Vol. 8, No. 6, November-December 1975

(19) L. V. Crawford and P. H. Bleck, Virology, 24, 388 (1964).

(20) J. Vinograd, J. Lebowitz, R. Radloff, R. Watson, and P. Laipis, Proc.
Natl. Acad. Sci. U.S., 53, 1104 (1965).

(21) A. Opschoor, P. H. Pouwels, C. M. Knijnenburg, and J. B. T. Aten, J.
Mol. Biol., 37,13 (1968).

Critical Solution Temperatures in Polystyrene Solutions 799

(22) L. V. Crawford, J. Mol. Biol., 13, 362 (1965).

(23) C.Bode and A. D. Kaiser, J. Mol. Biol., 14, 399 (1965).

(24) J. R. Dawson and J. A. Harpst, Biopolymers, 10, 2499 (1971).

{25) D. A. Ostrander and H. B. Gray, Jr., Biopolymers, 12, 1387 (1973).
(26) L B. Dawid and D. R. Wolstenholme, J. Mol. Biol., 28, 233 (1967).

Upper and Lower Critical Solution Temperatures in
Polystyrene Solutions. IV. Role of Configurational
Heat Capacity

S. Konno, S. Saeki, N. Kuwahara,* M. Nakata, and M. Kaneko

Department of Polymer Science, Hokkaido University, Sapporo, Japan.
Received December 15, 1974

ABSTRACT: Temperature dependence of the polymer—solvent interaction parameter x; has been estimated by use
of the critical x; values x1. and the upper and lower critical solution temperatures in solutions of polystyrene (Mw
X 1074 = 0.22-345) in methyl acetate, sec-butyl acetate, tert-butyl acetate, ethyl formate, ethyl n-butyrate, diethyl
malonate, and trans-decalin. The critical solution temperatures are characterized by the 7.~ dependence of (x1,c
— 0.5) for the ucst and of —(x1,. — 0.5) for the lcst in the diethyl malonate and sec-butyl acetate solutions, for the
ucst in the ¢trans-decalin solution and for the lcst in the ethyl n-butyrate solution, while the T.~43 dependence of
(x1,c — 0.5) for the ucst and the 7.2 dependence of —(x1, — 0.5) for the lcst in the tert-butyl acetate and methyl
acetate solutions. Temperature dependence of the (x1,. — 0.5) in the polystyrene—ethyl formate system exhibiting
the hour glass phase diagram is approximately expressed by a parabolic-like curve with a minimum. Temperature
dependence of the polymer chain dimension estimated by the limiting viscosity number in the polystyrene-tert-
butyl acetate system over the temperature range including the 6, (23°C) and 6 (84°C) indicates the continuous
change with a maximum value at 55°C, which is consistent with the behavior of temperature dependence of the xi.
An application of the method derived by Eichinger for the evaluation of the heat capacity term in the dilute poly-
mer solution to the polystyrene-tert-butyl acetate system leads to a parabolic-like function of temperature with a
minimum at 52°C for the reduced excess chemical potential at infinite dilution —B(T) or x1 — 0.5. Temperature
dependence of the unperturbed mean-square end-to-end distance of polystyrene in tert-butyl acetate, which is de-
termined from viscosity measurements at the 8, and the 8), is d In (ry2)/dT X 10° = 0.34 £ 0.07 deg™! for M X

10~* = 345 and 0.07 £ 0.07 deg~! for My, X 10™* = 67.

