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Figure 1. Normal beam X-ray diffraction pattern of t-Boc(L-
Cys(Me));OMe oriented film; flat camera; d = 40 mm, Cu K&
radiation; t-Boc(L-Cys(Me));OMe film and stroking direction
horizontal.

The ¢ axis length is close to those found for the pen-
tamer and hexamer of the same oligopeptide series.!%!1

With the aid of the molecular models, we build up the
antiparallel chain structure for t-Boc(L-Cys(Me));0Me; the
peptide chain length (28 A) is slightly shorter than the
observed spacing (28.9 A).

As far as the mode of packing of the pleated sheets is
concerned, the great intensity of 200 and 001 reflections
shows that all chains lie on or very near the lattice points
formed by the simple cell of sides ¢/2 and ¢. This packing
is the same already suggested by Warwicker for the silk
fibroin structure.!?

The calculated crystal density is D, = n0.599 g cm™,
where n is the number of peptide chains crossing the
monoclinic cell. Comparison with the measured value (D,
= 1.34 g cm™®) indicates that such a cell is crossed by two
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B chains only. The difference between the observed and
the calculated densities is undoubtedly outside the limit
of the experimental error and can only be explained by the
presence of solvent molecules trapped in the borderline
surface of the lamellar crystallites since stringent drying
conditions have not been used.

Acknowledgment. We are indebted to Professor C.
Toniolo and Dr. G. M. Bonora, who kindly supplied us with
the sample.
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3. Polymer Dimensions in Dilute Solution in the Transition
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ABSTRACT: Static and dynamical properties, in terms of polymer dimensions, such as the radius of gyration
(rg) and the hydrodynamic radius (ry), and intermolecular interactions, such as the second virial coefficients
(As, kp, k¢), of a high molecular weight polystyrene (M, = 1.2 X 10") in trens-decalin in the dilute solution
region have been investigated. We present quantitative experimental data on the temperature (T) and some
molecular weight (M,,) dependence of 7, and (r,2),'/2 over the transition region before the asymptotic simple
power laws become valid. In the excluded volume regime for very large polymer coils dissolved in a good
solvent, the blob theory of chain statistics is in very good agreement with experiments. Our data should provide
experimental boundary conditions for the modification of the blob theory, even though such changes are likely
to destroy the discontinuous jump from the Gaussian to the excluded volume behavior in the blob model.
We also present experimental data on the contraction of polymer coils and interaction changes below the
© temperature. Collapse of polymer coils is of interest and requires further study.

The scaling theories'™'° have been quite successful in
describing the static and dynamical properties of polymer
solutions, especially in the limit N — «, where N is the
number of monomers per chain. Earlier experiments on
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both static properties of entangled polymer coils in the
semidilute solution by small-angle neutron scattering® and
dynamical properties of polymer (polystyrene) solutions
in a good solvent (benzene) by laser light scattering!! 12
have been in reasonable agreement with predictions of the
scaling laws. Furthermore, small deviations between ob-
servation and theory are often within the error limits of
the experiments. However, it should be noted that with
very high molecular weight polymer samples dissolved in
a good solvent most reported experiments were designed

© 1979 American Chemical Society
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to approach the asymptotic region of infinitely long chains
where the scaling laws should hold. Consequently,
agreement between theory and experiment was expected.
We have no doubt that the scaling theories of polymer
solutions represent a major advance in describing con-
centrated polymer solution behavior. In a series of pub-
lications,'**® we reported experiments on static and dy-
namical properties of a low molecular weight polystyrene
(NBS 705 Standard, M,, = 1.79 X 103, M, /M, = 1.07) in
a poor solvent (trans-decalin) near (20.0 °C) the O tem-
perature (20.5 °C) and at about 10 and 20 °C above the
O temperature. By using a polymer (polystyrene) of fairly
low molecular weight (M, ~ 2 X 10° and by dissolving
it in a © solvent (trans-decalin) where polymer coils are
in a more contracted form, we expect deviations from
simple scaling relations and have indeed observed gradual
changes of osmotic compressibility (6w /6C)rp as a function
of concentration (C) for relatively small polymer coils in-
stead of sharper transitions of such behavior for very large
expanded coils from dilute to semidilute and concentrated
solution regimes. The quantities =, C, T, and P are the
osmotic pressure, the polymer concentration expressed
usually in g/cm? the absolute temperature, and the
pressure, respectively. A more significant discovery was
the observation of a fast gel-like relaxation mode for
polymer solutions even before the overlap concentration
C* was reached. We analyzed the measured single-clipped
net signal photoelectron-count time correlation function
by the histogram method!™!® where the normalized line
width distribution function G(I') is represented by an
equally segmented histogram in line width (T') space. We
should mention at this point that with

