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PART



STUDIES ON SOLUTE-SCLVENT INTERRCTION IN
RUBBER_SOLUTION BY LIGHT OCATTERING,

High polymeric substances owe their unusual
properties to the size and spatlal configuration of their
molecules, and in recent years, considerable attention has
been paid to correlating their structural characteristics
and solution properties, In general, the spatial
configuration of high polymer molecules depends,inter alia,
upon their monomeric structure and environmental
condltions, Many changes in the physical properties
of a polymer can be brought about by changing the

environment,

The behaviour of polymeric substances towards
solvents 1s very characteristic, Whereas low molecular
weight substances dissolve in a suitable sclvent to a well
defined saturation limit, high polymeric substances first
swell, imbibing liquid without themselves getting dispersed.
In bad solvents the process stops here, while in good
solvents polymers gradually lose form and ultimately get
dissolved, According to the thermodynamic formulation,
the process 1s related to a change in the Gibbs free energy
of dilution AF_, A polymer will be completely miscible

m
with a liquid if ZSFm is negative at all concentrations,
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AFQ is related to the osmotic pressure of a solution by

the well known equation
D AF,
ViTT = - N [_ —?;7;!1
{
T,P)"n.z (1)

where Vq 1s the molar volume of the pure solvent, N the
Avogadro Number and nj and ny the number of molecules of the

solvent and the solute respectively in a given volume V,

Rewriting equation (I) ag

], LB

VT = - AJX; YN

! 3V A e my LM g my,(2)
we obtain .

- }Ar«m] |
- 3V 4T, By (3)

since

é)Li} = \h/rv
30 AR ALY

For an ideal solution,
(4)
where C is the concentration in gms/ml, M the molecular

weight of the solute, R the gas constant and T the absolute

temperature,



It can be ween from equation (4) thatTT"is
directly proportional to the number of solute particles in
a unit volume, Thus, by the measuring the osmotic pressure
of a solution at a given concentration both the molecular
weight and AFp can be estimated, Equation (4) further
lays down the condition that for an 1deal solution a plot
of TW/c versus ( should be a straight line with a zero
slope, Generally solutions of high polymeric substances
exhibit very low osmotic pressures and the plots of TY[C
versus C do not show zero slopes except under specific
conditions., This indicates that polymeric substances
have high molecular weights, and their solutions show
a departure from ideality,. This non~ideal behaviour is due
to the facts that the solute molecules occupy a large
volume in solution and that they interTact with each other
and with their surroundings, thus violating the two of
the most important conditions for ideality, Therefore,

a knowledge of the volume requirements as well as the
nature and the magnitude of interaction of the polymer
molecules in solution is essential to understand their
non-ideal behaviour and other soclution properties, 1In
what follows, we shall attempt to explain briefly the

origin and the consequences of this non-1ideal behaviour,
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The chemical formula of & polymer may be
represented by (Monomeric unit),, where n has usually very
high integral values, This type of structure 1s capable of
acquiring a very large number of configurations in space by
virtue of rotation around bonds of the main chain skeleton,
A theoretical description of many properties of dilute
polymer solutions requiregzgtﬁaﬁagedge of the average
configurations of the polymer molecules, which is
characterised by the mean-square end-to-end distance 355.
W.Kuhn54, and Guth and Mark39 independently proposed that
a chain consisting of Z flexibly-linked elements (segments)
of lengthJQ would have a configuration analogous to that
of a three dimensional path of a freely diffusing particle

which makes 7 random jumps of length,,ﬂm. Accordingly,
they calculated the probability W(r)(dr) that the two ends
of a chain would be separated by a distance which lies in
the range r and r + dr irrespective of direction and is
given by
- _r.szﬁz-’“
W (R)dn = [fb/n'/l] utr =t 2 dn, (5)

where

3 V2 -

From equations (5) and (6) ;:Q

U]
is found to be equal to {z ,’1 In the case of real
polymer chains, however, the problem of finding W(r) becomes

difficult owing to the existence of potential barriers which
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restrict free rotation around the bonds, Kuhnss’56

showed that a reasonable statistical distribution of
displacement-lengths for such a chain as a whole will be
obtained if each element is replaced by a hypothetical
element of length /e'equal to the r.m,s, length of the actual
elements consisting of m bonds, Thus the statistical
elehents are both random in orientation and fixed in length,
and the problem is reduced to that of a freely-jointed

chain consisting of Z (= %‘,]elements of lengthze-l-

The form of the distribution of chain displacement lengths

in such a case would be approximately Gaussian, but the

value of f5 would be given by

2 ] "2, '
F’ - Ka _ZIEJ:I (7)

and —_

(8)
- A Q"z
(9)

where A 1s a constant for a given chain structure depending
upon bond angles, extent of any restricted rotation2:57,71

etc, Flory28

pointed out that a treatment based on an
outright acceptance of a random walk model would be in errér
since a freely diffusing particle is permitted to cross

its paths numerous times, whereas a configuration of a polymer
involving one or more crossovers 1s forbiddin because each

element excludes a volume from all other elements, 4s a

result, the r.m,s, end-to-end distance would be increased
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from its unperturbed value ()‘:3)"21'04(5{3)',&‘ K beung
an expansion factor, A4s a result the volume pervaded by

a polymer chain would be considérably}larger. Consequently,
even in dilute solutions there may be considerable over-lapping
of domains of the polymer moleculeg giving rise to
appreciable inter-and intra-molecular segment-segment
interaction. Since the segments of one molecule are
indistinguishable from those of another, the same parameters
would characterise the above interactions, The nature and
extent of these interactions, irrespective of the fact

that they belong to the same or different molecules, depend
on the solvent power of the medium 1,e, on how effectively
the solvent molecules can separate them, Thus, the

problems of segment-segment and segment-solvent lntereaction
are mutually dependent and therefore, the magnitude of the
volume excluded by a segment to other segments would depend

on the nature and extent of solute-solvent intereaction,
Consequently, the average value of 552 in any solvent will
depend upon the overall effect of the attractive and
repulsive forces operating between the segment-segment and
segment-solvent pairs, If the skeletal effects are isolated
the expansion factor'A A  may be taken as a measure of

28

solute-solvent interaction, Flory deduced an equation

relating oA with various physical parameters of a polymer-

solvent system, namely

5_ (* _
A= 4 = AL v -, M (10

where Y, and ){‘ are entropy and heat parameters such that
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AS = Ry, vy* (113

amd AR = RT X\ %

Uy being the volume fraction of a polymer in solution,
AW and AS are partial mol” ar heat and entropy of dilution
respectively and CMm a constant for a particular polymer-

solvent system, Equation (10) can be rewritten as

5 3 _ ac_ | — 8/+] Mq72
A~ —oL b ML‘“Y_’ J , (12) -

where @ has the dimension of temperature, It can be

seen that at T=6 J.g\—_-\cw\c\ ;3 =:95 i,e, the molecular
configurations are unperturbed by inter-or intra-molecular
interactions, However, the skeletal effects would still

be operative, For very dilute solutlons, Flory28, and
Flory and Krigbaum30 obtained an equation for excluded volume

W in terms of R, and ;| ¢
= 2

W= al \v.—)?.] v MTE,
V) A

where v N (13)
2
X X -
- AT SR A
6 2,3
and X = 4cpm Y, L"‘ /T]M /A (15)

= 2 \10(1-— \]

- being the specific volume of the polymer, Since, at

T=0,d=1 5 F{(x) would be equal to unity and u=p
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Thus at © temperature, the so-called 'Flory point', the
polymer molecules would behave 1deally since both the

interactions and the excluded volume vanish,

In view of the importance of the intereference
effects (excluded volume) in polymer solutions, several other
attempts have been made to calculate an expression for W,
Excellent reviews on the subject are available in the
literature, (F,T.Wall and L,4,Hiller, Annual Review of
Physical Chemistry, 1954 and Krigbaum, J.Chem,Phys., 23, 2113,
1955). In general,vthere are three views held regarding the
dependence of excluded volume on the number of segments in a
chain, .

(a)j;? retains exactly the volue it would have had
if long range interference effects were absent (J.J.Hermans,
Rec,Trav.Chim, €69, 220 (1960); H,Hadwiger, Makromol Chem,5,
148 (1950), and T,B.Grimley, Proc,Roy.Soc(London) 4212, 339
(1952) ). This point of view has been shown to be incorrect
by various workers,

(b) The value of %2 increases with the increase of
Z 5 but it does not alter its prcportioﬁiﬁggstant. Thus the
effects can be adequately represented by suitably altering
the value of 4 in equation (9),41’42’73 i.e,

Rz AR |
so that ’:z/zconvergesA to a limiting value as Z tends to become
infinite,
(c) 22 increases more rapidly than =z , i.e, /“—7}"/2_
3,48,53,82

diverges, as £ tends to infinity.,

The present state of affairs with respect to
convergence or divergence of the ratio U/ Z is still
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unsettled, It may, however, be mentioned that the recent
experimental results show better agreement with (c¢) and are

consistent with Flory's treatment,
II1I

To demonstrate the consequences of volume

29,30,32,51

exclusion, we can, following Flory, deduce an

expression for osmotic pressure for a polymer solution to show
the resemblance of the non-ideal behaviour of a polymer solution
with that of a non-ideal gas, For the sake of simplicity only

first order deviations have been taken into account,

Consider a dilute solution of wvolume \'containihg ng
identical polymer molecules and let W be the volume excluded
per polymer molecule, For a very dilute solution, ng W << V,
and there 1s no appreclable overlapping of the domains of any -
two molecules, The number of locations available for the
centre of gravity of the first molscule introduced into the
system would be proportional to V and for the second molecule
to (V-W), as the first molecule excludes a volume W
Likewise the number of locations available for the 1§P molecule
would be proportional to (V-iu), Thus the total number of

arrangements for n2 polymer molecules would be

M=)
Q= Coniomt X 1T Lv-xu]

=0 (16)
and therefore, the entropy of mixing
- R\ (17)
ASq = °9 Q@ , Qmd

we get
AFm= - RY logQ

Mo —
-'—RT{T“%V‘ WY k] comlant (18),
Ae=o

—
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and hence

~[2aFm kT [ - ()Y ] a9

If u=0 and V=1 ml,,

—n—= '7)2kT = -5— RT

7
<
which is identical with equation (4), and thus [C—‘\}') -",%]

represents the first order deviation from ideality,

Equation (19) can be rewritten as

oo adxnd
‘5" Mn+A] RT |A,+AC - (20)

where &, :;*/hh, M, being the number average molecular
welght and

A= 2’;‘% = E—Y [1—- 9/7] Fey 1)
Equation (20) shows clearlj that so long as u# 0, a solution
will not be ideal, Several other theoretical attempts teo
evaluate Az were made by Huggins47, Floryfz and Zinm76,

A discussion on the merits and demerits of equation (21)

and those deduced by Flory, Huggins,and Zimm will be given
later. It may be stated, however, that equation (21) is

actually a generalization as well as a refinement of the earlier

equations and hence differs from them only in detail,
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It is seen that osmotic pressure measurements
can help only in the evaluation of M., and the second virial
coefficient 45, but no information can be obtained about-zﬁ
required for the determination of the expansion factor X
Secondly, osmotic pressure,being inversely proportional
to molecular weight, decreases with increasing molecular
welght and is too small to be measured accurately for polymer
systems. This and other difficulties make the application
of the technique to polymer systems unsuitable, It is
therefore 'necessary to find an alternative method for

evaluating the three parameters M, f, and « .

