the rate of fall of tiny glass spheres,
about 10 or lOO/L diam., through a striated solution of CTN
in a cell designed and made for the purpose. The cell was
similar in dimension to the conical light-scattering cell
(Fig. 9~-A) except that it was cylindrical in shape, the
vertical portion having an outside diameter of 24 mm. The
cell could be centrifuged. The falling spheres wers ob-
served with a differential sedimentation apparatus similar

to one described by Anderson (7).

The presence of gel-like aggregates would cause
gross discontinuities in the rate of sedimentation of the
particles, No conclusion, however, could be drawn from
these experiments because of optical limitations of~the
instrument and the mechanical difficulty of eliminating

fhermal currents produced in the solution by the light
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source used for illuminating the particle. Given enough
time, the difficulties could be surmounted; the results

are expected to give valuable information about the cause

of striations.
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/
CALCULATION OF D

After the manner of Hunt et al. (34) the exponent
a in the empirical intrinsic viscosity-molecular weight

relation (Eqn. 1) can be expressed as
a =z 0.5+ 387 + 1l.585 + as ceees (8-1)

®here 87, 89 and a_, are defined by

3

alzdlncx/dlnﬁ

)
|
a2=d1n;;2l-z/d in M ; ceees (9-4)
and az; =dn Of/a ¥ 3

Equations (8-A) and (9-A) result from differentiation of
the equation obtained by combining the logarithms of Eqns.

(1) and (12).

According to Hunt et al. (34) Eqn. (12) cen be

written as

3/2

®'za [n] HElleD) ceeve (10-8)

whe re %i is a polydispersity correction factor given by
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3 -2
U = [F(y+3 + 28y + ag)J /2(y+1)

[F(Y + 2)] * [F(Y+-3/2-+3al 1—3&2/2)] -1

coees (11-A)

where y is a paraemeter which characterizes the polydispersity

by MM M = (v +2):(y +1):y.

In the present work y has been taken as 1. In acetone
X was found to be practically constant, then &y can be
taken as zero. Similarly ao was also zero in acetone. Sub-
stituting in Egn. (11-4), %b comes out to ba 1.95. By sub-
stitution of this value for %b in Eqn. (10-A) the values

of ! as given in Table VII were computed for CIN in acetons.
d

In ethyl acetate szz/'MZ was found to increase slowly
with ﬁ% over the range studied; thus ay could not be assumed
to be zero. The value of as obtained from a plot of

— _
1n(s )Z/ﬁg vs. 1n M, wes 0.26. As in acetone a, was zero.
The value of %b , calculated from Equn. (ll-A), was then

2.36 from which (D' values were caloulated by substitution

in Eqn. (10-4).
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Equation (10-A) may be written as

— ——23/2
Cbt - k [T]] Mz/(sz ) eeees (1l2-4)

where k is a constant different for each solvent and equal

to qq) /1.5 .
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DETAILED DATA FROM VISCOSITY MEASUREMENTS

The viscosity datea from which the results described
in the main text were derived are given in this Appendix.
The specific viscosities of the samples in acetone at 4dif-
ferent concentrations and rates of shear obtained from
measurements in the four bulbs of the viscometer described
in Appendix II are given in Table V-A. The same quantities
for solutions in ethyl acetate are given in Table VI-A.

The specific viscosities were corrected for kinetic energy.

Concentrations are expressed in grams per 100 cc.




