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First 'we examined the distribution of chain elements of high polymer melecules
and arrvived at the conclusion that the distribution must be such that the mean sfluare
end-to-end distance of high polymer molecule calculated from this distribution is ex-
pressed, within a narrow range of the degree of polymerization N, by ‘ )

<r?>=CN7
with 7 which satisfies the reletion

dr
aT x 0,

where C is an appropriate constant and 7' the temperature. Next we inquired into
the methods of obtaining the extension of high polymer from empirical data by'
making use of such a distribution 'of elements, and, following one of those methods,
we determined experimentally the extension of high polymer in various solutions.
Finally, we carried out the theoretical treatment of the extension of high polymer
in solution. It has been found that there is a critical value of mixing heat 4U
" between the chain elements and solvent molecules, which corresponds t6 the precipi-
tation of the high polymer from the solution. Thig critical vale of 4U is inversely
proportional to the degree of polymerization of the high polymer. . - :

Chapter L. Intreduction

§1. Developments of the Theory as to the Extensxon
of High Polymer Molecules

The problem pertaining to the extension of high polymer mole-
cules received its first theoretical treatment at the same ‘time as
the first success in theory of rubber elasticity was attained. Since
both - theories were based upon the same distribution function of
the chain elements of high polymer, it was a natural consequence
that they were developed keeping step with each other. ~ In the
following we shall briefly retrace the progress in the theory of
extention of high polymer molecules.

I. Free Rotation, Arbitrary Bond Angle

In the theory of rubber elasticity one assumes as the snnplest
model of 3 rubber molecule a chain cons1st1ng of G-atoms, in which
free rotation about C- C bond can take place and the ang]es between
nelghborlng C-C bonds are arbitrarily distributed. - It is further
taken for granted that the chain elements constituting the high



On the Extension of High Polymer Molecules - - ) 51

polymer molecule have no volume and there exist neither inter-
nor intramolecular interaction between them. As in this model
no element other than those of rubber molecules are taken into
account, the properties of the molecule deduced therefrom are
nothing but those to be expected in vacuum. The initial theory
as to the extension of high polymer molecules was founded likewise
on this model, so that the results obtained must be considered
to hold only in vacuum. (The model consisting of volumeless |
elements will be called in the following a mathematical model.)

“For this model the mean square end-to-end distance of  the
chain is given by :

(P = BN, ‘ ’ | 1D

where b, is the bond length of chaln elements ane N the number of
elements.

II. TFreée Rotation, Constant Bond Angle

If one assumes that while the rotation about C—C bonds is free,
the angle between neighboring - C-C bonds is not arbltrary but has
a definite value which represents a tetrahedral angle 6, then after

a simple calculation the mean square end-to-end distance of chalns
comes out to be

<7“>— b” 1+cos@ N

TeOs Y 1.2
1— 0s 6 ( ’),

\ TII. Hindered Rotation, Constant Bond Angle
Assume that the rotation about C-C bond is hindered and the

angle between neighboring C-C bonds is a constant equal to 6.
The theoretical formula for <(#*> can then be written as

Py = B 1+'cos@ 1——<cos‘>(b>b

N, 1.3
" 1—cos @ 1+<cos @) : (, )

where ¢ is the rotation angle about C~C bond.

; It is to be noted that all the above formulas can be represented
in the form -

(r*y «< N e - L4y
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IV. Consideration of Excluded Volume

Since the constituent elements of high polymer have their own
volume and cannot be regarded -as mathematical point, it was
naturally required to introduce a correction ensuing from the
volume-exclusion effect into the theory of extension.  Later develop-
ments of the theory in which this effect was taken into account
were achieved by a number of authors independently of the theory
of rubber elasticity. The results, however, differ with the authors:
Some authors gave for the mean square end-to-end distance of
chains

(r* < N (1.5)

which coincides with that for the mathematical model, as far as
the proportionality is concerned; the others obtained the formulas
having one or more additional terms, all of which reduce, within
a narrow range of N, to

&> < N7 r>1). . (1.6)

- It is therefore particularly interesting from the theoretical
point of view to determine whether the formula for (»*) is actually
given by (1.5) or by (1.6) and, in case (1.6) holds, to find out the
value of 7. ' )

§2. Peculiérity of the Problem of Extension

If we wish to work out a physical solution for the problem of
extension of high polymer, we are driven to have recourse to
experiments. In view of the impossibility of vaporizing a high
polymer without causing any decomposition of molecules, however,
a state in which separate high polymer molecules exist in vacuum
cannot be the object of experimental study. The feasible experi-
ments are confined to systems consisting of high polymer in solid
‘state or in solution, so that, in order to treat about high polymer
molecules in separate state, which is of importance to theoretical
treatment, the only measure to be taken is to experiment with
a system of sufficiently dilute solution. In this lies the peculiarity
of the problem of extension. Needless to say, it is necessary
along with the experiment to establish a theory as to the extension
of high polymer in dilute solution, which is to be compared with
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experiment. (The various theories hitherto advanced concerning
the extension of high polymers in vacuum possesses.by themselves
nothing beyond mathematical interest.) The investigation along
this line has been performed by the present author as will be
fully described in the following. :

Chapter 1L Determinatio‘n of the Extension
§1. Consistent™ Distribution of Chain Elements

For determining the extension of high polymer we have to
assume, as a working basis, a function representing the distribution
of chain elements which should naturally be compatlble with
experiment. .

To begin with, let us examine whether or not the. distribution
function hitherto employed for obtaining the extension is consistent.
‘It has usually been assumed, that the distribution of chain elements
is such that it gives the probability of finding the mean square
end-to-end distance {r*) of a chain between r and r+dr expressed
by '

Wmm_<

2 b”Ni>% exp (— 2?1\7) ™ @1

by aid of which the extension is to be obtained from the measure-
ment of intrinsic viscosity (] or angular intensity distribution of .
scattered light I (6) of high polymer solution.”® In this expression
b is the effective bond length given by ‘

p—p, LHcos® 1—(cos @ B 22
1—cos® 1+<cos@) .

® being the bond angle and (cos ) the mean cosine of the angle
between two neighboring bond planes. For this distribution it
holds that ' : :

r™ = j:rzW(T) dr - N, , , | | (2 3)

* By “consistent” is meant here “in accord with the experimental result”.