Iv

Measurement of the intensity of light scattered
by polymer solutions offers one such method, the fundamental
basis of which has been well established and excellent
reviews are available on the subject, (S.Bhagvantam,
"Scattering of Light and The Raman Effect", Published by
Andhra University, 1940,, H.Mark ,'Chemical Architecturet
Interscience Publishers, New York, 1948., G.Oster,"Chemical
Reviews: 1948), Only a brief outline, therefore, will be
given on the development and application of the method to
the investigation of polymer solutions,

Einstein20 pointed out that the scattering of
light by a condensed system is due to the existence of
thermal density fluctuations, as a consequence of which

the average refractivity also fluctuates in micro-space
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and the system becomes optically nonhomogenous., Thus the
intensity of light scattered may be regarded as proportional
to the product of the magnitude of dgnQﬂa fluctuations and
their optical efficilency, If the solvent is made more
nonhomogenous by the incorporation of solute molecules,
there will be additional scattering of light due to
fluctuations in concentration and the amount of this
scattering can be used to ascertain the number of solute

particles and thereby the molecular weight of a solute,

To evaluate the magnitude of the concentration

fluctuations mentioned above, one can make use of equation(zo);

ThuS  4T/je = T VM * ‘.‘LAQC]

_ ™ |
T -
RT =
oY farjac = TEYWYS

Mﬁgre m is the mass of a solute particle, The éxpression
on the left represents the ratio of the thermal energy of a
particle responsible for bringing about the local random
density and concentration fluctuations, and the osmotic
force per unit concentration. which tends to restore the
conéentration to its average value, Without taking into
account the effect of density fluctuations which can be )
sub?tracted out, equation (22) gives an equilibrium value
of the magnitude of the localconcentration fluctuations in
a real solution, For an ideal system, where &, = O,
the expression on the right is equal to m, i,e. the mass

of the particle, The presence of Ao reduces thls magnitide
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molecular weight of a polymer, the magnitude of concentration

by a factor, In view of the high

fluctuaticns, and hence the intensity of scattered light,
1 1

will be high, Debyei®1® ,ng Doty, Zimm and Mark 6

deduced the following equation correlating M, Az)C

and the excess turbidity q at 90° due to solute molecules,

where Mw 1s the weight-average molecular weight and H is
a constant for a particular polymer-solvent system and
is given by

2

3 \ | Am
n 32T L - Mo —
H = 3 N N iL ch.}

D, and n being the refractive indices of the pure solvent and
the solution respectively, and A the wave-length of light,
The term Ebo AM/dC:]Q' represents the optical efficiency

due to the fluctuations, Equation (23) is deduced én the
assumption that the scattering particles have dimensions
less than 1/16 of the wave-length of light in sélution, _
If this condition is not fulfilled, the 1ight scattered from
two portions of the same macromolecule will interfere,

and the radiation envelope becomes asymmetric, Doty and
Steine%? ZimmZZigggfg" Stein and Doty78 have deduced
modified expwe&ssions which take into account the
interference of light due to particle size. 4n expression

due to Zimm takes the form

ke o _

.- 2hgC 4+ - - -
- My P(e) T2 T 28
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where ® 1s the angle of observation of scattered light, K

a constant equal to ELVITS and
(9) [-‘e‘. - Cl‘—‘x)]
(25)
where
2
>~ = 20 »* e son? B/2
3N
For small values of <, P@) = \+X/3
and : (26)
| T3 2 AyC
KC —_— ¥ 2
(27)

If aplot of /Ty wvs ( RO+ S Bl ) 4

made,

at 8 = 0, the slope of the curve is 2P~2/K-‘3“-"
at C = 0, the slope of the curve is x/‘g Mw si:n"e/,_

and at 8= 0 and C = 0, the intercept 1s equal to ‘/rwu>

Therefore, from a single plot, one obtains the values of

M, 2?2 and &

4 simpler method of evaluation of ,;5. is baseu
on the measurement of the intensities of scattered light
at two angles symmetrical about 900, and the ratio of the
two intensities when extrapolated to zero concentration, the

so-called dissymmetry ratio, is represented as
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(_ IG/I[_I%D—QJ]C ;: [ZJ

The intrinsic diségymmetry[jl] is a measure of the particle
]

size. Doty and Steiner!® have tabulated the values of D/XN

and Yp(90) for various values of [Z] for spheres, rods and

random coils, (FLgs. 2 and 3)

Equation (25) is deduced on the assumption that a-
chain molecule can be regarded as made up of a series of
- emitters, the polarizability of each emitter being independent
of direction, In general, the polarizability of an
individual emitter depends on direction and is a tensor.,
Due to this anisotropy, the scattered light consists also
of a weak horizontal component, Depending upon the state
of polarization of the incident light, we have Nu Bu, 7
No» ; Np, B omd Ry, components of the scattered liéht.
The capitals represent the components of the scattered light,
namely, vertical or horizontal, and the subscripts refer to
the state of polarization of the incident light, namely,
unpolarized, vertically or horizontally polarized, Since
Vv 1s the only component which is related to the mass of the
particle, the turbidity as observed should be suitably

corrected to take only the Vv component into account,

In contrast to Vv, the Hv {3:Vh according td
the Theorem of reciprociti} component of the scattered light
depends upon the number and the intrinsic anisotropy of
ségments at a given concentration, and as pointed out by
Doty%7 and Zimm, Stein and Doty?8 independent of molecular

weight., If the size of the segments in a solution is changed,
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the anisotropy and hence the magnitude of Hv or Vh will
be altered, In good solvents, where a polymer molecule is
expanded due to volume exclusion, the average size of the
segments would be bigger as compared with their unperturbed
state and there would be fewer solute-solute contacts.
is a result W“v/¢ would remain unaltered by a change in
concentration C, In poor solvents, on the other hand, due
to increased inter- and intra-molecular contacts with
increasing concentration, the segment size would be slightly
shortened and 1ts anisotropy would be decreased correspondingly
This would result in a dimgnition of the values of Hv/C
compared with those in good solvents, and also the _
magnitude of WV/e would decrease with increasing concentration;
Doty and Stei%? and Bhatnagar and Biswas% attempted to
utilize depolarization properties of scattered light for an
evaluation of polymer-solvent interaction, They measured

the depolarization ratics fa- amd Py

given by, fq, = W amd Py = \%}b
Ney- N

and furnished an indirect confirmation of the above
reasoning, but no attempts were made to compare the deductions

arrived at with those obtained from the measurements of

Ao and oL . /7

In what follows, an attempt will be made to
compare the experimentally observed values of A2 with
those calculated and the various attempts made to test

equation (12) experimentally will be indicated,
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v

24,2
decording to the theories proposed by Flory 26

45,46

and Huggins based on the lattice model for polymer

solutions, the value of A2, as given by the general

equations59’79
T/c = RTL VMg + haC + hacde - - ]
(28)
amd
e = L4 oame & Rac* + o -
L e (29)

shoculd be a constant for a given polymer-sclvent pair,
independent of molecular weight and unaffected by the
heterogeneity of the molecular weights, However, studies
- on various polymer-sclvent systems made by Outer, Carr and

64 .
Zimm®©, Flory and collaborators>: 120152

5,10,63,68

and other
continental workers have, on the contrary,
definitely established that Ag decreases with increase in
molecular weight and increases with molecular hetercgeneity

avero.ge,

at a fixedAmolecular welight. 4s explained by Flory%7

the failure of the earlier theory 1is due to the fact that,
in their development, it was assumed that there is a uniform
distribution of segments in solution, an assumption which

is correct only at fairly high concentrations. However,

in deducing equation (21) for Ap, no such assumption has been
made and the dependence of A2 on molecular welght is shown,
thomgh a quantitative agreement is still lacking. This is
attributed primarily to a defect in the function F(x) given
by equation (14),. F(x) is sensitive to molecular

heterogeneity and changes to



Y= 2 Tzwc wy ¥ (e, (30)
A

where W¢ and Wy are the weight fracticns of the polymer

30
species £ and I respectively and [:XLIJ is given by

3,

203 2/ /2

2 \/~L‘L‘> (ylﬂ—)
M2 M3

2/3
M 2 (31)

[XUIJ _

——

[pu My ] (_

Thus the modified expression for A2 is given by

Ay = -q—\),-;a‘.\\’\—x'] y . (32)

The trend of the experimentally observed values of &g

52
agrees with that predicted by eguation (32},

From the foregoing discussion 1t is clear that,
for a quantitative estimation of 4 , polymer fractions
should be either very sharp or of known molecular weight
distribution. Otherwlse, only a qualitative approach
to the problem of solute-solvent interaction is possible,
On the other hand v /c data seem to be lndependent
of the molecular weight and 1ts distribution, and hence,
if their interpretation is properly developed, valuable
information regarding the interaction of a polymer with

its environment may be revealed,
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Besideg 1light scattering and osmotic pressure
measurements, measurements of the swelling of a polymer and of
the viscosity of a polymer solution are used for the
estimation of solute-solvent interaction, Swelling measuremer
are qualitative in nature, Viscosity measurements,
however, are easy to carry out and of great interest, since
much information on excluded volume has been obtalned fronm
themn, This method has been dealt wifh in greater detail
in the second part of the thesis, Menfion, however, mav
be made of some important equations, proposed by Flory

and his collaborators}l’ 31,33,34,36,58,74 which relate

the intrinsic viscosity with My« viz,s
!
Va _ Vatr @
K_r\'\]: KDOL?)M = Ko ™
(33)

(34)

— 32
_ )
— #3 -[:]

where K, and ¢b are constants and

0: _ d Xog"(fb (35)
A log™M :

Equation (33) predicts that at T =6,vhen OL:I)

] o o P2 (36)
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i.e. the intrinsic viscosity would be directly proportional
to ME « Equation (36) is of great importance, since

its validity 1s a direct proof of the excluded volume theory,
It has been shown that the results obtained from studies

on polyisobutyleng? polystyrene%l’33 natural rubber,74

8
gutta percha',74 cellulose tributyrate? cellulose

68 31

tricaprylate “ and polydimethylsiloxanes“  systems

satisfy equation (36),

Since the light scattering method provides scope
for the direct determination of the parameters M, Ag |
and € in different polymer-solvent systems, this technique

has been used in the present studies,

Vil

Almost all the solution properties of rubber
depend upon the electronic configuration of the functional
groups as well as the spatial configuration of the molecule
in the medium, One can influence to varying extents the
reactivity of the functional groups of rubber by changing
the solvent. For example, the rate of halogenation or the
adhesive properties of rubber solutions may be altered with
the change of the solvent medila, Hecht, Col@s and Keeler4°
have shown that adhesion is dependent on the specific

viscosity of a polymer in solution,

Considering its great importance, the light

scattering data on rubber are fragmentary.9’15’38’72
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Bywater and Johnson® studied several fractions of rubber by
light scattering, viscosity, osmometry etc, These studles,
however, were confined to only two solvents, namely,
chloroform and hexane, and thus afforded little information
regarding the rubber-solvent interaction, Moreover, the
deductions made by these investigators about the state of
rubber molecules in solution are not convincing, The res§

of the work15’38’72

reported is actually a study on
depolarization ratios, using rubber as a solute, From
their studies of ), , P, and f, , Gehman and F1e1d3® showed
that rubber molecules are quite large and have a liquid-like
structure in solution, but they made no attempt to compare

the molecular configurations of rubber in different solvents

The present studles were undertaken to examine the
behaviour of rubber in a number of solvents such as carbon
tetrachloride, chloroform, trichloroethylene, 1,2,dichloroethane
2,2,4-trimethyl pentane (iso-octane), tetrahydrofuran, o
cyclohexane, cyclohexanone and mixtures of these two and
evaluate the solution properties in the above systems as

revealed by light scattering measurements,

70 measured viscosities

Recently Streeter and Boyer
of very dilute solutions of polystyrene and reported that in
the range of very low concentrations the linear relation
between WP/¢  vs C breaks down, The values of Msp/c
decrease with decreasing concentration, reach a minimum and

then increase, Kapadia49’50

instead of observing only one
minimum, obtained several humps in the plot of”bpiys c
for natural and chlorinated rubber solutions, In tetrahydrofurs

this phenomenon was reported to be very pronounced (privaté
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the above phenomenon,
(&) In dilute solution, polymer molecules may undergé
a change in size and shape7o, of |
(b) the effect may be due to adsorption of polymer
molecules on the wall of the caplllary of the viscometer thereby
defreasing its radius, This effect would alter the viscosity |
in the range of very dilute solutions. To test the first
hypothesis repeated dissymmetry measurements on rubber-
tetrahydrofuran system were performed in the range of very
low concentrations, The data did not reveal any significant

change in the particle size, This is also in conformity
with similar studies made by Frank37 on polystyrene solutions,

In the present investigation, molecular weights and
particle sizes were determined by measuring the turbidities
at 90° and dissymmetry at 60o and 120° respectively, |
The measurements of Vu, Hu, Vv and Hv components were made
in separate sets of experiments, Since only Hv and Vv
components are of interest in the evaluation of solute-solvent
interaction, only their values will be presented in what

follovs,
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Purification of rubbers: Commercial latex was diluted to about

15% dry rubber content and deproteinised by adding sodium
hydroxide in an amount equivalent to 24 on the weight of
latex®2, yhich was then heated to §5°C for five hours with
slow siirring, The latex was cocled and allowed to
separate intc two layers, The serum was removed and the
concentrated latex was diluted to 10% solids and coagulated
with 1% acetic acid, The coagulum was washed repeatedly
with distilled water, The water was squeezed out and

coagulum dried in vacuum at 50°C for about 48 hours.,

Extraction of sol-rubber: Sol-rubber was extracted by
means of petroleum ether (40°-60° fraction) in a soxhlet
extracter for about 96 hours, The solution containing the
"sol" portion was concentrated and stored in a nitrogen |

atmosphere in dark.