g0 = f “G(I) exp(-Tt) dr 1)

it is more appropriate to use variable step widths which
increase exponentially with increasing I' rather than an
equally segmented step width where g¥(t) is the nor-
malized correlation function of the scattered electric field.
However, the important point lies with the fact that the
histogram method is completely general. It does not re-
quire an a priori assumption on the form of the line width
distribution function. Consequently, we can obtain ap-
proximate quantitative information on polymer dynamics,
using a correlation function profile analysis such as the
histogram method. In the absence of internal segmental
motions, G(I') can be related to the molecular weight
distribution function of a polydisperse polymer sample at
zero scattering angle and infinite dilution. At finite con-
centrations in the dilute solution regime, G(T') is influenced
by intermolecular interactions, such as the second virial
coefficient kp of the translational diffusion coefficient D
with

D=D%1+kCH+...) (2)

At higher concentrations but before we have reached the
overlap concentration

C = M,/ (Napor) 3)

(where M., Ny, pg, and r, are the weight-average molecular
weight, the Avogadro number, the solvent density, and the
radius of gyration, respectively). We have observed the
appearance of a new characteristic mode which is faster
than the hydrodynamic diffusive mode and is responsible
for the anomalous increase in the variance of the line width
distribution function in the semidilute solution region. The
transition from the dilute solution to the semidilute solu-
tion regime is gradual for the low molecular weight poly-
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styrene sample (M, = 1.79 X 10°) dissolved in trans-de-
calin. At higher concentrations where polymer coils
overlap, the hydrodynamic mode becomes less important,
and finally, the characteristic times responsible for the
hydrodynamic mode vanish. We have identified this new
mode which is faster than the hydrodynamic mode to be
a pseudogel mode relating to polymer coil contact motions.

By using a low molecular weight polymer with r, ~ 14
nm, we have studied mainly the Brownian motion of the
center of mass of small polymer coils in the dilute solution
regime and some polymer—coil overlap dynamics in the
semidilute and concentrated solution regimes. We have
neglected the internal mode of polymer coils because Kr,
<1 where K = (4mn/A;) sin (8/2) with n, Ay, and 6 being
the refractive index of the scattering medium, the wave-
length of light in vacuo, and the scattering angle, respec-
tively.

Dynamical properties including the internal modes of
large polymer coils (polystyrene with M,, up to 2.4 X 107)
in a good solvent (benzene) have been reported.'? In this
study, we want to present scattering data taken on polymer
coils of very large mass (M, ~ 1.2 X 107) dissolved in a
O solvent (trans-decalin), measured near the © temperature
(8 = 20.5 °C) and up to about 20 °C above the 0 tem-
perature. We shall divide our discussions into two parts:
papers 3 and 4. The aim of paper 3 will be to provide
information on the characterization of our polymer sample
in the dilute solution region. In a recent paper, Akcasu
and Han? investigated the molecular weight (M,) and
temperature dependence of the radius of gyration (r,) and
the hydrodynamic radius (rp) of polystyrene in various
solvents. They observed that under actual experimental
conditions for polystyrene of finite molecular weights, the
hydrodynamic radius cannot be represented by a simple
power law r, ~ N¥, whereas most of the experimental data
on the radius of gyration satisfy r, ~ N” with v/ and v being
the scaling exponents. In the asymptotic region, v’ = y.
In the molecular weight range accessible experimentally,
v’ < v, as suggested by des Cloizeaux.?! In paper 4, we shall
discuss our results in the semidilute solution regime.