TABLE V-A

Specific Viscosities in Acetone of the Samples of Different Concentrations and Rates of Shear

Sample Bulb  ©¢7=11.01x10"2  oo=8.32x 1072 03=6.66x10‘2 ou;4.76x10-2 c5:3.33x10'2
No. G ¢ _, G G ¢
Mep. sec.”t Tsp. sec. Nap. secTt Tlsp. secT? Tsp. sec
T~g 1 2.736 T 1.750 1008 1.265 1221 0.803 1531 0.513 1815
2 2.811 519 1.728 706 1.301 857 0.821 1040 0.525 1286
ﬁ 2.879 303 1.848 413 1.334 503 0.4 636 0.543 75
2.925 133 1.877 141 1.359 220 0.86 279 0.552 33
cl=9.19x10“2 eom5. 5ex10™2 03:3 .94x10'2 04:2.76::10'2 c5:2.12x10'2
TQ6 1 3.276 67 1.463 1119 0.898  144d 0.569 1745 0.l 1930
2 3. 414 yhid 1.522 782 0.936 1016 0.591 1233 0.337 1362
ﬁ 3.533 259 1.571 456 0.968 595 0.611 725 0.6 806
3.611 112 1.604 199 0.989 260 0.626 318 0.462 354
01=6.56x10"%  ©0p=h.92x1072  ©0323.93x1072  oy=2.46x1072 05:1.64110-2
M-3 1 2.056 934 1.350 1210 0.992 1424 0.555 14813 0.349 207
2 2.111 627 1.281 843 1.01% 995 0.567 1273 0.358 14
ﬁ 2.168 372 1.417 ud7 1.043 576 0.5d82 The 0.465 858
2.211 157 1.442 207 1.056 245 0.592 317 0.369 368

13T



TABLE V-A Contd.

Sample  Bulb  ©y=5.50x10°2  egeh.13x107>  03=2.75x107C  oy=1.83x1072 c5=1.18x10'2
No- ¢ G G ¢ ¢ _,
nsp. sec.-l nsp. secfl nsp. secfl nsp. sec'.'l nsp. sec.
P 1 1.741 1042 1.159 1321 0.689 1682 0.423 1943 0.260 2230
2 1.79% 721 1.195 916 0.705 1174 0.&33 1393 0.265 1570
a 1.453 4y 1.228 530 0.728 682 0.446 813 0.273 921
1.899 175 1.260 224 0.739 291 0.454 348 0.276 396
01:5.17x10'2 c2=3.86x10“2 e3=2.57x10‘2 c4;1.93x10‘2 e5=1.29x10'2

M 1 1.700 986 1.146 1237 0.680 1572 o.4d2 1777 0.309 2005
2 1.766 976 1.143 g5l 0.700 1094 0.498 1239 0.313 1408

i 1.454 384 1.239 4dg 0.728 633 0.514 720 0.322 ga4

1.929 161 1.286 206 0.749 269 0.527 308 0.329 354

024182102 0p=3.14x10"2  e522.51x1072  ¢)z1.79x107° c5zl.l4x10-2

M-2 1 1.633 1011 1.092 1268 0.818 1456 0.537 1715 0.31¢ 1991
2 1.705 69 1.137 875 0.841 1014 0.553 1199 0.327 1397

ﬁ 1.798 39 1.132 502 0.879 586 0.57 696 0.343 816

1.482 165 1.2 212 0.908 249 0.59 294 0.349 352

T4



TABLE V-A Contd.

Semple  Bulb ¢,=1.42x10” -2 co=l.1lx10" -2 03=0.$1x10“2 cq:0.52x10-2
ro- G G G G G
nsp. sec. ’r]sp. sec.”t Nsp. sec.”t Tsp. sec.”! Map. sec. L
M-1 1 0.546 1709 0.424 1849 0.293 2031 0.178 2220
2 0.566 1148 0.440 1289 0.303 1421 0.183 1561
R 0.598 686 0.466 T47 0.314 g29 0.193 915
0.635 290 0.490 318 0.336 355 0.205 393
0123.91x1072  0922.93x10"%  03=1.95x107%  o)=1.47x1072  05=0.98x1072
H 1 2.405 839 1.620 1048 0.456 1451 0.672 1691 0.914% 198
2 2.681 i 1.771 727 1.026 991 0.718 116 0.342 1383
3 3.089 2$9 1.979 39 1.115 557 0.771 66 0.472 797
3.675 109 2.273 155 1.233 227 0.833 276 0.508 336
oq=l 46x10™2 c2=3.34x10‘2 c3=2.67x10‘2 c4:1.67x10‘2 5.1 .03x10 -2
H-2 1 3.257 672 2.062 932 1.485 1146 0. 727 1576 0.450 1941
2 z 6 436 2.251 61 1.600 772 1083 0.473 13k2
z 1 224 2.526 33 1.769 ion o 916 613 0.507 772
4, glily 85 2.895 130 1.992 169 1.006 252 0.549 325