Purification of solvents: A4l1ll the solvents used in the
experiments were purified by standard methods as given in |
"Experiments in Organic Chemistry" by L,F.Fleser, |

Each solvent was distilled in a fractionating column aftef‘g
purification and only the middle fraction collected.

Just before use, each solvent was redistilled in an all glass

pyrex distilling apparatus,

Preparation of the solutions of sol-rubber in various solvents:

The sol-rubber concentrate in petroleum ether was diluted with

the desired solvent and the solution concentrated to an ef%ent
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that it d4id not completely dry up.‘ This process of
concentration followed by dilution by the solvent and
reconcentration was repeated six times to remove the last-
traces of petroleum-ether, not allowing the solute to get dry
and interact with the atmospheriec oxygen, Finally a
‘steck solution of sol-rubber in the desired solvent
was prepared and its concentration determined by evaporation
of three 5 c.c, samples under vacuum at 50°C, for 24 hours,
The 'S%eci solution was filtered through a sintered glass
filter till no suspended particle could be detected. Other
concentrations were made by édding a known volume of the
sStock sélution to a known volume of the solvent in the
lightvscatyeringgelf; "4s a check the final concentration
was detefﬁiﬁéd;prévéﬁorating 5 c.c. of the solution under
vacuunm, Afterkihé preparation of the stotk: solution no
care wasafaken:jO'gvdidjits contact with air, but the lighi
scatteriﬁésé%udiésiié;;Jmade as quickly as possible,

In the case'éf solutions in cyclohexanone,
cyclohexane and their mixtures, each concentration was
separately prepared and stored in the dark, Each solution
was filtered repeatedly in a dissymmetry cell till no

visible suspension could be observed 1ln the solution,

Light scattering cells: In the case of other solvents,

a 100 ml, centrifuge tube with:épout was used for turbidity -
and dissymmetry measurements. Out of 20 scratchless tubes
selected out of 100, only five gave symmetrical scattering
envelope for benzene, 4 dull black wooden adapter was

designed to hold these tubes, similar to the one used by
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Boedtker and Doty6 (Photograph I), Due to the geometry
of the adapter, it was possible only to measure intensities
in the range of 60  to 120° without introducing back
seattering from the cell wall, The advantage in using
these Jjointless cells is the ease with which they can be
cleaned, The use of such a cell was found necessary due to-
two reasons, e, the non-availability of the usual diSsymmetry
cells at the time and the time-taken for cleaning the square
or dissymmetry cells was found to be almost prohibitive,
The depolafization measurements for the rubber solutions

were made in a standard square cell,

Refractive indices: Refractive indices at various wave
lengths of all the solvents were obtained from
"International critical tables" and the values for

A= 43604 were interpolated from the available
data. No temperature corrections were applied; since
after corrections in turbidity for refraction effects,tn3
term cancels out in the expression for *{ﬁﬁo' However,
this inaccuracy would affect the absolute values of T as

well as those of Hv component,

Refractive index Increments: To evaluate %ﬁé for the

rubber solutions, the modified Glasstone-Dale equation was

employed as suggested by Outer, Carr and Zimm_s4 and later used

by Boedtker and Dotys, Aoe,

d .
%%é:: Ry — Edl Ry b

o | ‘ (37)
R,= 2= amdgnd
Ay 4, R=-T,



s 26

where subscript‘l and 2 refers to solvent and polymer
respectlively, d 1s the density and Ry and Rz are supposed to
be constants lndependent of the temperature or state of
aggregation, n, was evaluated by measuring dn/dC

for rubber in chloroform at 250C by means of Rayleigh
Interference Refractometer, The observed value of 0,108

at N=43604 is in good agreement with that obtained by
Bywater and Johnson9 e.g. 0,105 at A= 54604, The

necessity of using equation (37) arose due to the fact that
for rubber solutions a dependence of %g on C was observed
for most of the solvents used, This may be due to rapid
oxidation of rubber, thereby prewenting reproducible
observations, The experimentally observed value of %%

was obgained for concentration of about 1%, a region in which
%ﬁ{ was found to be a linear function of concentration,

The values of mp %ﬁg and H for rubber and various solvents -

and solvent mixtures are given in Table I,

TABLE I,
Bolvent a%%2360% dn/dc Rx10°
Chloroform 1.45288 0.108 3.705
Carbon tetrachloride 1.47516 0.0838 2.299
Dichloroethane 1.45215 0.1084 3.729
Trichloroethylene 1.47770 0.0791 2,056
Tetrahydrofuran 1.40762 . 0.,1247 4,637
Iso-octane 1.3916 0.1421 5,884
Cyclohexanone 1.4634 0.0962 2,982
CYy¢éohexane 1,4412 #.1202 4,518

Rubber 1,5525
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Calibration of the Light Scattering photometer: Light
scattering studies were made by using B-S light scattering
photometer8 gupplied by Phgoenix Precision Instrument Co,,
Philadelphia, U,S.A, Molecular weight of a purified sample
of sodium lauryl sulphate (S.L.S.) was determined using a
cylindrical cell., The reported value®® of S.L.S. in water
using the Debye plot is 23,000, The value obtained by
three separate sets of experiments using verti€ally
polarized light was found to be 22,700, which is in good
agreement with the reported value, This indicates that
under the experimental conditions, the excess scattering
by solute needs no other correction except the one used
for a square cell, The calibration for these cells has
also been done before, using a standard polystyrene fraction
supplied with the instrument, The molecular weight of
the sample determined at the wavelengths 4360 Ao and 5460 Ao

was found to be the same, However, it was observed that

the slopes of HC/y y3. C curves at the two wavelengths
were different, the value of the slope i,e, &, being less
for the blue wavelength by a factor of o:'%35 .

The experimentally observed values of 45 have been divided
by this factor to obtaln the correct values of A, for

the various systems,

ok ok
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_ -5 4
Solvent. [HC/EJ;%OS o0 M0y a1es, %2 X0
Chloroform 2.425 1,6 1.855 7.65 5.276
Carbon

tetrachloride 1.575 1,92 2.3 15.6 0
Dichloroethane 2,2 1.5 1,76 8.0 0
Trichloroethylene 6,4 1,28 1,325 2.55 14,14
Tetrahydrofuran 2,75 1,3 1,355 4,92 6,61
Iso-octane 2,65 1,39 1.49 5.62 0
Cyclohexanone (A) 1,9 2,32 2,26 11.9 4,35
Cyclohexane (8) 2,46 1,82 1,66 6,74 0
804:20B 2,62 1.80 1.64 6.26 0
704330B 4.6 1.62 1,46 3.17 0



TABLE 111

Solvent [ 2] r/ N (9%
Chloroform 1.6 0.36 3000 1080
Carbon tetrachloride 1,92 0.51 2955 1507
Ethylene dichloride 1,565 0,336 3002 1005
Trichloroethylene 1,28 0,22 2950 650
Tetrahydrofuran 1.3 0.2325 3097 720
Iso-octane 1.39 0.27 3133 846
Cyclohexanone (4) 2.32 0.44 2979 1310
Cyclohexane (B) 1,82 0,322 3035 974
804:20B 1.80 0.32 2987,5 956

704:20B 1.62 0.265 2988,6 792



TABLE 1V,

e cah e 3
Solvent Co’_iquflge?_ (%) (¥) o M/
Cnloroform 6,7 979 1080 1,11 §77
Carbon tetrachloride 1#4,3 1457 1507 1,03 659
1,2,Dichloroethane 7.66 1048 1005%60 0,96 758
Trichloroethylene 2,31 575 650 ¥ 10 1,13 547
Tetrahydrofuran 4,77 826 720 0.87 921
Iso-octane 5.47 879 846%¥20 0.96 763
Cyclohexanone 9.28 11386 1310 1,13 §39

Cyclohexane 6,59 972 974 1,0 694
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RESULTS 4ND DISCUSSION

(1) Molecular weight of Sol-Rubber:-

The molecular weights obtained by light scattering of
a single sample of sol-rubber in various solvents used exhibit
a six-fold variation (230,000 to 1,480,000, vide table IV),
Such a large variation 1s unexpected as the molecular weight
of the samp polymer fraction in different solvents should not
differ to this extent if the polymer is molecularly dispersed,
However, a similar variation was also cbserved by Bywater and
Johnson9 for a rubber fraction in chloroform and hexane, the
molecular weights being 450,000 and 910,000 respectively,
There are two possible explanations for this phenomenon, viz,,
the rubber molecules may aggregate to different extents in the
solventg, or they might have undergone degradation in solution
due to some reasons, Bywater and Johnson9 explained the
difference in molecular weights on the assumption that the
rubber molecules were aggregated in hexane, They further
observed that the intrinsic viscosities of the rubber fractions
were always higher in chloroform than in hexane, although they
should be higher in the medium in which the rubber molecules
are aggregated, They have not accounted satisfactorily for

these apparently contradictory observations,

Rubber in pure state has a marked susceptibility to
undergo photochemical and oxidative breakdown reactlons and
it will be shown that the above mentioned discrepancy can be
satisfactorily explained on the basls of degradation of rubber.