Evaluation of the polymer—solvent interaction parameter
such as the x; parameter or the second virial coefficient 4,
of the first derivative of x1 or A, on temperature (the ex-
cess partial molar entropy and enthalpy), and of the second
derivative of x; or Az on temperature (the excess partial
molar heat capacity) over a wide range of temperature in-
cluding the 0, and 6,, where the 0, and 0, are respectively
the Flory or © temperatures for the upper critical solution
temperature (ucst) and lower critical solution temperature
(Icst), is of great interest to examine the thermodynamic
properties of the polymer solution. The contribution to x;
originating from differences of the characteristics of pure
components such as the specific volume, the thermal ex-
pansion coefficient, and the thermal pressure coefficient
should be taken into account in addition to the enthalpic
contribution of the contact interaction between the poly-
mer segment and solvent molecule. Introduction of “the
equation of state of the liquid” in the thermodynamic theo-
ry of the polymer solution by Patterson!~7 and by Flory,3-12
which is based on the Prigogine theory of corresponding
state,!314 has led to the semiquantitative prediction of the
lest'®-25 and the other properties such as the excess volume
of mixing,26-28 pressure dependence of the ucst and
lcst,2-31 and concentration dependence of x.12:16.26-2832
The increase of x; with an increase of temperature is char-
acterized by the configurational heat capacity or equation
of state term. The division of the x; parameter into the
contact interaction term of a decreasing function of tem-
perature and the configurational heat capacity term of an
increasing function of temperature is of great importance
in understanding of fundamental aspects of the polymer-

solvent interaction over the temperature range of 8,-0,.%3
Investigation of temperature dependence of the polymer
chain dimension in the dilute polymer solution over 6,-6;
is also of great importance in obtaining useful information
on the excluded volume effect in the dilute polymer solu-
tion.

In this work we have determined the uest and lest in the
solutions of polystyrene in sec- and tert-butyl acetate,
methyl acetate, ethyl ester (ethyl formate, ethyl n-butyr-
ate), and diethyl malonate and the ucst for the polysty-
rene-trans-decalin system. We also determined the limit-
ing viscosity number in the polystyrene-tert-butyl acetate
over the temperature range including the 6, and 0,

Experimental Section

The polystyrene samples were obtained from the Pressure
Chemical Co. The samples are characterized by M./M, < 1.10 for
M, X 107% = 0.22 and 0.4, M /M, < 1.06 for M, X 1074 = 1.0 and
2.04. Characterizations for the other samples of M,, X 10~ = 3.7
270 have been described elsewhere.?! A sample designated by
14b-1 for measurements of the limiting viscosity number was ob-
tained from the solution fractionation described in detail else-
where?! and is characterized by My, X 104 = 345, M..,/M, < 1.10.
Solvents were reagent grade and were further purified before use.
tert-Butyl acetate (500 g) refluxed for 2 hr over about 15 g of ace-
tic anhydride was dried over anhydrous potassium carbonate and
fractionally distilled by use of a column of 100-cm length and
10-mm diameter packed with stainless-steel helices. Ethyl formate
was treated with phosphorus pentoxide and sec-butyl acetate,
ethyl n-butyrate, diethyl malonate, and trans-decalin were dried
over anhydrous potassium carbonate. The dried solvents were
fractionally distilled by the same column. Purification of methyl
acetate has been described in detail elsewhere.23
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Table I
Parameters Obtained from Viscosity for the Polystyrene-tert-Butyl Acetate System
Sample 13a Sample 14b-1
M, x 10~ 67.0 345.0
My /M, <1.15 <1.10
(s, dl/g 0.623 + 0.002 1.420 + 0.005
(n)s,,dl/g 0.627 + 0.002 1.465 + 0.005
K,,u % 104, (d1/g)(g mol wt)-1/2 7.61 + 0.03 7.65 £ 0.03
Ky, % 104, (d1/g)(g mol wt)-1/? 7.66 £ 0.02 7.89 + 0.03
d In {(#,%/dT x 10?, deg~! 0.07 £ 0.07 0.34 £ 0.07
The density of tert-butyl acetate over the temperature range of
20-95°C was determined by use of a mercury-sealed pycnometer — o oo 4000
placed in an ethylene-glycol bath controlled to £0.05°C. The den- 473
sity p as a function of temperature.is given by
~——o—o0— o6o—o— 0.
p~1=1.1302 + 1.429 X 1073t 4+ 0.7376 X 10~6¢2 + 17.6 X 10~5¢3 0000
where p is expressed in g/cm® and ¢ is the temperature in °C. 423k 20400

Viscosity measurements were carried out with use of an Ubbe-
lohde type viscometer having negligible kinetic energy corrections.
The viscometer was placed in an ethylene—glycol bath controlled to
+0.05°C. The solution viscosities in the polystyrene-tert-butyl ac-
etate system were measured over the temperature range of 20—
95°C including the 6, and ©, and no thermal degradation of poly-
styrene in tert-butyl acetate was found.