"% Tf is to be noticed that here the effects of volume exclusion and of the existence

of solvent molecules are disregarded.
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or
F=bN", , ' (2.4)
r being defined by ' . '_
()" @5

Taking logarithm of Eq. (2.4) and differ.entiating‘it with respect
to- temperature 7T, one get the thermal expaunsion coefficient of #:

_ d : : o :
— log¥=—""1logb, 2.6
8T = —r log / _ ‘( )

which is independent of N. ,

Thus, if <7*> be experimentally proved to be proportional
to N and its expansion coefficient to be independent of N, the
distribution function (2.1) is to be regarded as significant and
consistent. In case, on the contrary, Eq. (2.6) proves to be invalid,
- we must conclude that the distribution funection (2.1) is inconsist-
ent and should be discarded. We carried out the 1nvest1gat10n‘
to see if the Eq. (2.6) holds for several solutions of high polymer,
the procedure and the results of which will be discribed below.

'§2. Decision as Regards the Consistency of
a Distribution Function

As the criterion upon which to test the consistency of a dis-
tribution function of chain elements, it is convenient to examine
the N-dependency of the thermal expansion coefficient 5 of #,
inasmuch asg, as will be shown below, 8 can easily be derived from
the measurement of intrinsic viscosity [7], whilst the procedure
of obtaining # from [7] is somewhat too complicated. For the
intrinsic viscosity we assume the formula given by Desve and
Burcue? ;

[7] = 4:7Z'R

$E). » en

where R is the radius of a sphere equivalent to the high polymer
molecule, M is the molecular welght and ¢ (o) is a function of the
shielding ratio 4:
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2.8)

b= 1+3/6°*—(3/s) coth @
' 2 1+(10/0%{1+8/0’—(3/s) coth o}

This formula was deduced by summing up the contributions from
each chain element to viscosity with due consideration for the
condition -that when a h1gh polymer molecule is put in a solvent
having velocity gradient, the velocity of the solvent through the
high polymer diminishes from . surface toward inside of the high
" polymer.

It is true, the function ¢ (¢) must come out different according
as different distribution of the chain elements is assumed. But,
" since the above formula is in accord with the experimental facts,
we may use it, as an approx1mat1on, for any klnd of dlstrlbutlon
of elements. ‘ ’

Between o and the shielding length L there holds the relation

s=RIL, o o (2.9)
with ’

@. 10)

where f is the frictional constant of chain elements, 7, the viscosity
of the solvent, and v the mean density of the chain element, i.e.

y= 8N | @1
47 R? -
Substituition of Eqs. (2.10) and (2.11) in Eq. (2.9) yields
— /3fN - | 2.12)
’ ]/ 4R . . (2.12) .

For a narrow range of N where o varies only insignificantly, # (o)
Whlch is 0therw1se a complicated functlon can be expreSsed in a
simple form:

”ﬂ@—%ﬂ,. : N (2.13)

in which ¢, is the proportionality constant ‘
Since, as can be inferred from Egs. (2.9), (2.10) and (2.11), ¢ is
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independent of temperature 7, z is a constant likewise‘independent
of T. Substituting Egs. (2.12) and (2.13) in Eq. (2.7), there results

dn ./ BFN " e .
= Ri-=2 ‘ .14 s
=g ¢"< 4770 ) ~ @ 14)
and further by taking logarithm of Eq. (2.14) and differentiating
it. with respect to T, we obtain the equation for the thermal
expansion coefficient of R: '

1 drR _ 1 d

1 4R _ 2 jog]. 2.15
R AT 3—w2 dT og [7] (2.15)

7 is a function of R, a function which does not explicitly involve
N, so that in order to examine whether (d/dT")log 7 depends on IV or
not it is sufficient to inquire into the N-dependency of (d/dT)log R,
or of (d/dT)log [7] as can be seen from Eq. (2.15). Thus we have
studied the N-dependency of (d/dT) log [7] experimentally for several
- golutions of high polymer.

§ 3. - Experimental Results

The temperature dependency of intrinsic viscosity was measured
for benzene- and toluene-solutions of fractionated polystyrenes
(whose molecular weights were 930,000 for fraction I, 543,000 for
fraction II and 342,000 for fraction III) by the use of a rotary
type of viscometer kept in a thermostat. HKach solution was
subjected to heat treatment over six hours. Experimental values
of intrinsic viscosity [7] and calculated values of (d/dT")log [] are
given in Tables 1-3. : '

TaBLE 1. Intrinsic Viscosity of Polystyrene-Benzene Solutions

: [7] g-1 em®
200 s’ | ac 50°C
930,000 244.7 240.0 234.0 - 2538
543,000 171.6 169.0 165.7 162.1
342,000 . 1265 1251 | 1284 | - 1221
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‘TasLe 2. Intrinsic Viscosity of Polystyrene-Toluene Solutions -

) 7] g~ cm® v
M. W. T
R .20°C 80°C 40°C 50°C
'930,000. - © 81756 .. 3084 287.0 278.0
543,000 220.0 210.0 210 | 1950
842,000 160.0 1580 1484 143.8
TaeLe 3. Differential Coefficient of log [7] of
Polystyrene Solutions
(d/dT) log ]
M. W.
Polystyrene-Benzene Polystyrene-Toluene
930,000 — 0.0028 — 0.0044
" 543,000 _ — 0.0019 — 0.0040
842,000 — 0.0038

~ 0.0012

From the experimental results described above it is evident
that the values of (d/dT) log [7], which is proportional to the thermal
expansion coefficient ‘of high polymer in soliltion, do depend on
the number of elements N. This means that Eq. (2.6) proves to
be invalid, so that the hitherto used distribution function (2.1) of:
chain elements, which gives Eq. (2.3) as an expression for {r*, is
1nadequate for the purpose ‘of obtammg the extensmn of hlgh

polymer,

Now the questlon arises what sort of distribution functlon is

compatible with the experimental results.

It is not easy to treat

the problem in a general way, but now that, as we have seen,
the N-dependency of (»®> serves as a criterion for the reliability
of the function, we are now in a position to be able to set up
a distribution function which conforms at least to the observational
facts with respect to the N-dependency of (r®).

Assume that when we calculate (% theoretmally we obtain

an equation

T=RE)=FWN).

2.16) |
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For a narrow range of N this can be rewritten, with. a proper
choice of C and 7, in the from '

F=(CNTY, ! | (2:17)

Where T is a functlon of T in general 'We take logarithm of Eq.
2. 17) and differentiate it with respect’ to T, obtamlng

(d/dT) g7 = ,}1 I(d/ozT) log C+10gN g;} @ 18)
Thus we arrive at a conclusion that (d/dT log 7, Wthh represents
the thermal expansion coeﬂi(:lent depends on N, in“so far as 7 is
a funetion of 7, or :

ar i » :
A I N : 2,19
dT: ‘ . e @1

In other words, if 7 in the formula for <T-> represented by Haq.
(2.17) satisfles Eq (2.19), the dlstrlbutlon function of chain elements
from whlch the formula can be derlved must be con51stent one.’