' 1
It has been shown by Bateman that, on irradiation

of rubber with light, two processes do occurs
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(1) chain scission and (11) the activation of H in 1, 3 and
5 positions with its subsequent removal or substitution., As

will be seen presently the probability of the former is

greater than that of the latter,

3
THS \ CHs

1 2 4 5 )
T CHa—C—CH —CHy 4 CHy—C—C H—CH,—

= Isorrene LNk .
x °<"METHYLENE GROUP

Bateman1 has shown that the active spectral region
for rubber extends upto 3650 A°. The light quanta
coeresponding to wavelengths 2800 A° and 3650 A® can raise the
molecular energy by about 100 and 78 K cal,per gm, mol,
respectively, These are of the order of the dissociation
energles of normal C-H and C-C bonds, Further, Bolland and Orr7
have pointed out that whenever there 1s scission of an isoprene
link, the heat of fission is reduced from 78 to 43 k., cal,per gm,
mol, due to the appearance of two gllyl radicals, Similarly,
whenever there 1s dissociation of any of the 1, 3 and 5§ C-H
bonds, the heat of fission is reduced from 98 to 79 k.cal,
per gm, mol due to the appearance of one allyl radical,
This shows that the chance of chain scission is greater than
that of dissociation of the C-H bond, as less energy is

21,22,23

14
required for the former process, Farmer and Dogadkin

have similarly explained the susceptibllity of rubber to
oxidation due to the highly reactive nature of  -methylene
sites,

During photo-irradiation or oxidation, the free
radicals produced tend to recombine and regenerate polyisoprene

(in the case of oxidation, oxidised polyisoprene), This product
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can be linear or branched. The nature and extent of such
reactions is dependent upon environmentsl conditions, In
chlorinated solvents, moreover, work done in this laborato§$’67
has shown that photo-halogenation of rubber 1s also possible
and may be followed by the removal of hydrochloric acid

and degradation,

It seems quite likely, therefore, that degradation
and branching of rubber molecules will take place during the
period of preparation of rubber solutions, and subsequent
light scattering and viscometric measurements, As a
result a sharp fraction of rubber will become molecularly
heterogeneous, To 1llustrate the susceptibility of rubber
to degradation, experiments performed by us may be mentioned.
We found that a freshly prepared solution of rubber in benzene
showed appreciable excess scattering of light, The same
solution, however, d4i1d not show any such excess scattering
after one year even though it was kept in the dark and in a
nitrogen atmosphere. This definitely indicated that the
rubber molecules had undergone degradation to a very large
extent during this period, It can be seen from table (IV)
that the molecular weight in carbon-tetrachloride is about twice
that in chloroform; that in 1,2, dichloroethane (ethylene
dichloride) is about three times that in trichloroethylene,
These two pairs of solvents do not differ in éheir dielectric
dispersive powers to an extent to effect such disparities in
the states of aggregation of rubbker molecules and hence the
molecular weights, as have been observed, However, they do
differ in thelir susceptibilities to photosqu?zation, which
would affect thelr ability to degrade rubber molecules to

different extents,
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From the above, it is apparent, that, although sol-
fraction is used in this investigation, some amount of branched
product may be produced during the period in which the rubber
is transferred to the particular solvent and studies made on it,
In the present study, there seems to be no appreciable net-work
or branched chain formation, since PVQE is fairly constant in
most of the solvents, thus indicating that the molecules
retain their random coil characteristics. In the case of
rubber - tetrahydrofuran, however, the possibility of branching
cannot be ruled out as the value f4/$i in this particular
case is about 920, whereas in others it averages 650, This

also will be discussed later,

The apparently contradictory observations made by
Bywater and Johnsong, viz,, the higher intrinsic viscosities
exhibited by rubber fractions in chloroform as compared to
hexane, can be reconciled on the basls of expansion of rubber

molecules in the two media and the use of Florye-Fox equatggﬂgﬁ

3 | T2 3/2--
] = Kk M = b CIM_Z (38)

Knowing the values of & and M in different solventsy the values
of the intrinsic viscosity can be calculated and compared as

Ko 1s a characteristic of a polymer and independent of solvents,
Unfortunately the value of o for rubber in hexane is not
available. However, we may assume that the solutien properties
of rubber in hexane and iso-octane to be the same, so that &
may be taken to be 0,96 as compared to 1,11 in chloroform,

This will give [n] to be equal to 918 Ko E:(ﬂiﬁ@So,ooo)v’? Kol

in chloroform and 878 Ko E;(o.96)3x (910,000)%- Ké} in hexane
It may, therefore, be concluded that the variations in moleqular

weights of rubber dissolved in different solvents are largely
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due to degradation to varyilng extents: aggregation in

solution as assumed by Bywater and Johnson® may not be

appreciable,

2. Evaluation of [ﬁﬁ%ﬁq:ﬁﬁ s= In order to obtain the
value of the expansion factoro{ , it is essential that the
value of the parameter C‘f—é/mjy" be known for a parti€ular
polymer. It can be conveniently determined by performing the
experiments at the 'Flory point' of a particular system at
which o{=]and & = 0, An interesting feature noticeable

in Figure (5) 1s the zero slope of HC/y y¥s. C curves far
rubber-cyclohexane and rubber-cyclohexane-~cyclohexanone systems,
This indicates that there 1s no interaction between rubber
and cyclohexane at room temperature (about ©98-300°k). This
fact can be conveniently utilized to evaluate [J%ﬁwjyz

for rubber and when its value is known, values of X and

Co= (T ) ()

for the various systems can be evaluated. The values of the

former are presented in table (IV) and of the latter in Tab%e
(VI) for the various systems studied on the basis of [gb/mjé'
1.]96 Ao, computed from the present data, This is higher than

74 o
that found by Wagner and Flory (0,23 4 ) from viscosity
o
data Obtained at e:" 287.5 K. in methyl n-propyl ketone.
However, the value 0,83 A° is higher than the theoretical value

75
computed by Wall , assuming free rotation, on purely

statistical grounds from the followlng equation:

{a— ot 1+ Cos™x ) ( Cosp (1+Cosx + Cosk
_Z_— N € {4 (1-Cosx Co.s?_@)J +€6 1 1-Cos'Cos2f

.,%+2®s2(5>+4Cos°(¢(1+0052@)-f-C‘oszoc(i'i'SCasZ(&) (38)

4(1-Cos'® Cos2p) |
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vhere Z 1is the number of links, @ and & , the double and
single carbon-carbon bond lengths, o¢ , the angle which a
single bond makes with the extension of the adjacent single
bond and 3 , the angle which a single bond makes with the
extension of the adjacent double bond, Substituting
Q: 1.34 l°,6'= 1.54 A°,o6=68° 30! and P = 550 40'
obtained from electron diffraction studies of small

molecules (by Pauling and Brockway and co-workers'o2), wa11’>

obtained [ﬁ§344]51 = 0,485 Ao. It 1s easy so see that higher
values would be obtained in practice, since the assumption
regarding free rotation is not valid due to local steric
hinderencss, Moreover, the incidence of such hindrances will
be greater in the more compact cls-structure (natural-rubber)
than in trans-structure (gutta-percha), This is found to be

74
true from viscosity data obtained by Wagher and Flory .

The higher value obtained in the present investigation
is hardly surprising since the qqﬂity of the sample and |
experimental techniques were quite different from those employed
by Wagner and Flory, Foreign impurities in the form of
proteins or anti-oxidants were eliminated as far as possible,
the deproteinisation of the rubber sample being thoroughly
carried out, Moreover, only the sol-fraction with respect to
petroleum ether (40-6000) vas employed, Wagner and Floryz4
on the other ﬁand, used acetone-extracted rubber which normally
contains impufities in the form of proteins and also the gel-
fraction, the amount of the latter varying from 40-60% in
freshly prepared crepe-rubber, Gel-rubber is regarded as”__
highly-branched polyisoprene for which a smaller value of[ﬁ?ﬁ]”'
is expected. Although it cannot be claimed emphatically

that the sample of rubber used by us was completely free
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from branched chains, it is more likely to have had few

branched-chain molecules and a predominant number of linear

chain molecules,

Another reason for the disagreement is that the
value of 0,83 2° for [ﬁgyﬁﬁ]z'was obtained by Wagner and
Flory on the assumption that the Flory-Fox constant qb:z 2.1 x
1021 at the 'Flory point' for rubber in methyl n-propyl ketone,
Although the most frequently observed value of §b
for various systems is about 2,1 x 1021, certain variations
are known, In the case of branched polymers qé is
expected to be different from the generally accepted value and
hence the calculated value of [ﬁiﬁq]%L would be in error,
In view of these facts, the higher value obtained by us

appears to be reasonable,

3. Variation of ‘2 and < 3=

Teking the value of [5274412‘ to be 1,195 4°,
the values of o< are calculated and presented in Table(IV)
for the various systems investigated, On the basis of
42 and « , the systems can be broadly classified into two
categories, viz., the systems for which o¢ > 1 and A2 > 0
and the systems for which of £ | and & = 0.
In the former class, are rubber dissolved in cyclohexanone,
trichloroethylene, chloroforﬁ and carbon-tetrachloride and,
in the latter, rubber dissolved in cyclohexane, mixtures of

cyclohexane and ecyclohexanone, 1,2 dichloroethane and iso~octane

In the case of rubber in tetrashydrofuran,

X% 1, but 4 > O,
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4, Solute-solvent interaction and cohesive energy density:-

We shall now discuss the interaction of rubber

with various solvents used in the present investigation,

was pointed out in the introduction that,

Ay = jg;'[}*ﬂ - ){;]\(a

(32)

LT’ 220, [ - ) MR 20wy 1-0p]M™ e

Y: % % Wi Wj F(X"'j))

Foo=l-gm gm0

X =2 E’(.l" 1_]
AND
X | B G
Mi M; Xu. >%+( —-H,-)%’

since the Values, of Wi, WJ, Xii, XJJ’ Mi, and

(30)

(14)

(18)

(31)

M.  are not

It
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known, a quantitative discussion on the significance of observe:
values of Ay and X is not possible, However, a semi=
quantitative approach to the problem can be made, as is shown

in the following:

From the equation (32) end (12), it can be seen
that the parameters which characterise the solute-solvent

intereaction are Y, and X, glven by
AS =RV, ¥,

and AE:RT X{Uf_’ (11)
where U, 1s the volume fraction of the polymer in
solution and &S and AR are the partisl molar
entropy and heat of dilution, So long as UV, % O,

As # 0 and therefore Y # O . But the
same does not hold for AH s the value of which, depending
upon )(’ , can be positive, negative or zero, As was
pointed out in the introduction, the parameters VY, and X,
are obtained by generalizing the corresponding parameters
obtained on lattice model treatment of polymer solution,
\¢ replacing the term Y, , and X, s the term X ., The
expression for X  as obtained by Flory32, is

Z AWV, -
xXy= V,RT (39)

vhere Z is the lattice co-ordination number, Yy and Vo,

the molar volumes of the solvent and the segment respectively,
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40
Zkhuu_=='th"%:[ydnﬁ'véaj (e0)

Wy W, and Wia being the energies associated with
solvent-solvent, segment-segment and solvent-segment pair
contacts respectively, Equation (40) is actually the

well known van Laar expression for the two-component system,
Hildebrand43'44 relates W to the term (E/V)é,

being the energy of vaporization per mi. . of a component,
which has been taken as a measure of the "internal pressure”
and (E/V)% designated as § has been called the "solubility
parameter"; E is equal to (L -RT), V the molar volume

and L the latent heat of vaporization, The term Wiz has been
assumed by van Laar and later by Hildebrand to be the

geometric mean of the terms Wi and Woy.  Thus, one obtains

2 .M

X8 X\= (5i-8)

v (41)
7 KI = xo'R;-", (51‘52.)2.
where X,1is a variable depending, inter-alia, upon 2 and Vz.
In the original equation deduced by Hildebrand X, has
been assumed to be unity, It is the uncertainity in the
value of X, which restricts the exploitation of equation (41),
However, it can be seen that, irrespective of the value
of X, , vhenever § =§, , %, s 1is zero, l.e, An=0.
When AR =0 , the §4 for the polymer and solvent must

be equal and thus the value of 5} can be -easily obtained,
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Otherwise it is difficult to determine it as both L and

Vs for a segment of a polymer are not known,

To 1llustrate the influence of X, on X, , values of
the latter have been calculated, using equation (41) for

various polystyrene-solvent systems and compared with the

experimentally observed values,

In the case of the methyl ethyl ketone -
polystyrene system, it has been assumed@ by Fox and Flory36
that AH = 0, on the basis of visco'metric measurements,
Schick, Doty and ZimmszeI also have found from osmotic pressure
measurements that AYX is very small, Thus it may
be assumed that 82 for polystyrene 1s very nearly the same

as that for methyl ethyl ketone, viz, 92,3, Agsuming §,= 9.3

and Re= 1, the following values of K, are obtailned,

TABLE V X,
Solvent § at T208% ¢y at T20%k o Calec, Obs,
p-dioxane 10 85.7 198 0,071 0,07
Benzene 9,15 89,58 100 0,003 0,03
Ethylacetate 8.6 97,88 222 0.98 0,02
Toluene 8.9 106,8 160 0,029 0.0é
Cyclohexane 8.2 109 307 0,223 0,134
Polystyrene ' 9.3 (115)
(monomer)