Several solutions for determinations of cloud-point curves were
prepared from each polymer sample and flame sealed under dry
nitrogen gas in 7-mm i.d. cylindrical cells. Cloud points were opti-
cally determined®' with an accuracy of +0.3° in an ethanol bath
for the ucst in the low-temperature range of 0 to —~90°C and
+0.02° in an ethanol or a water bath for the ucst of temperature
0-60°C and £0.05° in a silicon oil bath for the lest. The liquid
thermometer used for measurements of low-temperature range
(—90 to ca. ~95°C) was calibrated by the freezing point (fp) of
three solvents: n-heptane (fp —90.7°C), cyclopentane (—93.9°C),
and n-hexane (—95.3°C). Calibrations for the temperature range of
-40 to ca. —90°C have been described elsewhere.?® The ethanol
bath for the measurements of cloud points appearing at low tem-
peratures was cooled very slowly by thermal coupling with a lig-
uid-nitrogen bath. Errors caused by thermal degradation for deter-
minations of the lcst are estimated to be 0.5 to ~1.5°C depending
on the molecular weight of the samples for sec-butyl acetate, ethyl
n-butyrate, and diethyl malonate solutions, while none was ob-
served in the tert-butyl acetate solution.

Results

Typical cloud-point curves for the ucst and lest in the
polystyrene—ethyl formate system are shown in Figure 1, in
which immiscibility occurs if the temperature of the solu-
tions is raised above the lcst or lowered below the ucst. An
“hour glass” shape of phase diagram is observed for the so-
lution of polystyrene (My, X 10~* = 9.7) in ethyl formate.
The critical points for the ucst and lest would be given by
respectively the maximum and minimum points of cloud-
point curves if the polymer were completely monodisperse.
Polydispersity tends to displace the critical point to the
lower temperature and higher concentration for the ucst
and higher temperature and higher concentration for the
lest depending on the polydispersity333* of the polymer
sample. The difference of the maximum and minimum
temperatures from their critical temperatures should be
small because of the small value of My/M, for 12 samples
in this work. The values of the ucst and lcst for all systems
in this work are determined under the saturated vapor
pressure.?® The collected lest to zero pressure for the poly-
styrene solutions should be lower than the observed lcst by
0.5-0.7 deg atm—1,30:36

Viscosity data were treated by double extrapolation of
nsp/c and In n.e1/c against ¢ to determine the limiting vis-
cosity number [7], in which 5, and nre) are respectively the
specific and relative viscosity and c is the concentration ex-
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Figure 1. The (temperature, weight fraction) phase diagram for
the polystyrene—ethyl formate system for samples of indicated mo-
lecular weight.
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Figure 2. The limiting viscosity number vs. temperature plot for
the polystyrene-tert-butyl acetate system for samples of indicated
molecular weight. The symbol @ indicates [n]o, and [7]e,.

pressed by g/dl. The values of [»]o for the polystyrene-tert-
butyl acetate are given in Table I and temperature depen-
dence of the [n] over the temperature range including the
6, and 0O is shown in Figure 2. For solutions of polystyrene
in tert-butyl acetate there is no trace of the discontuinity
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Table I1
Corrected Values of §,, and 6, of the Systems

From Flory—-Shultz plot

From modified Flory—Shultz plot

System 8, °K 8,,°K 9,,°K 6,,°K
Polystyrene—{eri-butyl acetate 288 374 296¢ 357
Polystyrene—isopropyl acetate 246° 380° 250° 3657
Polystyrene-methyl acetate 316° 387° 324¢ 370°
Polystyrene—ethyl acetate 412° 39¢¢
Polystyrene—methyl ethyl ketone 422° 417¢