§4. Method of Determining the Extension of ngh
Polymer Corresponding to the Consistent. Dis-
tribution of Chain elements.. ‘

In the preceding section. we have seen that the cons1stent
distribution must be such that ¥ =((r*))" calculated from this dis-
trlbutlon is expressed, within a narrow range of N, by

=(CN™ . : . e

with 7 that satisfies the relation
L o IR | ;
ar 0 | | ( )

‘Now 1it-is intended to cons1der a method of obtaining the
extension of high polymer by making use of such a con31stent
distribution .of elements.

As.sumptwfn The consistent dlstrlbutlon is of Gauss1an type such
' ag to give ¢(r®) that satisfies Egs. (2.17) ond (2.19). -

As such a distribution function we may take the expression for

the probability of finding the end-to-end distance between 7 and
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r+dr given by.

W) dir = (ﬁ)%m( > CNJW ar. 220

By making use of this distribution function we are able to obtain
the extension of high polymer from the measurement of . intrinsic
viscosity [7] or of angu]ar intensity distribution of scattered light
1(6). :
"The quantities C and 7 can be determined in the process of -
experimental determination of (r*y; if the value of 7, which can
for the moment be either

rzZ1 or v=1, » , (2. 21)

comes out equal to unity, it will correspond to the mathematical

model, which however has been 1e3ected as was evidenced in §2
and §3

§5. ‘Method of Determining the Extension of
. High Polymer from [7] k
The determination of the extension of high polymer- from [77] ‘

calls for a relation connecting the extension and [7].
For this we use the relation given by Derve and Buecag” :

[]_47rR

, $(0), @
| with : . o o |

b= | 1+8/6°—(3/0) coth o
2 1-(10/e%) {1+ 8/ —(3/a) coth o}

Eq. (2.7) is based on the assumption that the high polymer molecule
considered as a sphere has a uniform distribution of chain elements.
To apply this equation to our case involves taking for granted
that the relation '(2.7) remains approximately valid for R and % (o)
to be expected from the distribution (2.20), notwithstanding that
these quantities ought to be different from those expected from
uniform distribution of elements.
For the dlstrlbutlon function (2 20) R is related to r by

(B = —- <fr~> | | | (2 22)

(2. 8)

.
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s0 that the value of R obtained from [y] gives the required extension.
The procedure of obtamlng R from [7] will be described in the next
section.

"(I) Determination of R from [7]:—
Eq. (2.17) can be rewritten as

T =abN"

where b js the effective bond length represented by the relation

1—cos® 1+<eos@>
and a is a function of N and T :
a=a(N,T) = , ’ _ o (2.24)
meaning the ratio of the extension of a real high polymer molecule
to that correspondmg to an ideal distribution of mathematical

. elements having no.volume. From Egs. (2.7), (2.22) and (2.23) we
have

[7] = KgM"a® ’ @)
with ‘
- A4nb? ’ . :

K, = W s ’ (2 26)

where m is the mass of element. Provided the value of K¢ is -
known, a can be obtalned by the help of Eq. (2. 25). In order to
obtain K¢, a relatlon“’ which holds thermodynamlcally is used,
namely,

a—a’ = C'(1—p/TYM" . | (2. 27)
Here C’ is the proporﬁonality constant depending on the kind of
solvent, and x is' a function of B, a measure of the interaction

energy between a hlgh polymer molecule and the solvent and v,
the molar volume of solvent:

0= 21';” . , | (2.28)

where R is the gas constant.
"~ Thus we get, from Egs, (2.25) and (2.27),
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—_—

1 W 1 [y] - (1= ’T - 2.99
Kg® M Kog M ( #/ ) (2. );
If K@S is not sharply dependent on M, remaining nearly constant
- within' a narrow range of M, then we obtain -

5/3 4317 2/3 . .

MumﬁM/M}(K” | “i‘@w
whereby ‘to determine K. As will be seen later from the ex-

- perimental results, K,¢ actually proves to be a constant independent
of M, so that substitution of K4 thus determined in Eq. (2.25)
yields significant value of a. o

Within a narrow range of N, the N-dependency of a can be
. expressed in the form

a=aNe, ‘ @3
and accordingly 7 is given by .
12 =12+a. @8y

Since from KEgs. (2. 17 and (2.22) R appearlng in Eq (2.7) can be
" written as

R—C'N S ©@.39)
Eq. (2.7) turns out to be _ , .
[7] = C"N™~-'¢(5).. . (2. 34)

C" and C" are sultably selected proportionality constants, and o
is, accordlng to Hqgs. (2 12) and (2.33), given by

Nuz=vis ) .

= 2. 2.35

o /%W f—— ( ,)
An empirical formula for [7] can be written in the form
[y] = AN®, - o @36)

S0 that by aid of Kgs. (2.34) and (2 35), we obtain
dlog[y] _ (1 r\o dp '
€ = LA, SR S - (2,87
dlogN (.2 : ) (2; >¢ de = ( )

This equation enables one to detérmine the value of (o/¢)x (dp/da)
for given values of ¢ and 7, hence the corresponding value of ¢
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from Kqg. (2.8), and finally the required extension R from Eq. (2.7).

(II) Determination of r from [7]:—

The values of K,¢ and ¢ determined by the method described
above yield at once the value of K,; we therefore get b by the
use of Eq. (2.26):

3\ : | \
b= (2 K(6m)"*, 2. 38
b=() K * (6m) (2.38)
an'd consequently obtain 7 from Eq. (2.23).

§6. Method of Determining the Extension of
High Polymers from I'(O)‘

Recently D.EBYEZ)_ShOWed that the extension of high polymer
can be determined from the angular.intensity distribution I(6) of
the scattered light from the high polymer solution irradiated with
parallel beam of light. Following this, Zmam® developed a more
elaborate method to be applied to chain-like high polymers. But,.
his method has proved to be still unsatisfactory on account of the
inconsistency of the underlying distribution function. We now
succeeded in establishing a method involving a consistent dis-
tribution function. :

The basic distribution functlon is

W(r)dr = (%Wryﬂexp ( — 237;1 ) dnridr, (‘2. 2Q)

and‘ the mean square end-to-end distance of the chains is given by‘

4*> = CNT a (2.17)

80 that, in order to determlne the extension, it is sufﬁc1ent to
obtain the values of 7 and C.