It 1s seen in the last two columns of table (V) that,
except in the case of p-dioxane, the agreement between
the calculated and the observed values of X, tends to improve

as the value of Vi approaches that of the monomer Vm, This point:
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to the fact that, amongst other things, X, is a function of the
term (Vm - Vi)z, the exact nature of which is not yet known,
The good agreement found in the case of p-dioxane seems to

be fortuitous,

A qualitative estimate of the solvent power can
be made on the basis of §s provided certain restrictions
are observed, For example, whenever two solvents have the
same molar volumes, that for which (s, - 52_)2
is smaller, will be a better solvent, Similarly, a polymer

, 2
for which (& - 62) 1s the same in two different
media, that for which (Vam - Vj)z is less, will show a better

solvent powver,

On the basis of the above reasoning, we can also
discuss the solvent powers of the various medla used for
dissolving rubber in the present investigation, The

value of &2 for rubber can be evaluated from the fact that

. 80 =
Meyer, Wolff and Bdi1sstmmyas hagve observed that A H=0

for the rubber-toluene system, and, on the basis of thelr data,
Wagner and Flory’? nhave agsumed © = 0°k for the same systenm,
This means that 8s for rubber and tolucne are equal,

44
namely 8,9, This value is higher than those glven by Gee 8

and Scott and Magat44a which are 8.3 and 7,89 resnectlively,
These values wefe obtained from swelling data on raw rubber or
from the direct measurements of heat of dilution at
concentrations of the order of 1 - 10% wt/volume, Nelther of
the above procedures i1s likely to glve accurate results and
hence the disagreement is hardly surprising, We shall assume
the value of 8§, as 8,9 to be more reliable,

In table (VI), the value of [}ﬁ—¥)<i] and Cy have been
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computed from the observed values of o and M
and the values of )X, have been calculated using eguation
(41) as before with X,=1, 1In the last column are gilven the
values of ¥, » which have been obtained by subtracting the
respective values of X, from those of [¥,-X] .

TABLE VI
S at T 298 K°

Solvent s \ Cwm [\(‘_ X.] X, Y,
Chloroform 9,3 80,5 0,0123 0.0155 00,0218 0.0373
Trichloro- -

ethylene 9,2 90,3 0.0110 0.376 0.,0137 0,3897
Cyclohexanone 9,9 104,.4 0.0095 0,218 0,177 0,395
Carbontetra ¥

chloride 8.6 96,9 00,0103 0,0026 00,0147 00,0173
Cyclohexane 8,2 109 00,0091 0 0.0905 0.0905
Iso~octane 6,85 166 0,006 =0,0079 1,18 1.1721
1,2 dichloro-

ethane . 9.8 79.2 0,0126 -0,0032 0,1085 0.1053
Tetrahydrofuran 9,3 81,1 0.0123 - - -
Isoprene 8.9 101 ee - -- --

For rubber-cyclohexane, since Agp = 0, =X, = 0,09,
This value compares well with that of 0,085 obtained by Wagner
o.
and Flory for rubber-methyl n-propyl ketone at ©=287,5K,

In these studies, we find that, whenever Vq
and V, are very dissimilar, the values of K,
are unusually high, indicating a poor solvent power.
Hildebrand44a has suggested on emniricel grounds the

following condition of miscibility of a polymer and a solvent,
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(6= 11) < 6y < (Sart 1) (42)

On the basis of this empirical rule, tetrahyfrofuran should
be a good solvent for rubber, whereas a value of « = 0,87
suggests that, of all the solvents used, it is the poorest,
Tetrahydrofuran is found to form vperoxide with atmospheric
oxygen readily, and it is probable that rubber dissolved in
this medium undergoes oxidative degradation as well as
branching, and the value of M/72 for this system, which
is about 920 and the highest in the serles, bears out this
assumption, It would, therefore, be incorrect to assume
[4%44]y‘ = 1,195 4° for the system rubber-

tetrahydrofuran, By using the smaller value i,e,
0.83, obtained by Wagner and Flory74 for a mixture of gel
and sol-rubber, it is found that <<= 1,253, and hence a
positive slope observed in HC/Ar ys8. C plot is Justifiabdle,
Moreover, one does not violate equation (42), That this
assumption about degradation and branching is justifisgble
is also demonstrated by the fact that the viscosity of rubher
in this solvent decreases with time more rapidly than in the
other solvents, (Private communication from late Dr,Pande,
Plstics & Polymer Division, W.C.L,), 1In view of this
lablle nature, this particular system will not be discussed
later,

In the present series, the effect of molar volume
of solvents on rubber-solvent interaction can be easily
1illustrated by comparing the soclv@ént power for rubber of

chloroform, 1,2-dichloro-ethane, trichloroethylene,
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cyclohexanone and iso-octane. For comparing the solvent
power of chloroform with that of 1,2-dichloroethane, one
finds that although the molsr volumes of the two are nearly
the same, the former is a better solvent, since [S,-gljﬁ:
0.16 for the former system and 0,21 for the latter,
Similarly, trichloroethylene is a better solvent than
chloroform, even though the §s for the two solvents are
nearly the same, since the molar volume of the former is
nearer to Vm than that of the latter, In the case of
cyclohexanone, where [},-gzji=1, its solvent power,
which compares with that of trichloroethylene, 1s due to
the fact that V3 « Vm, Iso-octane, of which neither
nor molar volume is comparable, is a poor solvent for rubber,
Thus, from a proper understanding of the solubility
parameters and molar volumes of the polymer and the solvent
regpectively, it is possible to make a qéﬁitative estimate
of the solvent power, The discrepancies observed by earlier
workers can be attributed to the unsatisfactory exverimental
conditions employed by them and to the imperfect understanding
of the problem of solute-solvent interaction, which owing to
the pioneering work of Flory and his collaborators have now

become more comprehensible,

Variation of Hv/c, ¥s, C:

In figures (é) and (7) are represented the ohserved
variation of Hv/C. vs.C. It is seen that the negative values
of the slopes for the various systems are in the order
tetrahydrofuran > Iso-dctane > 1,2-dichloroethane > carbon-
tetrachloride > trichloroethylene, In the cases of
chloroform, cyclohemanone and cyclohexane the slopes

unexpectedly are positive, Actually the slopes should.pe zZero
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for good solvents and negative for bad, the megnitude of
negativeness increasing with poorness of the solvent, There
may be two reasons for the discrepancy viz, the relative
and possibly quite appreciable inaccuracy of the data at
low cont¢entration, and multiple scattering, The data
presented in figure (7) were obtained using a dissymmetry
cell, which has a rather compdicated geometrysl. It is
therefore likely that multiply-scattered light might slso
have contributed to the observed Hv component, Since
multiple scattering increases with concentration, slight

positive slope is understandable,

In figure 8 are presented the observed variations
of Pv with C for the various systems, The values of the
intercepts i.e, (Qv)c»o have been used to correct the
values of molecular weights for the depolarization effect,
As Pv is related to the anisotropy through Hv comnonent
and to the mass of a particle thomough Vv component, 1t is

difficult to analyse the observed dats at present,

Thus, it is seen that one can obtain a qualltative
megsure of solvent power from a study of the slopes of the
Hv/C vs, ¢, curves alone, although 1t does not give as deep
an insight into the nature and extent of solute-solvent
interaction as does a study of the parameters £ and [V, -X,)
On the basls of both the depolarization and [ﬁﬁ—)g] data,
one can assign the following order to the relative solvent
pover for the media used to dissolve rubber vigz,
trichloroethylene = cvclohexanone > chloroform > carbon-
tetrachloride > cyclchexane > 1,2-dichloroethane) iso-

octane,
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SUMMARY AND CONCLUSIONS,

1. In the present studlies, a six-fold variation in
molecular weight has been observed for the same sample of
purified sol-rubber in different solvents. These
observations, as well as those by Bywater and Johnson,
have been explained on the basis that purified rubber
readlly undergoes oxidative and photo-chemical degradation
reactions and as a result, its original average molecular
weight and chain length changed to different extents in
the solvents used, The molecular weights as obtained

are the weight-average molecular weights at the time of

observation.

2. No quantitative comparison of the solvent power
of the different solvents used could be made because of the
difference in molecular weight heterogeneity, However,
use has been made of parameters, such as Flory's

expansion factor « , the second virial coefficient &,

and the slopes of the curves of Hv/C vg, C plots for
Qualitative comparison, In rubber-cyclohexane system,
where &, = 0, a value of [‘;}/M]yz: 1,195 2°
has been obtained for rubber, which is about 1,44 times
higher than the value obtained by Wagner and Flory74.

The lower value has been ascribed to the presence of
gel-fraction (40-60%) in their sample, which consists

of highly branched-chain product,
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2,

=
Taking [om] = 1.195 4°,
values of o , Cy and (,- X, ] have been calculated

for the various systems,

Since X,=0 for the rubber-toluene system,
the value of the "solubllity parameter" or cohesive
energy density ( 82 ) for rubber has been taken as
equal to that of toluene, viz., 8.9, Using equation (41)
and XK,=1, values of X, for the varlous systems have been
evaluated, For rubber-cyclohexane, v, = X,= 0,0905,
which is in good agreement with the reported value
of 0,085 for the rubber-methyl n-propyl ketone system at
its Flory point,

Values of X, for polystyrene in five
solvents have been computed theoretically and compared
with the experimentally observed values of Fox and Flory,
It was found that the agreement tends to become better
as the value of V3 approached that of Vp, It
has been suggested that N, 1is a function of (V1 - V,)2,

amongst other things, The solvent powers of
cyclohexanone, trichloro-ethylene, carbon-tetrachloride,
1,2-dichloroethane (ethylene dichloride) and iso-dctane
have besn explained on the basis of ( §&,-6§, )2

3. For the rubber-tetrahydrofuran system,

M/7i  is the highest, which may be due to the degradation
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of rubber followed by branching, Further, < 1s found to
be equal to 0.87 and at the same time & > O, This
could be explained on the grounds that, at least for this
system [57m] % 45 lover than 1.195 A°,

4 These studles confirm by direct measurements the
suggestion put forth by Doty that the slopes of Hv/C ys. C
curves can be utilized to evaluate the solute-solvent
interaction easily even in polydisperse systems, since

Hy component does not depend upon molecular weight but

only on the number of segments per ml,, whereas &

is dependent upon molecular weight, It has been found that
unless multiple-scattering is checked by using solutions of
low concentrations and a cell of simple geometry, unexpected
positive slopes are obtained in the Hv/C vg. C curves,

and the results become less reliable,

5 | On the basis of our observations, the relative
solvent powers of the various media for rubber used here are
in the order, cyclohexanone > trichloroethylene >
chloroform > carbon tetrachloride > cyclohexane

1,2 dichloroethane > Iso-octane,
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VISCOSITY OF LONG CHAIN POLYMER MOLECULES IN DILUTE SOLUTION

INTRODUCTIO_N,

I

Long chain polymer molecules in solution increase
the viscosity of the solvent to an extent which hagf;ziated,
inter-alia, to their molecular weight, It is true that
the longer the chain, the higher the viscosity of a given
welght concentration of polymer in a given homologous serles,
In other words, the intrinsic viscosity, i.e. the capacity
of a polymer to enhance the viscosity, increases with
molecular weight and, in fact, it was at first supposed to
be directly proportional to the molecular welght M, Thus

the intrinsic viscosity

M]= KM, (1)

m]- {m I}HO {ns,/c}c_}o (2a)

where

itog-rl.r { log [1+ T]_SP]} (2b)