93T



TABLE VI-A

_S_gecific Viscosities in Ethyl Acetate of the Samples at Different Concentrations and Rates of Shear

Sample Bulb  ©7=7.19x1072  ©,25.39x1072 03=4.31x10‘2 c)y=3.08x10"2 c5=2.16x10"2
No.,
G G G G G

’T]sp. sec.” 1 nsp. sec -1 nsp sec.”t nsp. sec. L nsp. sec.

T4 1 2.013 751 1.324 972 0.977 1l 0.638 1373 0.422 1578
2 2.077 522 1.373 676 1.012 797 0.660 96 0.437 1111
z 2.137 304 1.412 395 1.047 o5 0.679 566 .47 656

2.179 132 1.433 173 1.064 203 0.689 oid 0.453 2d9
0126.42710°2  0pah. 8121072  0323.85x1072  oy=2.75x1072  e5=1.93x10
6 1 2.521 o9 1.614 873 1.173 1048 0.755 1295 0.494 1517
2 2.621 N 1.669 606 1.213 ﬁ;o 0.781 906 0.506 1068

g 2.730 257 1.731 350 1.257 ol 0.806 529 0.523 62

2,802 111 1.772 152 1.275 184 0.825 230 0.532 27
¢1=5.11x10"2 e2=3.$3x10‘2 e¢3=2.55x10 2 cy=1.70x10~2 <:5=1.09x1c1"2
M=3 1 2.018 765 1.318 99l 0.772 1296 0.473 1554 0.288 1772
PR mobEl o s om Onl L om up

. . . .503 0.30 2
ﬁ 2.284 125 1.470 166 0.851 221 0.519 229 o.§13 §1I

.21



TABLE VI-A Contd.

Sample  Bulb cl=3.63x10“2 02;2.59x10'2 c5=1. .81x10”2 ou;1.40x10'2 05;1 .01x10 -2
No. G G G G G

nsp. sec.”L nsp. sec. L nsp. sec.” Ll nsp. sec. nsp. sec.”t

M 1 1.713 gt 1.068 1112 0.677 1367 0.495 1531 °'3ﬁ8 1705

2 1.823 57 1.123 762 0.705 9l6 0.515 1063 .3 1192

ﬁ 1.966 321 1.201 4z1 0.750 Ko 0.546 613 0.373 690

2.125 131 1.243 179 0.795 224 0.574 259 0.391 29l

¢1=4.33x10"2  ¢g=3.25x1072 c3-.-2.16x10‘2 cu;l.uuxlo"a ¢5=0. .93x10"2

M-2 1 2.3844 692 1.535 910 0.874% 1228 0.524 1503 0.315 1736
2 2.560 45d 1.628 619 o 20 846 0.553 1843 o.g 1 15?
ﬁ 2.755 253 1. 744 347 Z ldo 0.5”82 601 0.348 70

3.000 103 1.481 143 olt7 201 0.619 254 0.373 300

01=3.21x1072  0p=2. 4121072 0321.60x1072  0y=1.07x10"2  0,20.69x1072

M-1 1 2.003 769 1.311 998 0.76% 1303 0.469 1554 0.287 1773

2 2.195 509 1.l1e 673 0.815 883 0.500 1079 0.305 1237

ﬁ 2.456 276 1.557 372 0.4847 5 0.537 618 0.326 715

2.773 109 1.730 150 0.969 208 0.582 259 0.352 302

$3T
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TABLE VII-A

Rex 105 for the CTN Samples’in Acetone for Different
Concentrations and Different Angles.