Definitions of Static and Dynamical Properties

1. Static Properties.'® The osmotic compressibility
has the form

(8 71'/3 C)T'p =H (6 n/a C)T’p2CRT/RC(O) (4)

where R (0) [= R,,(0)] is the excess Rayleigh ratio due to
concentration fluctuations obtained from absolute excess
scattered intensity, using vertically polarized incident and
scattered light extrapolated to zero scattering angle; R is
the gas constant and H = 47°n%/ N \,%. In dilute solution,
the virial expansion has the form

(67/6C)pp = RT/My + 24,RTC + ...  (5)

where A, is the second virial coefficient. At finite scat-
tering angles and concentrations, we have

me_1f. .
R, M,

where we define

(r2(C)) > = (r2(0)),/(1 + 24,CM) =
initial slope 3\’

167%n? .
3:0;1 (r2(C))* sin® (/2) ] + 24,C
(6)

(7

intercept 1672n?2

in a plot of HC/R,, vs. sin? (§/2) and
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lim 5= = 7 + 24,C (8)

2. Dynamical Properties. The effective hydrody-
namic radius ry, of the polymer is defined by

ry(C) = kgT /67n,D(C) 9)

where kg and 7, are the Boltzmann constant and the
solvent viscosity, respectively. In fact, r, becomes ap-
propriate only at infinite dilution where r,(C = 0) = kgT-
/6mn,DP, with D° being the zero concentration translational
diffusion coefficient. In computing ry, the characteristic
time has to be measured essentially at small values of Kr,
(<<1), where the hydrodynamic translational diffusive
motion dominates. Then, for a monodisperse polymer
sample which exhibits a single relaxation time due to the
translational motion of the center of mass of isolated
polymer coils,

T(C = 0) = 1/74(C = 0) = D°K? (10)

where 7, is a characteristic decay time. For a polydisperse
polymer, we define the average line width T and the second
moment u, as

f=j; G)T dT 1y

p= f GOT -T2 dr (12)

Then I' = DK? and 7 (C = 0) = kgT/67n,D°

For Kr, > 1, Adam and Delsanti'*'® have observed that,
in the dilute solution region, 1/ 7 increases faster than K2,
and the decay of the dynamical scattering function S(Kt)
is not a single exponential. The nonexponential behavior
can be represented by??

S(K,t) /S(K,0) =
(eric P “du expl-(tri)¥3u(l + h(w)] for t # 0
S(K,t) /SK,0) = 1fort =0 (13)
where

cnd 2
hw = 2 f S0 - explytut®)  (14)
™ Jo y

with u being another variable. For polymer coils whose
internal motions are within the range of photon correlation
spectroscopy, the characteristic frequency

1 kBT
23/231 mg

depends only on 7 and T. Adam and Delsanti’?!? found
that 1/7x = K**? with w + 2 = 2.85 £ 0.05, while the
theories?*? predict 1/7x « K® for Kry » 1.

‘FK—1

(15)

Experimental Procedures

1. Sample Preparation. Polystyrene was purchased from
Toyo Soda Manufacturing Co. Ltd., Yamaguchi-Ken, Japan, with
the following specifications: TSK Standard F-1500, M,, = 14.7
% 10° by light scattering, (r,2), = 45.1 X 107! cm? in benzene;
intrinsic viscosity [1], = 2.96 dL/g in trans-decalin at 20.4 °C;
M, = 13.4 X 108, M, = 11.8 X 10° with M, /M, = 1.14 by gel
permeation chromatography in methyl ethyl ketone. trans-Decalin
was purified and filtered according to the procedure reported
previously.’® All solutions were prepared either under a dry helium
atmosphere or under vacuum. We first made a 0.5 wt % polymer
solution which was centrifuged at 3000-3500 g (gravitational
acceleration) for 8 h. Then, we took the upper portion of the
centrifuged solution as our stock solution. The condition for the
centrifugation at 3000-3500 g was determined by making light
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Figure 1. A Zimm plot for TSK F-1500 in trans-decalin at 30
°C in the dilute solution region. Note: the highest concentration
(0.0415 wt % polystyrene in trans-decalin) is already beyond the
usual dilute solution region where (37/6C)rp/T = R/ M, + 24,RC
remains valid.