C—%o
where Tlfis the relative viscosity, i.e. the ratio of the
viscosities of solution and solvent,‘qsf is the specific

viscosity, C the concentration in grams per 100 c.c, and K

is a constant,
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Equation (1) is called the Staudinger's44’45
law, which experiment has shown to be valid for polymers
of low molecular weight upto about few thousands, At

higher molecular weights the law breaks down,

Two empirical modifications of Staudinger's law

15,18,27,38
have been proposed, ' ' 7 the one equates
M] to KM+a, (3)

the other to
KM @)

The latter equation in particular was found to apply to
several varietles of polymer over quite wide ranges of
molecular weight, The constant W' appearing in this
equation has the limiting values of 0,5 and 2,

The intrinsic viscosity ] has the dimensions of
specific volume, and the large values of [}1] for polymers
indicate that these molecules occupy a large volume in
solution, This 1s hardly surprising, as a single polymer
molecule in dilute solution 1is subject to the osmotic action
of the surrounding solvent, This action tends to swell the
molscule to a larger average size than it would assume due to

a random spatial distribution of its segments,

Thus frictional characteristics of polymer molecules
in dilute solution, as manifested in solution viscosities,
sedimentation velocitles and diffusion rates, therefore,

depend directly on the volume encompassed by the polymer chain,
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there are two types of theoretical calculations for the

intrinsic viscosity of dilute polymer solutions based upon,

‘ 6,23,28,32,35
(a) the "Free draining model" ° ~° ° ' ond

4,7,31,33

(b) the "Equivalent sphere model"

The first of these assumes that the polymer molecule does

not distort the flow lines in the solvent and that the
solvent flows freely through the polymer molecule,
Calculations based on this model predict that the

frictional coefficient should increase with the first power of
the molecular weight and that the intrinsic viscosity should
increase with M raised to a power a little greater than unity,
Experimental evidence, however, indicates an increase with a
power of 0,5 to 0.6 for both quantities, Because of the
unrealistic nature of the assumptions made, this discrepancy

is not surprising,

The second type of theoretical calculation of
dilute solution viscosities recognizes that the flow lines
of the solvent may be distorted by the presence of the
polymer molecule because the solvent trapped in the coiled-up
molecule would normally move almost in unison with the
polymer segments as if the solvent were bound to the polymer,
In the extreme limit, such a calculation leads to an
expression for the viscosity of hard spheres impenetrable

to solvent molecules (Einstein's equation),

The resulting equations can be expressed

M=%

mathematically as,
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with r = root mean square end-to-end distance and M
the mass of the polymer molecule, qb, being a
dimensionless constant having values 0,0057, 0,015 and

0.006 in the treatments given by Kuhn and Kuh3§ and Debye7,

31

and Kirkwood and Riseman®" respectively, The value of ¢’

is found to be of the order of 1021, if M1 is replaced

by the molecular weight M of the polymer, Flory and

Fox19 have shown that for various polymers the value of qb'
is of the order of 2 x 1021. These theories, however,

do not take into account the effect of the temperature and
solvent on the polymer molecules in solution, The values
of gﬁ' as obtained experimentally by Fox and Floryl®

show a small but definite sensitivity to temperature and the

solvent power,

In addition to the above mentioned hydrodynamic
treatments of the theory of viscosity of dilute polymer
solutions, attempts have also been made to treat the problem
on the basis of the "Theory of rate processes", This

theory gives a better physical picture, The first37

4
treatment is more or less empirical in nature, Palit ©
has recently deduced an expression which relates [n] with
the two-thirds power of molecularweight, assuming the polymer

(L.e.the solvent and Mmonowmer)
solution to be a mixture of two liquidib an assumption which

makes the treatment subject to objections, Ree and Eyringlo
have recently deduced a generallised viscosity formula which
describes the variation of viscosity with the rate of shear,

However, in this otherwise critical treatment no attempt has
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been made to correlate the viscosity with the molecular
weight of the polymer or its roote-mean-square end-to-end
distance, quantities which are of first interest to the

physical chemist,

In applying equations (4) and (5), a prior knowledge
of the intrinsic viscosity [M] 1is necessary, which in
turn entails a knowledge of the variation of viscosity with
concentration, To date, few theoretical attempts have been
made to establish a relation between the two parameters,
However, several workersl’z’3’5'14’21’24’26’29’39’42'
have proposed empirical equations of which that due to

Martin39

represents the viscosity-concentration relationship
upto a concentration of 5%. It can be expressed

mathematically as

M
I [&r] exp. | Ky { Usp c] (6)
C c C
¢—=o c—o0
A& speclal case of this equation is the relation proposed
by Hugginszg, . .Viz.

Tr= [+ K[nje (72

o Lgllr_ ] - K[ 7

It is obvious that k' and k" will be related to each other,
It has been shownl1122 that k' and k" determined
experimentally obey the relationship k' + k" = %z, (8)
irrespective of the system and temperature, It has also

16

been shown by Fox and Flory that k' and k" are constants
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characteristic of the given solvent-polymer pair and
independent of the molecular weight of the latter, On

the other hand Wagner46 has pointed out in his studies on
polyvinyl acetates that k" is essentially zero up to
intrinsic viscosities of about 0,4 (molecular weight 38,000),
above which the slope becomes inéreasingly negative up to
viscosities of about 2,0, It should be noted, however, that
the data obtained by Fox and Flory were extrapolsted for zero
rate of shear, whereas this was not done by Wagner, This is
of interest, as it points to a possible relation between the
rate of shear (as experienced by the polymer molecule) and
the molecular weight, and indicates the desirability of

extrapolating the data to zero rate of shear,

In spite of the several attempts made to correlate
the viscosity of polymer solution with the characteristic
properties of the polymer molecule, the method remains more
or less empirical in nature, A prior knowledge of K and 'a’
occurring in equation (4) 1is necessary, which involves the
determination of molecular weight and particle size by an
absolute method such as light scattering, In the
treatment given below, an attempt has been made to deduce
equations (4), (5), (7a), (7b) and (8), assuming an
"equivalent sphere model" on the basls of the "theory of
rate processes", and the present treatment reconciles the
apparently contradictory observations of Fox and Floryle. and
Wagner?®, It has further been pointed out that the number of
unknown parameters in the viscosity equations can be reduced and
the method be made an absolute one for the determination of the

molecular welght of the polymers,
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II
STATEMENT QOF THE PROBLEM

In a polymer solution which is so dilute that there
18 no interaction between the solute molecules, there are
regions where the segment density of the polymer 1s high as
compared to the average, the regions in between belng
completely filled by solvent molecules, Debye7 has,
however, pointed out that the density is maximum around the
centre of gravity of the polymer molecule and that with
increasing distance it decreases gradually, the shape of
the density function [ (r) resembling the Gaussian
probability curve, He has not, however, made use of this
distribution in his treatment of the viscosity of high

polymer solutions,

If the movement of a solvent molecule parallel
to the direction of an applied stress is regarded as
equivalent to crossing an energy barrier, then each
successful jump of such a molecule will contribute towards
the fluidity of the systen, The number of such jumps
depends on the stress and temperature of the system, However,
when one considers the regions which are pervaded by polymer
chalns, the situation alters, The solvent molecules
occupying the volume pervaded by polymer molecules may be

classified into three categories:

(a) Those which flow freely like the other free
solvent molecules, Such molecules exist just inside the
periphery of space pervaded by the polymer chain, where

P(r) is fairly small,
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(b) Those which move with the polymer chain only,
as 1f they were associated with it. Such molecules exist
near the centre of gravity of the polymer chain, where

f’(r) is large.

(¢c) Those which are not completely free, nor move
with the chain, and occupy an intermediate space, where

f’(r) has intermediate values,

4s compared with the solvent, the movement of the
polymer chain itself as a whole in the direction of the flow
depends upon two factorsi (a) the frequency of successful
jumps of any segment which would depend only on the stress,
temperature and the energy of activation; and (b) the
probability that all the segments of the chain have a net
coordinated movement in the forward direction, This would
depend upon the volume pervaded by the chain molecule, as
compared to its actual volume and would be independent of
the parameters such as stress, temperature and the energy
of activation, as suggested by Kauzmann and Eyringao.
The various types of flow mechanism operative in the system
obviously make it difficult to treat the problem with
mathematical rigouy; and even then the resulting equationsz
will contain several unknown constants and parameters, thereby
making them unsuitable for experimental werification. An
alternative approach which has been followed in the present
treatment is the use of some simplifying assumptions the
nature of which is such as not to make the treatment

unrealistic,
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I11
ASSUMPTIONS AND THI: DEFINITION OF EHE SYSTEM,

Consider a monodisperse polymer solution of
concentration ¢ gm /ecc, and divide 1 c.c. of this
solution into equivalent cells, so that each cell
(of volume‘}hc.c.) represents on an average the volume
occupied by a solvent molecule plus its free volume,
Further, let p be the number of statistical segments in
each polymer molecule and, assuming that each segment
replaces only one solvent molecule in the cell space,
the number of cells occupied by each polymer molecule
would be P o If the polymer molecule is completely
flexible the segments would have a random distribution,
and the volume encompassed would be 4%[?? s Where R is
the radius of the sphere circumscribing the volume pervaded
by the polymer chain, It has been pointed out in the
previous section that within this sphere of radius R,
there are three types of flow mechanism 1n operation, In
the outer regions of the sphere, the solvent flows unhampered,
i,e. without distor™tion of the flow lines, Inside the
sphere, the flow lines are more and more distorted due to
the increasing influence of the polymer molecule, and near
the central regions solvent molecules and polymer segments
flow as a unit, An 'equivalent sphere' of radius Re is
defined for each polymer molecule in which all the solvent
molecules present are assumed to flow as a unit with the
polymer molecule, the rest of the solvent molecules outside
this flowing feeely, This gives the volume due to a single
polymer molecule with its entrapped solvent which behaves

differently from the free solvent molecules, It has Been



pointed out by Debyez that it is this volume which

determines the intrinsic viscosity of the polymer solution
rather than the molecular weight of the polymer., Re 1is
related to the root mean square distance (§f)%‘ of an
element from the centre of gravity of the polymer molecule,
The density f of the segments of a polymer molecule
obeys the Gaussian distribution, given by

2.2
37
F:-eoe )

with the normalising condition

(9)

ofc}nvﬁp dr =M,
giving

3
AT
T 72
where, F = density at the centre of the sphere, ﬁ::
o

a constant, and M1:: mass of the polymer molecule in gm,

Equation (9) has a point of inflection determined

2
At this point the rate of variation of density 1is maeximum,

2.
by the condition %fx = 0, which gives v = '/9_(3‘ .

and this 1s conveniently taken as the radius of the sphere
which 1s impenetrable. To take into account the contributlon
due to the partially hampered solvent flow, i,e, the
contribution from the outer regions of the molecules, the
radius Re will have to be greater than the distance of the
point of inflection, and will be less than, say (sﬁﬁﬁ

the root mean square distance of the segments from the centre
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of gravity of the polymer molecule. The r.m.s. distance is

given by
< frfoy 74P G- d - dr oy
of:/??ze —'Bzg;e-dé-o[cb Ar
1 (11)

S 3
= o Thus —— N 2
We take the mean of the two extremes as a possible value of

Re, i,.e.

-

2 2 3
3

1
736 = :BZ ?

]

-2 l/?-
This equates Re to the radius of gyration (5,)

a term often loosely employed for the r.m.,s, distance, and

given by
T 2T oo 2 2
4 -pB%
‘ffJ/’J/fvf ¢ Sin6-do-dd-dr
5l L0 e — =& (12)
oo R
f// e s 0. 40 dp-dr P
0 0 ©
Since it is well known that
_5—2— ';2'— ocQ'C'ZZ
= 2 = z (13)

o< being FLoty3'7jh£tof.
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where (ff)/i is the r.m.s. end-to-end distance, Z the
number of links in the polymer chain, and C1 a constant
characteristic of a given\polymer chain structure, for the

volume of the equivalent sphere, the following expression

is obtained:
] ,
TR 4T (2 3)A4M[2.L 2]%R %
45 _RQ,:. -—3—[5 S :%[5 —6-'7“]:_0.155(7»97

3 -
=01550¢C' %" « 10 z‘é.c.