T8 T=6
Angle {03 375 2448 1.99 1.52 1,00 0,51 3043 2.46 1,97 1l.52 1.02 0,51
B IT.7E BT 7.7 .85 545 55T 1055 59 5.0 V.5 55 I —
35 11e39 Bed9 7.48 6,55 5.328 3.42 10.65 8.70 7.84 6.98 5,90 4.18
40 11.05 8.26 7.46 6,38 5.,12 3.29 10447 8,47 T7.69 6,77 5H.74 3.93
45 10,71 8.12 7.22 6,18 4,95 3,13 10.22 B8.,88 7.38 6,56 5,50 3,68
50 10,45 7,98 7.02 5.96 4,90 3,03 9,95 8.04 722 6,26 5,18 3.45
60 9,75 7.46 6,90 5,59 4,33 2,80 Q.42 T7.63 6,84 5.83 4,80 3,07
70 De22 7ell B8e24 5,280 3,98 2,30 8.84 7,20 6.45 5,45 4,30 2,66
80 8.890 6,72 5.86 4.89 3.866 2.1l 8,40 6,84 6.06 5.02 3.88 2,36
90 8.45 6,42 5.48 4.57 3.40 1l.91 7.93 6.41 5.67 4,61 3,43 2,10
100 8.04 6,03 5.18 4.25 3.,17 1.76 7.51 6,06 5.28 4,31 3.24 1.89
110 769 5,73 4.90 4,08 2.96 1,63 7.22 5,76 5,01 4,13 3,08 1l.77
120 7.45 5,54 4,74 3.89 2.81 1l.52 5,83 5.54 4,77 3.97 2.92 1.66
130 7.05 5.%6 4,54 3,74 2,74 1.55 6.98 5.,22 4.52 3.74 2.,81 1l.61
135° 6.88 5,17 4,44 3,68 2.64 1.49 6.43 5,11 4,41 3,81 2,74 1.56

T¢I



TABLE VIIéA, continued

M=-3 P
Angle
& 6x107% \ | |
——m 2,50 1,98 1,50 1,00 0,50 2.35 1,76 l.16 0,79 0,40
30 15,46 13.76 10.29 8,79 5.74 13.08 11.30 9.26 ﬁtﬁE’ 1,58
35 14.62 12.40 9,52 8.01 ©5.25 12.08 10.37 8,37 6.72 4.24
40 13.46 11.34 8.98 7.33 4,73 11.26 9.66 7,72 6.26 3.84
45 12,34 10.56 8.24 6.83 4.24 10.58 9.18 7,23 5.75 3.52
50 11.22 9.60 7.74 6.34 3.94 10,02 8.64 6,71 5.31 3.22
55 10.83 9.37 7.42 6,00 3.75 9.30 8.07 6,19 5;11 2.89
60 10,33 8.84 7,00 5.63 3.37 9.00 7.74 5.99 4.65 2.67
70 9.19 8.00 6.456 4.99 2.91 8.32 7.05 5,34 4.05 2.28
80 8.46 7.18 5.69 4.40 2,50 7.63 6.4l 4,78 3454 1.96
90 773 6.55 5420 3,95 2,23 7.03 5.91 4.32 3.17 1.74
100 7.12 6.02 4,77 3.6l 1.98 6.53 | 5.41 3.91 2.87 1.53
110 6.66 5.82 4.48 3.33 1l.81 6.10 5.05 3.64 2,61 1l.41
120 630 5,37 4.29 3.20 1.72 5.83 4,84 3.47 2.47 1l.31
130 6.05 5.10 4,02 3,05 1.64 5.54 4,63 3,34 2,40 1,27
135° 5.98 5.08 3.95 2,98 1l.61 5.38 4,47 3.29 2,39 1l.24