We apply the same procedure as adopted by Zmmm® to our
case of consistent distribution :

Consider that a parallel beam of light be incident upon a dilute
solution of high polymer, where » molecules each consisting of N
elements are contained in volum V of the solution. We define
a distribution function ¢ (r) such that for a pair of arbitrarily chosen
elements the probability of finding the center of one element
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within the volume element dr at a distance r from the other is
P (r)dr. Further, let the wave-lenght of light be 2, the unit vector
in the' directions of 1n01dent and” scattered 11ght be ' s, and s,
respectlvely, and the1r dlf’ference be 8=8,—8,, then we have for
the 1nten31ty of the scattered hght

- B0 oy (HEr)a

where K is a constant factor. According: to Zium, this equation
can be transformed into

- I(0) = K {MP@©)c—24,M°P*6)¢} , o (2.40)
¢ =vM/V,

K = kN/M?, | T T
A=—NNX2M:, o L 24y

X= §x<m)ar.

Here k is Boltzmann’s constant N Avogadros number, X('rw) the

‘ function of the potent1a1 energy between the xth and the Ath
element and i

P(ﬁ)——zz [ exp(z”%xsf")dr‘, o

where Ww(oﬂ) is a function such that W,,(r)d: gives the probability
of finding jth element within the volume element dr at a distance
r from ‘ith element.

The function W, ,(r) must take a form different from, that
given by Zimy, inasmuch as it is to be based upon the consistent
distribution of elements. Let the ith and jth elements be taken
for the end elements, ‘then 'W“(r)‘w,hich( in this case reduces to
W (r) comes out, according to Eq. (2.20), to be o

3 3/2 . v 3,},.2 A .
Wi ={g i) o "aeig) < @9
'Through substltutlon in Eq. (2.42), this leads to _
1 3 e 3r® 271 8PN\
vp(ﬁ)_fzﬁ; J25{2n0|ifj|f} ex { 201417} 1e‘p<, i )dr'
| o (z 44)
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We replace the summation by integrati’on and put Z=7—j, obtaining

P(ﬁ) = MH (N—Z)<27rCZr>w p(_ﬁ) oxD (-2#1:18.1') "
| | x dZrdrdfd(cos¢),  (2.45)

where 7, § and ¢ are polar coordinates and dr=r’drdpd (cos ¢), which
after integration with respect to spatial coordinates, yields

PO = 2" W-z)eaz, @.46)

with , :
= 2208 87 e O y R (2.47)
342 32 2 :

where 0 is the angle between incident and sca..ttered directions.
Substitute this in Eq. (2. 40) and take the limit for infinite dilution,
then there results

m L6 _ 2KM J (N—Z)er"qz | 2. 48)
C—>0 C N7

which is the equation to be used for obtaining the parameters 7
and C from the measurement of I(f), and hence the extension of
the chain by aid of Eq. (2.17). : ' ’

In praetice v and C are determined accordmg to the followmg
procedure. Expanding exp(—uCZ") in power series:

‘ ‘ZCQZZT u3C3Z3')’ ’

exp(‘—uCZ*)=1—uCZi+u2' —ES e, (2.49)

we rewrite Eq. (2.46) as
= L [W—p)f1—uczr + L LI N az

‘ 21 3! f
___2uCNT . 20CN*
Lo+ +2)  2!1@r+1)@r+2)
20 N” (2. 49)
31(3r+1)(Br+2) :
Thus, in limiting case u—0, we have
lim 2O _ - 20N (2. 50)

Tus  du T+ +2)
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which expresses the gradient of the initial slope of the curve
representing P () as a function of u. . :

So long: as u, and consequently 6, remains small, P(#) ‘,can be
represented with sufficient acéuracy by the first three terms of
Eq. (2.49), so that, if the ratic of the two values of 1— P(B) corre-
sponding to 6, and 8, be denoted by D, it follows

2uCN* 2uiC*N*"
_1-P@) _ +Dr+2) 21@r+1)@2r+2)
1— P((?o) 2u,CN" 2uiC* N
. _ +Lr+2)  21@r+1)@2r+2)
_ 8@+ Du—(+ D)+ 2G| (2.51)

- 8@2r+1) u,—( +1)(r +2Yus
This reduces to | | |
FrABPf —20) T +4f—g = 0, (@2.52)
where f and g represent, as functlons of u,
" f = DGui—Gu; l
. 9g=8Du—8u, . | ‘ o :
‘Thus, in virtue of Eqgs. (2.50) and (2.51) we can determine G and
D by making use of P(0) to be obtained from the measurement

“of I(f), and consequently 7 from Egs. (2.52) and (2.58) and C as
well as the extension of high polymers from Kq. (2.50).

©.53)

§7. Remarks -

We have described ‘two'm'ethods'éf determining the extension,
one from the measurement of [] and the other from the measure- -
ment of I(f). In the former case it was necessary to assume DeBvYE-
Bukcne’s formula as the relation connecting [5] with the extension
and furthermore to attribute a special property to ¢ and a;, namely
that a satisfies Eq. (2.27) and K¢ is a slowly varying function of
M. In the latter case, on the other hand, only very few such
arbitrary: assumptions were involved, which means that from a
purely theoretical standpoint the latter method is more preferable
to the former. ’ ' .

In both of these methods we took Gaus51an ‘type distribution
of chain'elements for the basis of our argument. Originally, it is
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true, this was derived for mathematical elements in vacuum, but
not for the elements having volume in solution. But inasmuch as
the experimental évidence has shown that the distribution of real
chain elements is nearly Gaussian i.e. 7 is not-far different from
unity, it is not unreasonable to promise a distribution function
represented by Eq. (2.20).

§8. Experimental Results

1. Determination of Extension from [¥]

We prepared benzene solutions of fractionated polystyrenes
with six different molecular weights, the concentration of each
polystyrene being varied as 0.1%, 0.2%, 0.8% and 0.4%. These
solutions were subjected to heat-treatment at 65°C for about fifty
hours. We measured their viscosities at various temperatures 20°,
80°, 40° and 50°C by the use of a capillary viscometer kept in a
thermostat, of which the capillary had a length of 17cm and
inside diameter of 0.02cm. Through extrapolation of the values
of viscosities thus obtained to zero concentration, we obtained [7].
The molecular weights of fractionated polystyrenes were deter-
mined by making use of Perrer’s formula®:

[7] = 2.7 x 1072 M, - (2. 54)

in which the unit of [7] is gem®. The results are given in
Table 4.