@ From ref 23. ® From ref 21. ¢ From plot of 7.~ ! vs. (x1.. — 0.5)3/4. 4 From plot of T~ ! vs. (x1, — 0.5)1/2.
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Figure 3. The determination of © temperature for the polysty-
rene—tert-butyl acetate system: (a) the modified Flory-Shultz plot
[Tt vs. {r22 + (2r)~1172] for the lest (L) and [To7! vs. {r=172 +
(2r)=1¥4] for the ucst (U); (b) open circle represents the original
Flory-Shultz plot [T.~! vs. {r~1/2 + (2r)~1] and the solid curve
represents the recalculated one from the modified Flory-Shultz
plot of (a).

in [n] in the neighborhood of 80°C found by Reiss and Be-
noit.3” The values of d In (r¢2)/dT for the polystyrene-
tert-butyl acetate given in the last column of Table I were
calculated by38

dln (r¢2)/dT = %dIn Ko/dT

where (ro?) is the unperturbed mean-square end-to-end
distance of the polymer and Ky is equivalent to [n]e/M /%
The d In (ro2)/dT obtained from K¢, and Kg, in the poly-
styrene-tert-butyl acetate is (0.34 + 0.07) X 10~3 deg~! for
M,, X 10~* = 345 and (0.07 £ 0.07) X 10~2 deg~! for M, X
10~* = 67 as compared with —0.1 X 10~3 deg—! obtained in
the polystyrene—cyclopentane system.3? The reliability of
the d In (ro2)/dT is higher in the tert-butyl acetate solu-
tions than in the cyclopentane solutions because of the 6;
(84°C) for the tert-butyl acetate solutions and viscosity
measurements under the low solution vapor pressure with-
out the thermal degradation of polystyrene.

The Flory or © temperatures have been determined by a
linear extrapolation in the Flory-Shultz plot of T'.™! vs. x1,c
— 0.5 for the ucst and lest in the solutions of polystyrene in
diethyl malonate and sec-butyl acetate, for the ucst in the
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Figure 4. The determination of © temperature for the polysty-
rene-methyl acetate system: (a) the modified Flory-Shultz plot
[Tc™! vs. (r=12 4+ (2r)=1}1/2] for the lest (L), and [T ! vs. (r=1/2 +
(2r)~11/4] for the ucst (U); (b) open circle represents the original
Flory-Shultz plot [T.~! vs. {r=12 4+ (2r)~}}] and the solid curve
represents the recalculated one from the modified Flory-Shultz
plot of (a).

trans-decalin solution, and for the lest in the ethyl n-buty-
rate solution, while in the solutions of polystyrene in tert-
butyl acetate and methyl acetate the departure from lin-
earity in the Flory—Shultz plot is remarkably large. As is
shown in Figures 3 and 4 the 6, for the solutions of poly-
styrene in tert-butyl acetate and methyl acetate can be de-
termined by a linear extrapolation in the plot of T.~! vs.
(x1,c — 0.5)%4, while the 6 for both the systems can be de-
termined by the plot of T~! vs. (x1, — 0.5)1/2. The 8, and
the ©; determined by the modified Flory-Shultz plot for
the polystyrene solutions, in which nonlinearity in the orig-
inal Flory-Shultz plot is observed, are listed in Table II.

Discussion

The original relation of the critical solution temperature
at constant pressure proposed by Flory3® assuming x inde-
pendent of concentration and a linear function of 7! can
be written as

X1, = (1 +r=1/2)2 (1)
1/Te = (1/0) [L + Q=12 + (2r)~1] (@)
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Figure 5. x1(crit) = %(1 + r~1/2)2 v, critical temperature obtained
from experiment for samples of indicated molecular weight: (a)
polystyrene—ethyl formate (®), (b) polystyrene-methyl acetate
(0). The ucst and lest of polystyrene (M,, X 10~4 = 3.7-270) in
methyl acetate is described elsewhere.23