3¢T



TABLE VII-A, continued

M M=-2

Angle
9//é;i0‘5 2.80 1.91 1.63 0,94 0.48 1.74 1.39 1.04 0,70 0.35

—30° 17.08 12.21 11.13 8.52 6.10 12,69 10.94 9.67 7.84 4,93
35 14,84 11.05 10,01 7.71 5.28 11.36 10.03 8.67 6.96 4.32
40 13.68 10,19 9,14 7,06 4.67 10.49 9.3l 7.91 6.22 3.81
45 12,70 9.60 8,74 6.51 4.22 9.82 8.6l 7.20 5,67 3,40
50 11.82 9.06 8.34 6.0L 3.86 9.18 8.09 6.76 5.22 3.09
55 11.20 8,57 7,76 5,68 3.50 8.63 7.90 6.35 4.80 2.70
60 10.60 8,10 7.27 5.24 3,14 8.44 7.33 5,91 4.43 2.45
70 9.71 7.37 6.58 4,56 2.66 7457 6.47 5.24 3.73 2.01
80 8.89 6,71 6,01 3.98 2.28 6.80 5.80 4.60 3.27 1.73
90 8.19 6.11 5.48 3,59 2,02 6.24 5.23 4.13 2.89 1.55
100 7.68 5.69 5,07 3.27 1.80 5.72 4,69 3.73 2.60 1.38
110 7.21 5,36 4,73 3,03 1,67 5.26 4,48 3.45 2.39 1.25
120 6.70 5,00 4,40 2,78 1,51 5.07 4,25 3.32 2.29 1.19
130 6.36 4,76 4,18 2,69 1.48 4.85 4,09 3.15 2.21 1.15
135° 6.16 4.68 4,16 2,69 1,50 4,72 4,07 3.13 2.18 1.13



TABLE VII-A, continued

M-1 H

Angle
€/6210f5__A 1,82 1,51 1,20 0,81 0,41 = 0.98 0,66 0,50 0,33 0,24
30° 19.65 14.34 11.85 9.69 6.52 10.36 B8.17 6.74 5.33 4Z.41
35 16.98 12.83 10.61 8.54 5.72 9,46 7.37 6.15 4.72 3.82
40 15.17 11.53 9.61 7.77 4,97 8.74 6.78 5.52 4.15 3,38
45 13.57 10.60 8.83 7.04 4.39 8.27 6.23 4.98 3.66 2.98
50 12.25 9.92 8.08 6.41 3,94 7.67 5,70 4.62 3.31 2.67
55 11,36 9.10 7.38 6.03 3.60 6.98 5.19 4.01 3.14 2.50
60 10.56 B8.54 7.05 5.43 3.24 6.62 4.96 3.84 2.77 2.19
70 9.10 7.55 6.21 4.69 2.68 5.90 4,33 3,32 2.36 1.84
80 8.12 6.75 5.52 4.05 2.27 5,30 3.88 2.93 2.04 1.59
90 7.28 6.06 4,94 3.60 1,97 4,83 3.49 2.63 1.8l 1l.42
100 B.59 5.53 4.44 3,27 1.75 4,41 3.22 2.37 1.63 1.28
110 6.10 5,10 4.07 2.97 1.63 4,09 2,94 2.21 1.53 1,21
120 5.7 4.82 3.86 2.79 1.52 3.95 2.80 2.11 1l.44 1.14
130 5.39 4.61 3.72 2,66 1l.44 3.8 2.68 1.99 1.40 1,10
135° 537 4,50 3,66 2.65 1.42 3.70 2.65 1.97 1.36 1.09




TABLE VII-A, continued

He2
Angle
€/6210‘5 0.83 0.62 0.,43 0.2l
30° 10,76 B.67 6.65  £.05
35 9,44 7.55 5,75 3,51
40 8.33 6.70 5.06 3,02
45 7.52 6,01 4.47 2,67
50 6.86 5.47 4.06 2,31
55 6.23 4.85 3.60 2.08
60 5,80 4.54¢ 3,27 1.85
70 4,94 3.84 2.73 1,53
80 4,36 B3.36 2.36 1.30
90 3.82 2.96 2,08 1.12
100 3,45 2.68 1.86 1.00
110 3.13 2.41 1.69 0,90
120 2,99 2.28 1.61 0.85
130 2.88 2.22 1.57 0.84
135° 2.84 2.16 1,54 0.82

Get



TABLE VIII-A

R, x10° for the CTN Samples in Ethyl Acetate at
Different Concentrations and Different Angles.