scattering intensity and line width measurements of preliminary
sample solutions which had been centrifuged at various rpms and
over different periods of centrifugation time. We selected the
condition which was sufficient to eliminate large dust particles
in the solution but primarily not the large polymers themselves.
Solutions at lower concentrations were prepared by dilution of
a known amount of the centrifuged stock solution directly in the
light scattering cell, using filtered purified trans-decalin. Those
at higher concentrations were prepared by evaporation of the
solvent from a known amount of the centrifuged stock solution
in the light scattering cell, using a mild vacuum. All cells con-
taining the solutions were flame sealed while the solutions (under
vacuum) were cooled by dry ice-methanol. We prepared high
molecular weight polystyrene solutions without ever using fil-
tration. Our solution concentrations range from 0.7 X 10™to 3.5
X 107 g/g of solution.

2, Apparatus and Methods of Analysis. The detailed design
of the light-scattering spectrometer has been described else-
where. 162 We used the same approach in our measurements'®
except that the polystyrene sample has a molecular weight of 12
X 108 instead of 1.79 X 105,

The measured single-clipped photocount autocorrelation
function G &(¢) [=A(1 + Blg™(t)]¥] is analyzed by the methods
of cumulants® and of histogram,"”*® where A and 3 are constants.

Results and Discussion

1. Static Properties. In the dilute solution region, eq
5-8 can typically be represented by a Zimm plot, as shown
in Figure 1, which yields the weight average molecular
weight M,, the z-average radius of gyration (r2),/? and
second virial coefficient 4, We obtained M, = 1.17 X 107
and 1.25 X 107 with NBS-705 polystyrene and benzene as
our respective standard. A value of 1.2 X 107 for the weight
average molecular weight is somewhat lower than those
values reported by Toyo Soda. Nevertheless, we feel that
the centrifugation step may have a minor effect on the final
molecular weight of the polymer sample. The agreement
with literature is fair. The information contained in Figure
1 is more than such a plot reveals because it does not
clearly show deviations from the second virial coefficient
expansion of eq 5. At temperatures below and above the
© temperature, Figure 2 shows a plot of (6w/aC)rp/ T as
a function of concentration expressed in g/g of solution.
It should be noted that the concentration C in the (2 7/
aC)pp term is expressed in g/cm®. The intercept in Figure
2 corresponds to R/M,, and is equal to 7.08 X 1077 J g
K™, yielding M,, = 1.17 X 107 g/mol. Below the © tem-
perature, a plot of (37/3aC)7p vs. C has a slightly negative
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Figure 2. Plots of (8w/aC)rp/T vs. concentration C (g/g of
solution) at different temperatures in the dilute solution region.
Note: the curvature of the isotherms signifies that the expression
(67/3C)rp/T = R/M, + 2A,RC is valid only over very limited
ranges in concentration where C is expressed in g/cm? except as
noted.
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Figure 3. Plots of the second virial coefficient A, vs. temperature
in the dilute solution region: NBS 705 Standard (M, = 1.79 X
105),8 open circles; and TSK F-1500 (M,, ~ 1.2 X 107, solid circles.

initial slope signifying a negative A,. The curvature exists
in all isotherms suggesting that the dilute solution region
with only the A, term is valid over a very limited con-
centration range. The second virial coefficient A, has a
more prominent temperature dependence for the low
molecular weight polystyrene (M,, = 1.79 X 10°) than for
the high molecular weight sample (M,, ~ 1.2 X 107), as
shown in Figure 3, in accordance with the data of Inagaki
et al.®% Nevertheless, A; becomes zero near 20.5 °C, as
shown in Figure 3, for both polystyrene samples. Thus,
we have reconfirmed the © temperature to be 20.5 °C for
the polystyrene—trans-decalin system.