(14)
[wmre, o 7]
Lot pl= 4L Re/t |
3 mn
where p1 represents the number of cells occupied by the

‘equivalent sphere' substituted for the polymer molecule,

The difference between p1 and p gives the
number of solvent molecules which can be considered as

trapped and moving with the polymer molecule as a unit

during its flow, If Ny and N, are the number of molecules
of the polymer and the solvent per c.c, respectively, then
the total number of cells occuplied by the polymer per c.c.

1s given by pNj and those occupied by the solvent are Noj

then
FN;‘*‘ Nog =M

! '
We define PN _ x and No= (P —PINy _ Xz,
™ n

so that X, +x,= 1.
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X3 and Xp being the volume fractions of the swollen polymer
and the free solvent respectively, If we are dealing with
fairly dilute solutions, then N, » (p'-p)and Nz = x3.

If My and Mo are the mass and the mass per link of the
polymer molecule respectively then M1 = MoZ, Expressing

X, in terms of concentration,

| I,
X,= Eﬁlcﬂi.—. P X mass of the polymer per c,c,

m M M
1
c
= Eﬁﬁ, which gives
x, =055 (¥) % e (15)

If the mass is replaced by the molecular welght M of the

polymer,
-3 22 3 -\
X,= 0155 ()TN L 95T x10 o0 (72) S (16)

3 3
= 9-35%1022@0(32‘/2%

9-33x {¢5er® ﬁ"'_/‘ <
03/:. M

)
- BeM® (16a)

where N is Avogadro's number and of is Flory's

perturbation factor,
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STANDARD FREE_ENERGY OF ACTIVATION FOR FLOW_OF 4 POLYMER
SOLUTION,

In a system as defined in Section III, one
observes that although a segment and a solvent molecule can
replace each other in the cell space, their energles of
activation for crossing the potential barrier to enter an
adjacent cell 1n the direction of flow, will not be the same,
For 1iquid mixtures, the following equation has been used by

Powell, Roseveare and Eyring41,

AFw
'FAV=X.E| + X,EB2 — —2-4—5:

where E1, Es and FAV are the standard free energies of

(17)

activation for the two cbmponents and the average value for
the mixture respectively; Afm 1s the excess free energy of
mixing, representing the departure from Raoult's law,
Equation (17), however, can be applied only in those case
where the molar volumes of the two components are nearly
the same, We extend the use of thils equation for polymer
solutions, assuming the equality of the molar volumes of the
polymer segment and the solvent, In the present
treatment €, ,€, and X, , €.,  represent the molar
standard free energles of activation for a segment and the
solvent molecule and the contribution due to non-ideality
of the mixture respectively, The equation (17) is thus
modified to give

E = X\ €, + X,€, — X €12 (18)
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Bquation (18) assumes that all the segments of a polymer
molecule have the same average value for the energy of
activation at the same temperature, Even with this simplifying
assumption, it would be difficult to fix any value for &, ,

as the average size of the segment would change from solvent

to solvent for the same polymer, 4 simple method of

evaluation of E from the experimentsl data, however, suggests
itself on inspection of the final set of equations and will

be discussed later,

THE _PROBABILITY OF CO~-ORDINRTED MOVEMENT OF 'Z*' LINKS:
It has been pointed out (equation 14) that the

volume of the equivalent space encompassed by the Z links

Z""x 10 cc ’ while the

i1s equal to O, 155¢' oC Z
chain itself occupies a volume, say, VY. = 202 xiO‘Qt.C.

(for a methylene chain, V2 being higher for others),

Of the total volume enclosed by the freely, twisting

chain containing F segments, the portion V4 equal to
[°1&?? o is available for each segment. In order that
movement may be successful the segment must be located

within some definite region of the volume Vo that the molecule
would occupy after moving under the action of a shear force,
The probablility of failure is the probability that the segment
will be in the portion V3 of the total space V,+V, in

which it might be and this is given by

|3 33 |
\V, _ 01565¢C e z%_ 0-00T75 cloe 2"

N, ~ 20zp P

Moo
+\Q
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* = L

Therefore, the probability of success that all p segments

will move independently and successively, each having a
0-007"5 c‘ie”z'”-]

P

probability of success [1 -

is given by

33 Y Y2

0-007175¢ ¢z i ~0-00775¢ % 2
Wp =1 - = e

: =

(®9)

which shows that the probabllity decreases with increasing
chain length, For example, one may calculate \NQﬁ)for a
chain of 6400 isoprene units for natural (cis) rubber.,
Wal1%7 has shown that for cis-rubber C'=201A which

when substituted in equation (19) gives

~10-T6
W(P = € X 0000045, assuming oc=1

Z =6400%4
In other words, for a rubber chain consisting of2&%00 links,
only 45 in every 100,000 sets of jumps of the individual
segments contribute towards the fluidity of the polymer
molecule, This explains qualitatively the decregse in
fluidity or increase in the viscosity of the polymer molecule
with the degree of polymerisation,

¥
EXPRESSION FOR THE FLUIDITY OF A POLYMER SOLUTION

The flow of a fluid takes place with a definite
velocity under a given set of conditions; and therefore the
problem of fluidity can be treated on the basis of the
"Theory of Rate Processes"9,12,13,25 For the purpose of

the present treatment, the motion of one layer with respect
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to another may be assumed to involve the passage of a cell
from one equilibrium position to another in the same layer
and the process may be plctured as the passage of a unitary
cell across a potential-energy barrier, Let A Dbe
the distance between two equilibrium positions in the -
direction of motionj the distance between neighbouring cells
in the same direction being 2z , The latter is not
necessarily equal to A , but it may be so approximately,
Finally, the mean distance between two adjacent cells in
the moving layer in the direction at right angles to the
direction of motion 1s A, . It may be assumed that the
potential-energy barrier 1s a symmetrical one, so that the.
distance between the initial equilibrium position and the
top of the barrier (activated state) is >yg. The applied
force acting on a free cell in the direction of motion is
f7\2. Nz » since 2, »; is the effective area per cell,
However, when one conslders the reglions pervaded by flexible
macromolecules it is observed that due to linking between
the adjacent cells, the area A, Mzbehaves as if it is
resisting shear on an area larger than itself, The magnitude
of such an apparent area would depend on the degree of
polymerization and the flexibility of the chailn, For
want of an exact expression we assume that each cell offers
the same resistance to the flow and that the average applied
force per cell in the polymer region is represented by

/3>ff)\z)\3 . where /3’ is a dimensionless constant,
The value of /3 would depend not only on the chain
structure and length of the polymer but on the concentration

of the solution also, if one is dealing with very high
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concentrations,

The specific rate of flow in the direction of the

applied force f, for the cells pervaded by polymer chains

is given bygo,

K; =K ef/&hhz"z/sz . Wep) (20a)
l .

W(p) being given by equation (19), and for free
cells in solution is given by,

AN, A
Kfa_:' K&f * s/sz 5 (21a)
~E/RT
where K = I_‘hl-e/ / h) k is Boltzmann's

constant, h Planck's con$tant, T the absolute temperature,

R the gas constant and E is given by equation (18),

Similarly , the rates of flow in the direction opposite to
that of the applied force are given by,

e’ﬁyhzthékT

Kb: =K - Wep) (20b)
and f 7‘/ ’
“fF A2/ KT
Kb, =Ke (21b)
The fluldity of a system is given byzo
Qb’= 7\[}<f "}<b]//;\|f ’
where 7\,=- distance between adjacent sliding layers.

Thus we obtain for fluidities qb, and géz of the polymer
type cells and the free solvent type cells, the following

expressions:
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~E /
¢,= 2 2—7\\—|.§ e /RToWQP) SimluﬁY (23)

and

-
¢2=2_7.‘.o.‘510 /RT S Y)

vaY H¥ (24)

where Y = f AR, As/akT,

Since we have assumed an average value E/N
(bquation (18)]for the activation energy of a cell,
irrespective of the fact that it may be occupied by a
solvent molecule or a segment to cross the potentiale
energy barrler, we can make use of the simple expression
for the fluldity applicable to liquid mixtures to evaluate
the fluidity @, of a polymer solution, . (..

Pi = XD + X2, (25)

giving o Simh lY’
, ¢I2 - ¢2[XIW<P) S—-m~dv_'_8\7_ + xﬂ-] (26)
Putting X =0 and  X,=1 in equation (26), we

obtain for the fluildity of the pure solvent, with the help
of equation (18),

! Z\_.‘SI e‘ez/kr N 27



s 68 :

The relative fluidity D, = @), /Cb;_ , which gives
~x,[€,-€,- €,5] [RT Sint BY ]
Gp=e ' T / [xiweps T T2 (28)

-X Y/'RT X
—e X, —xiz\r\/cr) FGr) + 1] ’

where Y= € -€,- ¢, , and F(y)= isvm::_k%l

X Sim 3
Now, if X5 Wep) ___);/ K { s which will be shown to be
true, as {-— 0O,

1 e)(,Y/R-,-
= Y [0

X
—x-'; Wp) F(Y)J (29)

and since X, = 1-X, , therefore 11 = 1+X%,
-Xi

and

n, =E+><J[l—x,{l+><,}\'\/(r) F(Y)J :‘3)(' "[R1

Since X\ « 1 , higher power terms in X, can be

neglected, yielding finally,

X, Y/RT
M= e [1 +x,{|— WP F(Y)H 5 (30)
0007750 e %

l
with x'zBCOCSM/Q- , W<r)= e

. N AN N3
and F(y) = w————v——-—;[? ) with Y = f—zﬂﬁ:‘"
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The general applicability and validity of

equation (30) will now be considered,

Expression for legnr/ _and k";- Making use

of equation (30), one can deduce the expressions most
commonly used in the evaluation of the intrinsic viscosilty

in the following way:

L03 Ny = x,Y/RT + log [1+ x,{1— W) F(Y)}]

2 2
= X\Y/RT + X, [1-W<p> F‘C\')]" é’- [1—W<r)F<Y>]+" e

2
) (31)

]

Substituting the value of X, from (16) or

=X1[Y/m +1-WpF (Y)] - >-<§'2@‘W<I’) Fey

(16 a), one obtains

(.03 *l+: BocM e [V/RT +1- W F(Y)]
C

2

- [BOQSM%']Q: S [1- wap Foo |

=[] - K"[]¢ (32)

where

M- 9-33%10 %" (72 ) L Dkr +1-Wep Fon) (33)

2L
and [1- W) Fon) (34)

PR
2 [Vfer +1-Wepy FOy)
Expressions for spfc and k's Equation (3) can be rewritten

after expanding the exponential into a series;
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= [1 + ’; (X' )J[I + X {1 Wep) P(»p}]

=14 % [Yar + 1= Wip Fop [+ XE (%) [ + 1- Wep Fen]

, 2
e - ] +k'M]cC : (35)
vwhere [&1] is given by equation (33) and

k' YRT [art + 1-Wep) Fev)d
[V + 1-Wepy Fen ]

(36)

Relation between k! and k": To deduce equation (8) in a
general way, Let Y/RT =a and {_\—WCP) Fen] =b,

[+ 9
then k'= ?,_L’%—t_bj d k"= ___'?_‘.Q.'__—
|EE T and X' = 2m+b)*t

af+42ab-+51_ 1
2 [a+b]? 2

and k'-\- k"=

in agreement with equation (8), It may be mentioned, however,

that equation (8) is a mathematical necessity.