TaBLE'4. Intrinsic Viscosity of Polystyrene-Benzene Solutions

©[7] gtem?

M. W.

20°C 80°C 40°C - 50°C
742,000 202.0 1810 159.0 137.0
668,000 189.0 169.5 150.5 1315
560,000 168.0 151.5 185.5 119.0
327,000 118.0 1085 99.0 89.0
208,000 87.5 80.5 785 | 66.5
50,600 87.0 6.5 36.0 . 850

In Fig. 1 are illustrated the curves of [y]/*/M** versus [7]/M.
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[y 20°C
Tas

30°C

2 " I3 1 1 L .
1 : 2 3 4 - 5 m
. ., . M

Fig. 1. Relation between [7]5/3/M+3 and [7]/M.

As can be seen from this figure, there holds nearly perfect linearity
between these quantities, which fact shows that K¢ is independent
of M and that the gradient of the lines directly gives K,¢.
Thus, if K9 is assumed to be independent of M, the caleulation
of ¢ in Eq. (2.31) becomes very simple; namely we get, from Egs.
(2.25) and (2.31) :

_ dloga _ 1 dlogfy] _ 1. (2;55)
dlogN 3 dlogN 6
7 is then given by
2 =1/2+a, (2.37)

and by aid of this value of 7 and Eqgs. (2.37), (2.36), (2.8) and (2.37)
- ¢ can be calculated. Values of K¢, 7, ¢ and a at various tempera-
tures are given in Tables b and 6.
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TABLE 5.

Temp. . 20°C _ 30°C 40°C 50°C
Kop 1.472 x10° 1.146 X 109 '1.225 x10° 1.196 % 107
72 0.548 0.541 0.527 0.513
é 2:31 2.32 2.85 2.34

TABLE 6.
24
20°C 30°C 0°C - 50°C
742,000 1.298 1.216 1.188 <1074
668,000 - 1.290 1.210 1.188 1.078
560,000 1.278 1.175 1.185 1.072
327,000 1.242 1.175 1115 1.067
208,000 1212 1145 1.088 1.043
50,600 1152 1.116 1.086 - 1.067

Table 6 indicates that the values of a are greater than unity and
moreover depend on temperature, so that 7’s are likewise dependent
‘on temperature in conformity with Eq. (2.19). The radii R of
polystyrene molecules, as calculated from Eq. (2.7), come out as
given in Table 7.

TaBLE 7. Radius of Polystyfene Molecules in Solution

R(A)
M. W. s
~ 20°¢ | . 30°C | 40°C 50°C
742000 296 286 272 259
668,000 280 270 258 247
560,000 254 245 235 225
$27,000 188 B 177 171
208,000 .ot 143 138 © 133
50,600 687 68.4 - 676 67.1

In order to determine the end-to-end distance 7=abN'?, we have
further to compute the values of K, from Table 5; ‘and the values
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of b by the help of Eq. (2.38). The obtained values of &, b and
. 7 at various te_mpératuresxare presented in Table 8 and 9.

TaBLE 8.

 Temp. | 2°C | 80C 10°C 50°C
K, 0638107 0493107 |  0.521x101 0.511 %101
b 798 X108, 784 x10° | 748 x10° 743 x108

TABLE 9 End-to-End Distance of ’Polystyrehe Molecules
' ' in Solution ~

7 ="abN2 (A)

M. W.

20°C 30°C | 40°C 50°C

742,000 878 - 3| 720 673
668,060 . 82 ' 706 683 641
560,000 e | 645 - 623 585
327,000 552 | 418 465 446
208000 426 3T 86T 348
50,600 204 181 177 172

§9. As to the Extension in Vacuum

~ As described above, it has been proved experimentally that
7/2>1/2. Being based upon this fact we can obtain a knowledge
on the distribution of chain elements. in vacuum as follow: From
Eq. (2.17) the volume V of a high polymer becomes '

V oc (,}:)‘K — CYS/ZNBY(Z s . ‘ (2' 56)
‘whence P ’ ' '
Vo ' ' -
Y= e C3/2N3?’[2 J" . X 2. 57
R | (@.57)
which gives the volume per element. From the'relation
/2> 1/2, o ‘ - (@2.58)

therefore, it follows that the value of v beécomes. the larger, . the
larger the value of IN; in other words, the distribution of chain
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elements becomes -sparser as N increase, that is, the elements
are more thinly distributed at the boundary than at the center.
Now conceive that a chain molecule, whose elements are non-
uniformly distributed in vacuum, be put in a solvent, then solvent
molecules will penetrate into the free space within the chain
molecule causing a swelling or spreading of elements to take place.
This spreading will be the more remarkable, the larger the density
of elements, so that the distribution will exhibit a tendency to
become uniform ; that is to say, the distribution will become more
uniform in solution than in vacuum. Now that this tendency cor-
responds to the decrease of 7, the fact that there exists the relation -
7/2>1/2 for a chain in solution leads to a logical conclusion that
the relation 7/2>1/2 must be still more valid for a chain in vacuum.
It is of great importance that we could get a deeper insight
into the characteristics of high polymer in vacuum from the
measurement performed for its solution. It has been confirmed
that among a number of theoretical treatments of the extension
of chain molecule those which do not give 7>1 in the equation
(r’>=CN" is to be rejected because of their contradiction to
-experiment. ‘

Chapter III. Theoretical Treatment of Extension df High
Polymer Molecules in Solution

§1. Introduction

With a view to investigate the relations between the extension
of high polymer molecules in solution and the properties of solvents,
we first develop a theory of high polymer. solution based on the -
lattice model. '

Consider the extreme case of an infinite dilution, where there
is no interaction between solute molecules.so that their behavior
can be regarded as independent of one another. It may then be
sufficient for the investigation of their behavior to consider a system
of solution which contains only one high polymer molecule.

In order to take into consideration the temperature dependency
of mutual interaction between the chain elements of the high
polymer molecule and the solvent molecules, it is convenient to
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assume that the solvent contains holes besides the solvent molecules,
that is, to regard the solution as consisting of chain elements,
" solvent molecules and holes. ~ »

Take a system of solution with volume V containing a single
high polymer molecule, of which the entropy, the internal energy,
and hence the Gibbs free energy )
are to be calculated. We assume Y
a lattice model for the solution, and ' ‘
denote the volume of high polymer X
molecule by V,, the number of lattice 8
points in wunit volume by v, the
number of chain elements (p) which [ [ £}
constitute a high polymer molecule ; 6 $
by N, the total number of solvent L=
molecules {(5) by N,, the numbers of r’—f_i @i %“
s within and outside the volume V., e
by N and N! respectively, the total v )
. number of holes (h) by N,, and the Lattice model for polymer splutiori.