where r is the ratio of the molar volumes of the polymer
and solvent or the ratio of the characteristic molar volume
reduction parameters V;* of polymer (2) and solvent (1).
The value of x; . obtained by use of eq 1 and r = Vo*/V *
for polystyrene (M, X 10~* = 20) in cyclohexane is 0.5231,
while the value of x1 . evaluated by critical miscibility data
for the polystyrene solution (M, X 10~* = 20) is 0.5071.34
On the other hand, the experimental value at the critical
point by the critical miscibility data is concentration de-
pendent and gives 0.5326 for the polystyrene (M, X 104 =
20) in cyclohexane.3* Considerations of concentration de-
pendence of the x parameter observed by the osmotic pres-
sure and vapor pressure measurements over the wide con-
centration range lead to the platter shape of the cloud-
point curves or the coexistence curves for the ucst and lest
and the displacement of the critical concentrations to high-
er concentrations for the ucst and lest than those of the
original Flory-Huggins prediction.1%4 The value of x1,. —
0.5 = 0.0231 by eq 1 is about three times larger than the ex-
perimental value of x1,c — 0.5 = 0.0071 by the critical misci-
bility data. Therefore, the value of x; based on eq 1 is not
available as a parameter of the polymer—solvent interaction
in the dilute solution without further consideration of the
concentration dependence of x. However, it should be still
very useful for qualitative examination of temperature de-
pendence of the polymer-solvent interaction.

The typical temperature dependence of x; . determined
by eq 1 for solutions of polystyrene in methyl acetate and
ethyl formate is shown in Figure 5. On the other hand, the
x1-temperature curve derived from the critical miscibility
data by taking account of the concentration dependence of
x can be expressed by a parabolic curve with a smaller ab-
solute value of dx;1/dT by about one third than that of the
X1,~temperature curve based on eq 1. In either case the
x1-temperature relation observed in the nonpolar polymer
solutions suggests the continuous change from endothermic
to exothermic conditions passing through an athermal-like
condition at a temperature with a minimum value of x;. It
should be also noted that the excess entropy of dilution for
the noncombinatorial part changes from positive to nega-
tive with an increase of temperature.

The original method for determination of the 6 tempera-
ture by eq 2 in the plot of T.~! vs. (x1,c — 0.5) is useful for
the ucst and lcst in the systems with a relatively large in-
terval of temperature between the ucst and the lest such as
the solutions of polystyrene in diethyl malonate, sec-butyl

Macromolecules

0.1+ a

-100 ¢} 100 200

Figure 6. Temperature dependence of the x; parameter calculated
by the procedure described elsewhere:21:23 (a) polystyrene—isobutyl
acetate,?? (b) polystyrene-sec-butyl acetate, (c) polystyrene—tert-
butyl acetate.

acetate, and trans-decalin, while in the systems with a
small temperature interval between the ucst and the lest
such as the solutions of polystyrene in methyl acetate and
tert-butyl acetate the deviation from linearity in the Flory—
Shultz plot is considerably large beyond the experimental
errors. The xi.-temperature curve for the polystyrene—
ethyl formate system is a typical example of the parabolic
dependence of x; c against temperature. The division of the
X1 into the contact interaction term (ci;»? term) and the
configurational heat capacity term (¢;72 term) according to
the Patterson theory is shown in Figure 6 for the solutions
of polystyrene in isobutyl acetate, sec-butyl acetate, and
tert-butyl acetate, in which the contribution of two terms
to x1 strongly depends on the molecular structure of the
solvent. The aspect of temperature dependence of the x;
parameter at the critical condition depends on the behavior
in the vicinity of the critical line of x1,. = 0.5 in the para-
bolic-like curve of x; . against temperature, which is pecu-
liarly determined by a pair of polymer and solvent through
the contribution of the two terms to x1. The characteristic
difference of the thermodynamic properties at the 8, and
the ©; should be reflected in pressure dependence of the
critical solution temperatures for the ucst and lest,38 which
are closely related to the excess volume of mixing in the so-
lution. Determinations of the molecular parameters such as
c1v? and ¢172 in the Patterson theory by use of the experi-
mental critical solution temperatures for the ucst and lcst
have been made through the procedure described else-
where?! and values of the parameters are listed in Table
IIL