Deduction of Eirich - Riseman Relationships~ A4nother

relationship which follows as a corollary to the present

treatment 1s that due to Eirich and Risemans, which states that

K [n]= <+ ] (37)
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Substituting the values of [m] and k' from (33) and
(36), and putting

= 3
H=9-33 xmﬂa‘:s/M er )/2' (38)
I H*[a+b] a.[%% +b]
k Efl] - [a-’-b]l
= aH[o+b~%]H,
2 :
=Ha[1]- GV= s ], 2

since H[a+b] = M1

Streeter and Boyer43 experimentally verified
equation (37) and Heller22 obtained the value 0,53 and
-0,12 for the slope and the intercept respectively for a
sample of polystyrene (mol.wt., 370,000), It is seen
from equation (392) that, assuming the value of &~ to
be 0,53, the value obtained for o€ 1is - 0,14, which,
taking into account the possible errors #nvolved in the
determination of the slope and intereept, is in good

agreement with the experimentally observed values,

Evaluation of [~/er + 1] : dccording to equation (34),
2
K [1— Wep Peo]

- 2[Vrr+1- W Fen) o

It was found from equation (19), that the value of Wg¢p )
for a natural rubber fraction with 6400 isoprene units

is approximately 0,000045, For higher values of Z and other
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stiffer chains (c') 2,01), the value of W( p) would
be still smaller, Further we have

F(Y)= Sxﬂdvzélx R Y = f AR5

Sirnkv Y 2kt

which has the property
/

Fony = @

Y —0
ie. £—0 4
i,e, at zero rate of shear, F&) 1is equal to /6 .
It has already been pointed out that /3' 1s a complicated
function of Z, ¢ and;;he concentration C also (at very
high concentrations), Even if we assume that /3’—"’-2
i.e. the unit area behaves as if the whole chain were

resisting shear, the value of

WprFo &€ 1 when for0

At higner concentrations where the coupling between the
chains begins and becomes increasingly important, /3I

may increase so much that the above condition no longer
holds, This probably explains why the viscosity of polymer
solutions at low concentrations 1s shear independent

i.e, k" is independent of F(Y ), and is increasingly

dependent as concentration increases, For dilute solutions,

however, where

W Fop & 1, f—o

we can approximate
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" 1 7
l(: 2m ot [-Y/RT + JJ = (5’%%) * (40)

This is an important relation as it gives the value of
Eﬁ%nﬁ'ij from the actual experimental data,

Evaluation of D and K3 One can make use of equation (40)

in the evaluation of the important parameters such as

and K, Generally, one observes that the value of k" lies
between 0,1 and 0,2 for good solvents indicating that the
value of [YRr + 1] varies from 2,23 to 1,58,
Substituting these values as upper and lower limits in

equation (33), one obtains

-\ 72
' 22 +*)
[, , = 953x10" x 158 C_ﬁ_ (41a)

k'=02 513
= 147x10% ()P
and M
23, 2\ %
kK'=01

where[?ibjif expressed in c.c./gm, Converting these

values into the practical unit e,g. decilitres/gm., 1.47 x
1021 and 2,08 x 1021 are obtained for the minimum and

maximum values of gﬁ o This is in good agreement with
Flory's data, where Qﬁ is found to be of the order

2,1 x 1021. However, it should be remembered that the value
of Qb varies from 1,39 to 3.9 x 1021 as found in the

literature, depending upon the solvent and the temperature,
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This 1s easily explained on the basis of the present
treatment where it is shown that g§ is a function of
both the solvent, i,e, of Y and of the temperature,

Equation (33) can alsoc be written as ( [ in
decilitres/gm,)

b, = 9 * 07’ 3 M e H]

3 |/2
= KoM P (42)

which can be shown to be equivalent to eguation (4), £.e.

[YL]=KM“= KM\“&J $1>a >k

Since F1 d Foxi” n that A = chlog oc”
nce ory an oxX ave shown that = o log M >
being given by Flory's equation
5 3 . ,/7.
oL — ¢ :QCM\'J‘ D“' G/T]M (43)
Equation (43) indicates that at T=6, <=1 and
619_"'0 y glving
§—o ’ (44)
T=6

To illustrate the utility of equation (44), let us

take an example,
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For polyisobutylenel€,19 golution in benzene

B=297 oK, K' at 298° =003, Le. [Yprt 1_] =408,

/ -8 6)
C = 297 x10 om.

f“s and the average value of
Mo for —(ll—CHQ_— is 28,
3 CH5
i,e. M:': 1481 ‘ . Substituting these values

in equation (44) one obtains, Kg = 6“75><IO‘4
The value of K, for this particular system at T=8
is 10.7 x 10-4 as given by Fox and Floryle, This suggests
that at T=6 , the approximation R, =[5 é'z] /3
is not correct, Let us put the other extreme value, viz,
12e==(§?)Vi . This would increase the value
of Ko by a factor of G‘;_ )3/?' = ['84 , giving K =124« 10_4
This is in good agreement with the observed value, taking
into account the fact that near & , k" becomes very
sensitive to temperature and we have used the value of k"
obtained at 298% instead of 2979k, and also the
uncertainties in the evaluation of k", This incidentally
also points out that in bad solvents, where6£=1and‘Re=(§%yf
K is definitely different at ©  than at any other
temperature as €,=0 at T=09 . This treatment
would have made it possible &c evaluate M directly from the
viscosity measurements, were it not for the unfortunate fact
that for most good solvent-polymer systems © is rather
low and in bad solvent at [=8 ’ k” haﬁzgositive value.

This abnormal behaviour, which cannot be explalned on the

present treatment, prohibits the use of equation (44), in the
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case of bad solvents, for the evaluation of M, under the °
conditions T=© and f=0 and hence an alternative method of
evaluating [://Rr + 1] is necessary,

An alternative for the evaluation of Y/R ¢+ Equation (33)

gives the value of

[YL]]C =H [Y/RT'H" F(Y)W(r)] (33)

whereas, the value of[T'L])(’*O as given by equation (42) is

[Tl])(_m: Her+ 1] (421)

Equations (33} and (42) can be combined to give,

b= [l 11 f22 ] )

where Y = fA2223 {7V
2kT 2KT
!
If /3Y>1 , Wwhich is necessary if the flow is non-Newtonlan,
and Y 1, then one obtains

s By efa"y_ eﬂ/f”/sz
Fey) =

Sink Y 2Y -Qf/“/sz

Substituting the value of F(Y) in equation (45) and

rearranging, it gives

P= DU DUy _ KT W eﬂfﬂ/ kT
Do 2 Dhrt ]
ot Log F: (.o_g W(P) KT /.7[’0 (46)

E’//{T 7“1]7} oKT



4 plot of the experimentally observed values of log P versus
/
£ will give log W¢p kT/'zy[v/R-r+1] and BU/KT  as the

intercept and slope respectively,

Defining, J= Wcp /3/Q£~///ar +1]

= Eb\ml:ﬂ.os of Ehe ‘L’n(:erceft]-[Slore]

one gets
1 2
J \l\/(r)@’ [/RT 1] (47)
4 second plot of 1/5 versus l/T would yield
slope = Y._2 _
P R w(r;(s' (a8)
2
and intercept = -
w<f>(3
giving Y = slope/intercept,
R

Thus, the present treatment helps in the evaluation
of K and gb from the concentration or the shear and temperature
dependence of the viscosity of high polymer solutions, It
also makes the technique an absolute method for the
determination of molecular weight of polymers under certain
restricted conditions of temperature and shear rate and
therefore, has a definite advantage over the various hydrodynami

treatments, -k
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SUMMARY AND CONCLUSIONS

l, dn expression for the relative viscosity m,

of dilute polymer solutions has been deduced on the basis
of the "Theory of Rate Procegses", The equation helps in
mgking the technique of viscosity measurements an absolute
method for the determination of molecular weights of
polymers. It relates M, to the concentration C.gms/ml,,
the temperature T, the shear rate f, the energies of
activation for flow of a polymer segment and a solvent
molecule and the probability W¢p) of the co-ordinated

movement of segments in the direction of flow, Thus,
P

e/x.v/m-

Te= [1+x§1- Wep Fo }]

-0 3 i
with X‘=9~55x10”5765('7-'g-)§’z% , W= € 0TS o

)

. /
Fop = SoiBY with = f2rra2z
and Y Sink Y Y f 2kT

The equation is based on the following assumptions,

(a) The solution is dilute so that there are no
intermolecular entanglements between the molecules, The
polymer molecules are thus randomly distributed and flow

individually,

(b) The polymer molecules have random coil
characteristics, The density of polymer in space has been

2
assumed to be glven by va =f;e‘?%' s where r 1is the
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the distance from the centre of gravity of a polymer molec&le.

(c) The solvent molecules in the solution have been
divided into three categories, namely, those which flow
freely, those which flow as if they were bound to the polymer
coil and those wiich exhibit intermediate characteristics,
The freely flowing solvent molecules contribute individually
to the fluidity, The solvent molecules bound with the
polymer chain contribute in a manner as if they were a part
of the polymer chain, The contribution to fluidity of such
molecules as well as that of the polymer chains themselves
is very small, since only a small fraction of the total
number of jumps of such polymer-bound solvent units
contribute towards the fluidity of the solution, The
magnitude of this fluidity is determined by the probabllity
W(p), that all the segments of a polymer chain have a net

co-ordinated movement im the forward direction.

(d) The volume of a randomly coiled polymer chain
which determines the intrinsic viscosity of a polymer
solution has been assumed to be equal to that of an

= 1/
"Equivalent sphere" with a radius Re =[Z{g S"Ja;

_
where [s‘]h‘ is the root mean square distance
of the segments from the centre of gravity of a polymer

molecule,

(e) Bhe average standard free energy of

activation for a unit of flow of either species has been

assumed to be given by

E=x€ +x6,-%€n
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where x and € refer to the volume fraction and the standard
free energy of activation for flow of the species 1 (polymer
segment) and 2 (solvent molecule) respectively and Xe€p.

is the contribution due to the non-ideality of the mixture,

(f) It has been assumed that the segments of a
polymer chain each having an area A,A; on which the shearing
stress acts, behave as if they are resisting shear on a much
larger (IGItimes larger) area than their own or that of a
solvent molecule, No assumption has been made regarding the
magnitude of p' except that for a ndne-entangled chain
i1ts value does not exceed that of the number of links in the

chain i,e, 32,

2(a) Several practical applications of the expression
for T, have been given, Thus, theoretical expressions
have been obtained for the hitherto empirical constants k!

and k" in the series:
iy} 112
EjF:[n]"‘k[Tl]Ci'" ™

and b .
BLr 1] - kje+ - - -

where

2\ ¥
[-q] =933x10 (_"’;12 4 [Y/rT+1-WepFen] |

k' _ Yir [VRT + 1-Wip Fm]
Drrt1- WpF (Y)]z



and

k" [1-wp Fon]”
2 frr + 1 = Wep Feo]™

It has been shown that at T=© and as f—-0
22 . 4 o, &
[n]{_'oz 9:33 x 40 (m)z(%)%
T=0 |
= Ko M/z
Thus suggesting an independent method for the evaluation of
the Flory-Fox constants ¢ and Ko . This helps in making
the technique of viscosity an absolute method for the
determination of molecular weights of the polymers,

(b) It can be easily shown that -

' Py
KM]=6M)- %
where & = 9-33x10”9-°—3 t(?‘)%l
- M [~ RT b

thereby deducing the Eirich~Riseman relationship and

correlating its slope and intercept,

(c) Since at very low concentration k" tends to
become positive due to hitherto unknown reasons, its value
cannot be exploited to evaluate Y ., An alternate method
of its evaluation has been suggested by making use of the
shear dependence of the intrinsic viscosity [1] .
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In conclusion, it can be said that the present
treatment. successfully explalins the behaviour of certain
empirically observed constants such as gb sy K

¢ and °°,. It also furnishes a theoretical
back-ground to the constants k' and k" and reveals their
importance in making the method an absolute one for
molecular weight determination, 4s regards the weak
points of the treatment, mention may be made of the
unexplained nature and magnitude of ﬁf s, an arbitrary
assumption about the value of tne radius of an equivalent
sphere, Further no attempt has been made to specify
the type of averages to be used while using molecularly
polydisperse polymer chains,

oo0oo0
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