" pumbers of & within and outside the -®-: chain element,
“volume V, by N and N, respectively. g i‘;ll‘;ent molecule

If the number of pairs of consti- )
tuent elements, their energies, and the number of their poss1bIe
configurations be determined, we can obtain the total energy, the
entropy and hence the Gibbs free energy G of the system. In

“terms of G thus obtained, the value of mean square end-to-end
distance <r*) of a chain comes out to be

*y = §rre 9 dy | e  dy | - 3.1

O—@- o

D

€
— @996

C
A L" ‘(J 4 ‘vrn

Fig. 2.

The reason that the Gibbs free energy has been used instead
of Helmholtz free energy is based on the fact that NV, and hence
V is the function of end-to-end distance r and temperature 7. N,
must generally be sclected so as to make G minimum. If, however,
- we :assume that the holes outside the volume V., interaet only with
vsolvent molecules, the value of N¢ ean be determined from the
“equilibrium condition of the system consisting of solvent molecules
and holes. When, for the sake of simplicity, we further assume
that the temperature dependency of the volume of solvent is
determined by the change in number of the holes, Nj can be
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represented by N%; T and expansion coefficient 5. We have then
only to determine N so that it may make a minimum of G of
the whole system.

§2. Gibbs Free Energy G

Internal enérgy E, entropy S, volume V and pressure P of
the system are related to the Gibbs free energy by

G = E—-TS+PV, » / 3.2)

so that, in order to obtain the expres's'ibn for G and hence the
mean square end-to-end distance (+*> by Eq. (3.1), it is necessary
to express E, S, and V as functions of 7. This ecan be performed
as follows.

- 1. Entropy S.

The entropy S of a system composed of the elements p, s and
h- can be obtained by using a lattice model and calculating the
- configurational number « of these elements, in terms of which S
.is given by ‘

S =klogw(r) . / : (3.3)

We first caleulate the coordination number D, of chain elements,
the end-to-end distance of the chain being kept constant.. Next
we seek for the coordination number D,, of solvent molecules and
holes at the lattice points which are not occupied by the chain
elements. Since this number is independent of the arrangement
of chain elements, the product D,-D,, is equal to the coerdination
number o of the whole system consisting of chain elements, solvent
molecules and holes.

Evidently we have, for N°¢-and N°, the relations

Ni=yV,.—N—N{ @3.4)
and
" N?=N,—N!= N,—V,+N+N%. ~ (3.5)

As for NY, we assume that the change in number of the holes is
responsible for the temverature variation of the volume of: the
llquld outside V,, N% can thus be expressed by
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N, = BN? = B(N,—vV,+N+N3), . (3.6)
B being the expansion coefficient, whence we.obtain \
N, = Ni+ N4 = N, + N.—8 (vV,— N—N%). (3.7)

Let the probability that the end-to-end distance of a high‘
po‘lyme;f: molecule takes a value between r and r+dr be written as

\ 32 32
WN(')")OZ’)" <2nCN" > exp( SON >4 aridr, (3.8)

Where C and 7 are the appropriate parameters such that the mean.
square end-to-end distance ‘of a high polymer molecule in vacuum
can be represented by. CN7?. Since the coordination number of
each chain element can be put nearly equal to vV and, moreover,
the coordination number of the chain whose end-to-end distance
is r is proportional to Wy (r), the coordination number of the cham
elements for a given end-to-end distance r becomes

D, = KGVPWr) = K6V (- Cvj’zexp( - o >4~w, 3.9)

K being a proportionality constant. ,

For the simplicity’s sake, we take it for granted that the
probability of finding an element (chain element, solvent molecule.
or hole) at any lattice point is independent of what kind of element
‘occupies its immediate  neighborhood, so that ' the - coordination
number of solvent molecules and holes at the lattice. points not

oceupled by the chain elements ‘may be glven in virtue of Hq.
(3.7, by »

D~ NANY! {(1+[:’)N+N" —BCV,—N—-Ni} !
ST ON,TN, N, {BN,+Ni—R(pV,—N—Ni)} .’

Thus the coordination number of the whole system, inclusive.of
chain elements, solvent molecules, and holes, will be, for a given

0= D, D= KOVY <énCN’>3lzeXp (- 260);«'*)4 "

% {(1+B)Ns+.(1+ﬁ) Ni—B(V,—N)} !
N, {BN,+(1+p) N4t—B GV, —N)} |

Hence, the entropy of the syster"n'comes out to be

@®. 16).

(.11
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S =klogw
=k [1ong <

CN’>
+log{(1+,8)N+N — BV, —N— N,,)}
—1ong—1ongN+N —B(V,—N—N)} 1]. (3.12)

Since the volume 0ccup1ed by one lattice point is 1/v, total volume
V is given by

V=L@ NNy =L {a+pNA N+ N6V - N-ND)} .
vV 14

) ‘ (3.13) .
Using Eq. (3.18) and StrraNe’s formula

/ " logz==zlogz—z2, ) (3.14)
we rewrite Eq. (3.12) as

| S:’k[logKuN<

3 )3’Z+N,1ogi{(1+5)Ns+N+Ng
27rCN™ Y

—ﬁ(»V,.—N—N“},)} 5 g;v +log 4z

+(1+AN,+ Ni—peV,—N—Ni}

xlog{(1+ﬁ)N+N‘—8(uV N—N%} —N,log N,
— BN, + N§—BGV,— N—N} log {BNerN”}L—B(er——N——N’},)}] :

(8.15
If furthermore, we take account of the approximate relatlo)n
Ni—B(V,—N—Ni)=Ni—aNi=0 (3.16)
and the well-known expansion 'formula,
log (1+2) = g —, N B )
we obtain |

log L. 1(1+/3)NS+N+N2—B(VV,~N—N?,)}:1 LlarpN.+ N
: : v

—B YV, —N—-N7)
(1+pN,+N

, - | (3.18)



On the Ewtension of High Polymer Molecules 75

1og)(1+/3)N8+N7;—‘~,8(uV,—N—N )f log(1+ﬁ)N

L NVEi—B0Y, N—N“i,)
(1+8) N,

(3.19) |

and _
N,—B(pV,—N—N3)
BN )

log {N,+ N — (V,— N— N%)} = log N, +
| ' (8. 20)
Substitution of Egs. (8.18), (3. 19) and (3.20) in (3 15) ylelds

o/ 3
— k[ log K log L N,+N
S k[og (s CN,) +Nlog = {(1+5) }
+ N{N/L B(VV—N N )} 3r° +10g47-'_[,,.2
(1+B) N, +N ~ 2CN”

+ {BN,+N4= 50V, —N— N,L)flogl-‘;ﬂ

+N,log(1+p)—

{N(L BV, —N— N)}J (3.21)

B(1+p) N,
This equation holds. good whatever values N, and N¢ may take.