It is of particular interest to compare the temperature
dependence of [5] with the temperature dependence of x;
for the polystyrene-tert-butyl acetate system shown in
Figure 6. The dimension of polystyrene in tert-butyl ace-
tate attains a maximum at 55°C, while x; becomes a mini-
mum in the neighborhood of 55°C. The maximum value of
[n] and of the expansion factor a,® = [1]/[n]e in the polysty-
rene (M, X 10~ = 67) —tert-butyl acetate are respectively
0.651 dl/g and 1.04, which are much smaller than those of
polystyrene (M, X 10~¢ = 67) —cyclopentane system,? i.e.
0.91 dl/g and 1.41 at 90°C. The difference of [4] and «,° be-
tween both systems is closely related to the minimum value
of x1 in that the tert-butyl acetate solution is larger than
that in the cyclopentane solution. These excellent agree-
ments of [n] with x; suggests that we have to take account
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Table II1
Parameters of the Systems

System 8,,°K 61, °K et 7 T{%,°K  ¥*, cm®/mol
Polystyrene—diethyl malonate 309 578 0.0150 0.100 5289° 122.0°
Polystyrene—trans-decalin 294 > 360 5758 127.0°
Polystyrene—ethyl formate “hour glass®’ 0.0085 0.200 4382° 60.9°
Polystyrene—ethyl n-butyrate 471 0.0100 0.115 4741° 103.0°
Polystyrene—sec-butyl acetate 210 442 0.0100 0.140 4830° 105.0°
Polystyrene—fert-butyl acetate 296 357 0.0031 0.235 4598¢ 105.0¢

¢ From International Critical Tables. ¢ From organic solvents. ¢ From experimental result of density measurement. To* = 7420 and v2*
= 0.8098 cm?3 g—1 for polystyrene were taken from ref 44.

calin (56% cis) reported by Eichinger. As is shown in Figure
7 temperature dependence of the —B(T')/y1 4 is represent-
ed by a parabolic-like function of temperature with a mini-
mum at 52°C. The temperature dependence of —B(T)/{1,u
1s consistent with the temperature dependence of [7] in the
polystyrene—tert-butyl acetate.

The values of d In (ro2)/dT evaluated from the limiting
viscosity numbers at the 8, and the 0, in the polystyrene-
tert-butyl acetate are to be compared to the value of 0.44 X
10~3 deg~! obtained by use of different © solvent sys-
tems*243 and of 0.37 X 1072 deg™! by measurements of the
stress-temperature coefficient for the amorphous polysty-
rene converted to a network by cross-linking, 4?43 Viscosity
or light-scattering measurements at the 6, and 6, in the
same solvent should be an attractive way for the determi-
nations of d In (r¢2)/dT without a small variation of the
unperturbed dimensions at different 6 solvents.

In this work it is emphasized that temperature depen-
dence of the x; parameter is characterized by a parabolic
curve with a minimum contrary to the prediction of the
regular solution and the polymer chain dimension in the di-
lute solution over the 8, to ca. the 8, has a maximum value
at the minimum value of x;. It is also suggested that the
configurational heat capacity term in the y; parameter
plays an important role in the determination of the poly-
mer-solvent interaction over the temperature range includ-
ing the 6, and 6.

-8B/

-B/¥,,

-0l

o

Mol 1= i 1 L ; L L 1
20

20

Figure 7. Temperature dependence of the thermodynamic param-
eter —B(T) /Y1, for the dilute solution of polystyrene in tert-butyl
acetate. The plotted function of —B(T)/y1,, is calculated by eq 3.
(a) and (b) correspond to the second and the first term in —B(T)/
V1,4, respectively.

of the noncombinatrial free-energy parameter with a para-

bolic-like temperature dependence for studies of the ex- Acknowledgment. The authors thank the Ministry of

cluded volume effect in dilute polymer solutions. The tra-
ditional assumption for the segmental excluded volume in-
tegral is justified only in a limited temperature range or a
limited system indicating the 7-! dependence of the inte-
gral, but cannot be valid over the temperature range of
6,-0,.