T-8 T=6
A%fie
//6;10'3A 234 1.96 1,50 1.00 0,54 1.87 1.39 0,67 0.34
30° 9,60 7.63 6,59 5.39 3.68 9.12 B8,56 4,45 2.62
25 9.10 7,34 6,53 5.16 3,50 8.56 6.33 4,20 2.45
40 BeB87 7620 6423 4.89 3.37 8.14 6.06 3.95 2.28
45 B.35 6,86 5.91 4,63 3.10 7.78 5.78 3.74 2.13
50 7.85 6,53 5,62 4.44 2.92 7.44 5.53 3,50 2,01
60 727 6,07 5.23 3.95 2.51 6.75 5,09 3,06 1l.89
70 B.75 5,66 4,77 3.56 2,24 616 4,65 2,66 1.45
80 6.28 5,21 4,37 3.20 2,00 5.9 4,24 2.36 1l.29
90 5.76 4.83 4,04 2.93 1.80 5.24 3.89 2,14 l.14
100 5.39 4.48 3,76 2.71 1l.62 4,856 3,58 1,94 1,04
110 5.05 4,25 3.56 2.56 1l.54 4,55 3,33 1l.81 0,93
120 4,80 4,06 3.39 2.43 1l.46 4,47 3,19 1,70 0.89
130 4,59 3,82 3,15 2,26 1.38 4,21 3.00 1.63 0,87
155o 4,54 3,81 3.13 2.26 1.35 4,12 2,93 1,58 0,84

9¢T



TABLE VIII-A, continued

M~3 M

Angle

9 6x10~9 1.97 1.50 1.01 0,52 1.91 1,52 1l.12 0,76
30° 13,75 10.39 7.65 4.48 10,39 8.83 7.73 6.53
35 11.85 8.97 6.59 3.90 9.38 8.08 7.03 5.93
40 10,53 8.09 5.93 3,40 8.51 7.43 6.55 5,39
45 9.52  7.35 5.42 3.20 7.85 6.95 6.05 4,89
50 8.64 6,79 4,94 2,90 7.26 6,45 5.56 4,49
55 7.90  6.25 4.53 2,55 6,71 5.97 5.08 4.23
60 7.65 5,90 4,30 2.42 6.45 5.77 4.94 3.89
70 6.74  5.22 B3.75 2.05 5.90 5,09 4.31 3,34
- 80 5.97  4.69 3.29 1.79 5.32 4,59 3.86 2.92
20 5.41  4.20 2,98 1.58 4.86 4.14 3.47 2.61
100 4.92  3.83 2.68 1.42 4.47 3.80 3.17 2.34
110 4,55  B3.55 2.47 1.30 4,16 3.51 2.93 2.18
120 4,36  B3.44 2.34 1,28 3.96 3.36 2.77 2.07
130 4,12 3,25 2.26 1.19 3,77 3.15 2.63 1,96
135° 4.08  3.16 2.19 1.16 3.70 3.11 2.60 1.89

leT



TABLE VIII-A, continued

100
110

120 .