2. Energy E

On the assumptlon that the interactions come into play between g
p'and p,  and p and s as well” as s and s-only when they are the
immediate neighbors, we calculate the numbers of such palrs for
obtaining the energy E of the  whole system.

- Since each chain element is connected with its nelghbormg
chain element by a bond, the chain can occupy only a limited
range of volume. Within this volume, however, the configuration
of p as well as of s may well be considered to be rather arbitrary,
inasmuch as any two chain elements can behave independently
of each other, only if they are separated from each other by a few
intervening elements. - Thus the number of pairs, p p, p—s, and
s—s, may approx1mately be computed, all the elements within V.
being regarded as independent of one another. :

Neglecting the interaction of s lying outside V, with p, we
first calculate the numbers of p—p and p—s pairs. Denote the
number of the nearest neighbors around a lattice point by ¢.. Since
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the probabﬂlty of finding: an- element p at a lattice point in .V, is
given by N/vV, and similarly for an element s by WV,— N N? )/uV, ,
the numbers of p and s out of ¢ around one p are - ‘

[ =0 N
PP ”,Vr :
and ' - ' o (3.22)
¢ _  wV.—N—N¢
O'v = 0 —
vV,

l respectlvely Accordingly the number of p—p palrs, N,p, aﬁd'that
of p—s pairs, N,,, are given by ; o
ocN?

N,, = ' 3.23
Ny =g S e

and

(3. 24)

N = INGV,—N—N%

vV,

Next we consider the number of s—s pairs, which exist both
within and outside the volume V.. Considering that the average
number of s in the nearest neighborhood of an element s inside
the volume V. is '

yi = COV.=N—N%)

s : 3.25
| V. (3. 25)

'and that the average number of s among the nearest neighbors
of an element s outside V., is

(N~ vV, + N+ N2 | o (
v(V=V,) 7
we get for the number N, of s—s pairs in the whole system:
 Nu=NLENL B |
. 21}]{\21 Ny @ 2:(1;211\77;1\7.,) e
If we assume that 7 ' .
o Ni< N, , (3. 28)

3. 26)

0
Oss —

‘we have the relations
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. JZW—N—Ni\ - 3
— =(L+ ‘ 1"‘—*“—) - —* 3. 29
W(V=V)=1+BN, 2 ) | 329
and
(NSMVVT+N+N2)2:N§<1—2,”W_—IJ\\;_M->. (3.30)

Thus substitution of Egs. (2.29) and (3.30) in (3.27) gives

Nss _ q(uVr~N—N§)2 N 6N, <1___ vV, —N—N}
2V, 2(1+p) N,

Let the 1ntermolecular potentlal energy for the palrs P—p,
p—s and s—s be ~U,,, —U,, and —U,, respectlvely Then the
potential energy of the whole system comes out, by the use of

Egs. (3.23), (8.24) and (3.31), to be

) . (3.31)

E= —NDpUpp_'NpsUps_NssUss - - 2(:];7/ Upp_gAr(uvr);/N—Nz)U
oV, —N-—N3) U oN, - 1— vV, —N—Nj, 3. 32
2V, n 2(1+p) < N, > ( )

Usmg Eqs (3.2), (3.13), (3.21) and (3.32), we obtam bhe expression
for the Gibbs free energy of the whole system as a function of
‘the volume V. of the high polymer molecule: '

G- oN? U _ oN(pV,—N— N?)U o(WV,—N—N.) U,

SV, vV, ' ZVV

oN JV,— N—N 3\
N (1 2V AU — kT [log Ko

2(1+3)< N, ) [Og g <2ECNT)

oo L . N{N;—B(V,—N—Ni} _ 3
+ Nlog— {(1+BN,+N : -
o v‘{( £ N (i T 2CNT

+Iog4~:r+{ﬂlv + BV, —N-N h)}loglgﬁ

Moo (L) LNE—BOY.— N—No}?
B (=2 ]

J(1+{3)N+N+N,L BOV,~N—ND} .  (3.33)

It is obvious from the nature of holes that the number of
holes must have a particular value for which the Gibbs free energy
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G becomes minimum. Since we asSumed that N9 is given by Eq.
(3.6), N¢ has a definite value independent of G, so that only N: is
determined from the condition that makes G minimum. Namely,
the equation for determining'N“,', is )
e G e

=0. 3.34
SN (8.34)
Thus from Egs. (3.33) and (3. 34)

KTN(L+ {a)

_ oN O'(VV N) ”Uss
Uy Vet iy T O AN N
| +kT(1+,8)log1;'B+ 2’”(”]‘\’;“1\7 ) —Plj B
N = . :
T 2kT(L+p) _ oU,
BN, vV,

(3.35)

In order to 51mp]1fy Eq. (3.35), we estlmate the order of
magmtude of each term appearing in this equation for 0.1% solution
of polystyrene whose molecular weight is 200,000. According to
the theory of Derve and BuecHg”, the mean value of V, of poly-
styrene molecule in a benzene solution is 4.17x10""ce, so that
v=1.62x 10* and N8:5.36x105.‘ We get, therefore, since f=10-°
and ¢=6 ’

2/BN, > oY, . | (.36
- Moreover, if we assume that the interaction energies U,, and U,

as well as U, are of the same order of magmtude as kT Eq.
3. 35) may be rewritten as

Ni= a0{1+a+va,+c(vV,)“} , f ' (3.37)
148 P(+ 142
f=kT(1+8)log Bﬁ— (u B _ 2(1+f;) U (339
with '
__FBN, _ ,_ _KTN (I+pN.+2N |
2T (1+5) TN, T+BNAN 5.9
b 2T BN, _ oNW,~U) |

fN, ’ 20 +p)ET f

For the above-mentioned solution



On the Extension .of High Po_lymer Molecules 79

la] < 1 : (340

and, if V, means the mean value of the volume of hlgh polymer
molecule, we have

V. <1 - (3.41)
and » '

cV)t<l. | | (3.42)
Hence we get ' : '

(VEF =@ [1+2a+20V, +2e6V.) Y} . (3.43)
Substituting Egs. (3.37) and r'(3.43) in (3.33), there results