Eichinger?! has extended the Flory’s treatment of the ex-
cluded volume integral for a pair of polymer segments by
taking account of temperature dependence of the enthalpy
and the entropy of mixing. The reduced excess chemical
potential at infinite dilution —B or x; — 0.5 is approxi-
mately obtained by

B(T) =¢1u(1 = 6/T) = & [(1 = 64/T) +In (64/T)]  (3)

where {1,y is the entropy parameter at the 6, and §; is an
average quantity independent of temperature and corre-
sponds to the value of the reduced excess partial molar
heat capacity of dilution Cp1Z/R¢s? at infinite dilution.
The quantity £ is defined by

&= T(dy1/dT) = d(Tx)/dT 4

where «; is the enthalpy parameter. The value of Cp,1£/5;Z
at infinite dilution or £;/¢1, in the polystyrene-tert-butyl
acetate evaluated from the 0, and the 6 in eq 3 is —10.4,
which is much larger as compared with ~4.1 in the polysty-
rene-cyclohexane and —2.6 to —2.0 in the polystyrene—de-
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ABSTRACT: We present small angle neutron scattering data on polystyrene (normal or deuterated) in a good sol-
vent (carbon disulfide). All data are taken in the semidilute regime where the chains overlap strongly, but the sol-
vent fraction is still large. We have measured the following. (a) The radius of gyration Ra(c) for one deuterated
chain in a solution of normal chains with concentration ¢. We find that Rg%(c) is proportional to the molecular
weight and that R? decreases with concentration like c~* where x = 0.25 £ 0.02. (b) The screening length £(¢) (in-
troduced, but not quite correctly calculated by Edwards) giving the range of the (c(r)c(r’)) correlations. We find £
~ ¢7% with z = 0.72 £ 0.06. (¢) The osmotic compressibility x(c) (through the scattering intensity of identical
chains in the small angle limit). From an earlier light-scattering experiment, we find x ~ ¢~ with y = 1.25 &+ 0.04.
These results are to be compared with the predictions of the mean field (Flory-Huggins-Edwards) theory which
are: R independent of ¢, x ~ ¢~!, and ¢ ~ ¢~1/2 in the semidilute range. We show in the present paper that the
measured exponents can all be interpreted in terms of a simple physical picture. The underlying basis is the analo-
gy, recently found by Des Cloizeaux, between the semidilute system and a ferromagnet under an external field.
However, in this paper, we emphasize mainly the polymer aspects. At short distances (r < £) the correlations are
determined by excluded volume effects. At large distances (¢ < r < Rg) the chains are gaussian and the effective in-

teraction between subunits of the same chain are weak.

I. Introduction

1. General Aims. For a long time, the main experiments
on polymer solutions measured macroscopic parameters
such as the osmotic pressure, or the heat of dilution. The
resulting data for good solvents are rather well systemat-
ized by a mean field theory analysis due to Flory®® and
Huggins.?P A precise description of the method and some of
the data can be found in chapter 12 of Flory’s book.? Re-
cently, however, it has become possible to probe solutions
more locally (i.e., at distances of order 20 to 500 A) by
small-angle neutron scattering.* Using the large difference
between the scattering amplitude of protons and deuter-
ons, many different measurements become feasible. For in-
stance it is possible to study one single-labeled chain
among other chains which are chemically identical, but not
labeled.? In the present report we present two distinct se-
ries of neutron studies on polymer solutions: one with iden-
tical chains, and another one with a few labeled chains.
These experiments prove that the mean field theory must
be refined, and that a number of anomalous exponents

occur; fortunately the theory of polymer solutions in good
solvents has progressed remarkably in the last vear mainly
through the work of Des Cloizeaux.® In his original article,
Des Cloizeaux was concerned mainly with thermodynamic
properties. In the theoretical part of the present paper, we
show that (a) his results can be derived directly from cer-
tain scaling assumptions and (b) his arguments can be ex-
tended to discuss local correlation properties. Our discus-
sion is only qualitative, but it does account for the anoma-
lous exponents, without the heavy theoretical background
which is needed to read ref 6. (A simplified version of ref 6,
requiring only a modest knowledge of magnetism and
phase transitions, is given in the Appendix.) To reach a
(hopefully) coherent presentation, we shall not separate
the theory from the experiments, but rather insert the lat-
ter at the right point in the discussion.

2. Organization. This paper is organized as follows. Sec-
tion IT describes the experimental method. Section III con-
tains a general presentation of the three concentration do-
mains for polymer solutions, corresponding respectively to