130

o
135

M-2 - M-1 H-2
1.52 1.26 0,79 0.60 0,41 1,01 0.83 0,61 0.40 0,70 0,59 0.47 0.24
12.39 9.87 7.48 6,50 4.87 10,00 .26 6.70 4.98 8.58 7.81 6.19 3.52
10,95 8,57 6.42 5.43 4,17 8,72 7.26 5.85 4.30 7.37 6.16 5.25 2.99
9.66 7.7l 5.71 4.76 3.66  7.62 6.47 5.14 B3.70 6.40 5.40 4,50 2,54
8.75 7.06 5,13 4.27 3.25  6.85 5.78 4.57 3,26 5.63 4.75 3.91 2.19
8.15 6.47 4.74 3,92 2,91  6.14 5.27 4.20 2.93 4,99 4.15 3,46 1.85
7.51 5.97 4,30 3.52 2,60 5.78 4.95 3,95 2.79 4.60 3.84 3.17 1,68
6.93 5.67 3.98 53,20 2.37  5.24 4,44 3,43 2,38 4,17 3.46 2,87 1.49
6.13 4,91 3.40 2,73 1.96  4.44 3.75 2.89 1.86 3.48 2.89 2.36 1.20
5.44 4.36 2.99 2.36 1.68  3.80 3.27 2.46 1.63 2,96 2,43 2,01 1,00
4,89 3.91 2,65 2.06 1.48  53.,39 2.86 2.15 1l.44 2,61 2.16 1.75 0.89
4,47 3.54 2,41 1.85 1.32  5.06 2.54 1.94 1.31 2,32 1.92 1.56 0.79
4,17 3.27 2.21 1.72 1.23 2,81 2.37 1.80 1.20 2,15 1,77 1.42 0.72
3.91 3,05 2.06 1.61 1.15  2.64 2,83 1.67 1,11 2,02 1.67 1.34 0.66
3,75 2.95 2.00 1.56 1.12 2,52 2.10 1.61 1,04 1,95 1.59 1,31 0,65
367 2,91 1.96 1,53 1.09  2.50 2,09 1.58 1,06 1,95 1,58 1.30 0,64

8CT
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CLATMS TO ORIGINAL RESEARCH

The Brice-FPhoenix Light-scattering Photometer was modified
to accommodate small cells in which solutions could be
clarified for light-scattering measurements by ultracen-

trifugation.

Light-scattering measurements on high molecular weight
cellulose trinitrate in two solvents -~ acetone and ethyl

acetate - have been carried out.

It has been shown that in acetone, cellulose trinitrate
assumes a random coil configuration above a molecular
Weight of 600,000 but in ethyl acetate such configuration
is not achieved even at the highest molecular weight

studied (2.5 x 109).

The intrinsic viscosity in acetone has heen shown to be
independent of shear rate in the range of shear rate from
700 to 300 sec.”! even for the highest molecular weight
fraction investigated. In ethyl acetate the intrinsiec
viscosity was independent of shear rate for values less
then 30 al. g.”*. For [n] > 30 a1. &t
tionship with the rate of shear could be extrapolated

a linear rela-

to obtain the value of Zero shear rate.
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5. The exponent a in the intrinsic viscosity-molecular weight
relationship for high molecular weight cellulose trinitrate
was found to be approximately equal but less than unity

in both solvents.

6. Certain anomalous observations in light-scattering have

been shown to be genuine effects. Tentative suggestions

have been made to explain these phenomena.
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SUGGESTIONS FOR FURTHER WORK

A study of cellulose trinitrate solutions at very low

rates of shear in a Couette type of viscometer.

A more detailed investigation of the anomalous increase

of Tlgp at very low concentrations, e.g., dependence

on cagillary size, rate of shear and molecular weight.

Further investigation of the anomalies found in light-
scattering. DPFor example, parallel light-scattering
and viscosity measurements may reveal a viscometriec
analogy to the deviation from linearity of (KO/R )
vs. ¢ line at relatively high concentration. 9=0
A more careful study of the sedimentation of glass
beads might indicate the origin of striations in cen-

trifuged solution.

Study of the influence of nitrogen content on molecular

dimensions and interaction constants.

Light-scattering and viscosity study of cellulose tri-

nitrate in a poor solvent at the { temperature.
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