: IR S
= — T {log Ko — 3" L loganr)
“ oz K (5 57) — g0 + 18 4]

G+ GV GO V.Y +Go V) +GL0V)) ™, (3.44)

with

__ [N, {; 2%TN 1+ N, +2N) +{a(1+26)Uss
"akTA+p) U SN, A+AHNAHN S L 2(1+P)
_gp NQA+B) 1+p_ 2N
‘JT(1+B)M+A’T ET(1+p3)]og g TN
P \__fBN, (i kTN (1+B)N,+2N)
N (1+B)J2kT(1+,8) ll fN, QA+pN,+N J
. SfB :f BN, U, _ aN(Dps Uss)1+6N(U U)
1+ +pkT ~ f B e Y

1 Nl LHAN AN - BN
KT |Nlog 5 (1+B)NS+N+Nslog(;+ﬁ)

1+ BN?
+ B(N,+ N)log ; (1+B)N}

B N7 o N+ N )

| {NUm NU85+2(1 B)U J+ A+BN,+N),  (3.45)
—_ 9 g . BKTN (A+BN,+2N
’ * T A+HN, QA+HNAN

b

2(1+ 8y

- kT
C@+HpN,

_ Gf*BNU,, | of EN.N{(L+B)N,+2N} U,,
ST +pF 2T (1+BHA+B)N,+N}

.—1:
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_ oBN*{(1+B)N,+2N} .,
1+A{A+PNA+N} 7
+40N’~"AU

af BN, N(U ps—U.,) - k
2kT (1+B) (3. 46)

—U,) +

and .
G e —O"U I JﬁrfszgUss _ gﬁ2fN§N(Ups—Uss) 1
- U \8ET (1+ B AT +3e )

oN-— TN _FENUs  oBNNU,— U
oW, Ufs)mkﬂTza + By kT (1+8) )

where

WU=U, — _;_ (U,,+U.) . e

§3. Mean Square End-to-End Distance of a Chain ey
Using Eqé. (3.44) and (3:1) one obtains

o Sriexp (A, +A,+ A, + A+ A)dr v
= Ve oxp (A - Aot Ayt Ayt Ay ar

3.48)
s , A = — Gy WV,
2CN" ? ‘

kT
G' A G.— ‘
A==y, A=— Gy
b 41¢T(“)- i OV

1 =

3. 49)
and '

. G, i
A= o V) .
This is the expression for the mean square end-to-end distance of
high polymer molecule, from which many important properties of
solution can be derived. v
Now let us inquire into the limits of integration in Eq. (3.48).
Since (V,)uw corresponds to the case where the chain elements
are closely packed, it is given by -

(V)oin = Nb* = 237 x 10°% ‘ ' (8. 50)

in which b means the bond length of the chain. If we assume
a random flight model for the chain, the relation between ‘the
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mean square distance (R?) of chain elements from the center of .
gravity of the chain and the mean square end-to-end dlstance D)
of the chain proves to.be * :

(B = #<9“2>, - . (3.51)

so that we have

r=85V. o o (3.52)
or for the minirﬁum value of r. - , o
 Fmm = 202x10cm . . (3.59)
On the other hand (Vo )uex 18V, 80 that it follows that
Vomex = 8.3x 107 cc : ‘
o sten, .50

The integral may therefore be taken between the limits #,;,,=2.02
x 10~%cm and 7,.x=10.5 x 10~%m. Since, however, the present theory
involves many assu.mptlons, it is to be examined whether or not _
the Gibbs free energy G comes out correct within this range.

a)

b)

We have assumed that N?!< N, (Bq. (3.28).. Since, when we
consider a mean value of V, for a 0.1% benzene solution of
polystyrene whose molecular weight is 200,000, V,/V=0.126, the
relation (3.28) is nearly correct. This relation holds good so
long as V, is less than its mean value, whereas it gradually
becomes invalid as V., increases.

For the calculation of N (Eq. (3. 37)) we made use of the relatlon '

(3.86) which is valid for V, above its mean value. This relation,
however, becomes less valid as V, decreases.

For the calculation of (V%P we used the relations (3.41) and
(3.42). -One of these relations, bV, <1, remains valid for the
mean value of V. and below, while it gradually fails to be
true as V, increases.  The other relation C(»V,)"'<1 holds for
the mean value of V, and upward, but d1m1n1shes in:validity
as V. decreases.

‘We can conclude from (a), (b) and (¢) that the expression

for G, (8.44), is correct only for the values of .V, not far from
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- its mean value. Since, however, the general expression val;id for
 the whole range of V, is very difficult to obtain, we will use the
expression (3.44), applying it to the limited range, where it remains
correct, and draw some conclusion as to the natures of <r~> of the
chain in solution. o

‘ The range over which the expression for G is to be regarded as
correct will be determined as follows: The upper limit of this range
can be determined from the relation (V,/V)*<1 which corresponds
to Egs. (3.28) and (3.41). If we assume that the upper limit 7,
of r corresponds to the relation (V,/Vy=0.1, it comes out to be

= T7.15x 10" cm . | 3. 54)

The lower limit 7, of r can be determined from the relation
(6BN,/2vV,. ¥ <1 which corresponds to Egs. (8.86) and (?.42). If r, be
assumed as corresponding to the relation (¢fN,/2vV,¥=0.1, we obtain

= 232x10""cm . (3. 55)

Thus it is to be asserted that we had better use these limits as
the limits of integration in Eq. (3.48) instead of 7., and 7... above
estimated. The variation with r of NA;=A4,+4,+4,+A,+ A4,,
which appears in Eq. (3.47), (U,,—U,)/kT and 4U/kT being taken as
parameters, is shown in Figs. 83 and 4. From this we obtain the
relation between the mean square end-to-end distance (*> and
the mixing heat 4U, as given in Figs. 5 and 6. '

§4. ‘Discussion

( Asg can clearly be seen from Figs. 5 and 6, (r*> decreases as
AU decreases and at a certain critical value of 4U it diminishes
very rapidly, then tending to a very small value. That {r*) takes
a small value means that chain elements are closely packed, which
results from the circumstance that when 4U is small the close
~packing of chain elements brings about a lowering of G.

If one is allowed to assume that the same. holds good of a
solution which contains a number of high polymer molecules, they
‘'will coagulate, sticking to one another, so as to make G of the
solution minimum. Thus it may be. inferred that the critical
point of 4U corresponds to the precipitation of the high polymer
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from the solution. This critical value of 4U is inversely proportional
to N, as will be seen from the term G_;, (3.46), in which 4U is
included. - ; , ' ‘ .
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