According to eq 7, we can compute an apparent radius
of gyration at finite concentrations from a plot of HC/R,,
vs. sin? (6/2). Figure 4 shows a plot of (r,X(C)),*!/? vs.
concentration C (g/g of solution) at different temperatures.
Values of the radius of gyration extrapolated to infinite
dilution are indicated in Figure 4 and replotted in Figure
5a as a function of temperature. The radius of gyration
contracted from 1.75 X 102 nm at 40.0 °C to0 9.9 X 10 nm
at 17.2 °C. It appears that the rate of contraction increases
with decreasing temperature, but no sharp discontinuity
is observed at the © temperature in such a linear plot, In
Figure 5b, we have plotted log (r,), vs. log (1) with 7 =
(T -0)/6. In the 6 region, the measured exponent r with
ry « 72 is expected to be smaller than the predicted value
of 0.2 which is valid for very high molecular weight poly-
mers in a good solvent. In addition, we do not expect to
observe a straight line behavior in Figure 5b, as the system
obviously has not yet reached the asymptotic region.

Dynamical Properties of Polystyrene in trans-Decalin 1125

T T T T T
TSK F-1500in t-decalin
(8 -

175

o< o
D (e ]
2N
L4+ \o\o 40°C

172
z
xS
/0
[

x L o o 30°C
/’C} 123, \°\o 25°C
Vo [2F O o 22.71°C
N T 20C
Fte———o—0 g3
09 .
LORD., 17.17°C 1
1 1 | | L
| 2 3 4 5
Cx10* gq™

Figure 4. Plots of (r,(C)),*'/2 vs. concentration C (g/g of so-
lution) at different temperatures in the dilute solution region.
(r2(C)),*1/? is defined according to eq 7.
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Figure 5. (a, top) Plot of (r,%),}/? vs. temperature for TSK F-1500
in trans-decalin, © = 20.5 °C. (b, bottom) Log-log plot of (r,%),
vs. O7. The dot-dash line indicated log (r,%), at 7 = 0. In the
Gaussian regime, the measured exponent at 70 = 20° is expected
to be smaller than 0.4. r,2 ~ 7% in the asymptotic limit; r = (T
-9)/6.

Akcasu and Han? have investigated the molecular
weight (M,,) and temperature (T) dependence of the radius
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Table I
Radius of Gyration of Polystyrene in trans-Decalin as
a Function of M., and Temperature (® = 20.5 °C)

My, g/mol  T,°C ¢!’ nm o NIND®
1.79 x 10¢  20.0 13.0

1.79 x 105 30.0 13.8  1.06 0.42
1.79 x 105 40.0 14.6  1.12 1.67
1,17 x 107 17.2 99 0.78

1.17 x 107 181 109 0.86

1.17 x 107 20.0 123 0.98

1.17 x 107 20.5  126° 1.0 0
1.17 x 107 2277 136 1.08 1.56
1.17 x 107  25.0 144 1.14 6.41
1.17 x 107 30.0 157 1.25 27.6
1.17 x 107  40.0 175 1.39 109

@ ag = rgt, ptlrg®, o @' with subscript T denotin
g 'z, g ’z,T > g
temperature, ° N/N, = My7*%/416 with r* = (T — @)/T.
¢ Value obtained by interpolation.
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Figure 6. The variation of the expansion factor «, for radius of
gyration with N/N, = (M,,7*?/416). For filled triangles, we used
0 = 20.5 °C with trans-decalin as solvent, M,, = 1.17 X 107, the
number of monomers in a statistical length n = 20, and the
molecular weight per monomer A = 104: open triangles, poly-
styrene (M,, = 1.79 X 10°) in trans-decalin; open circles, cyclo-
hexane; inverted open triangles, toluene; open squares, benzene.
The labeled number corresponds to Table I of ref 20. The values
of numbers 9 and 13 are not consistent with the others.

of gyration ((r,?),'/) and the hydrodynamic radius (%) of
polystyrene in dilute solutions. By defining the linear
expansion factor

ag = <rg2>z,T1/2/(rg2>z,T=91/2 (16)

they have plotted «, as a function of N/N,, as shown in
Figure 1 of ref 20 where (r2),7/? and (r?), r="/% are the
radius of gyration at temperature T and at the © tem-
perature, respectively; N now becomes the equivalent
number of links (beads) in a statistical chain, and N, is
a temperature-dependent cutoff to separate Gaussian and
excluded volume regimes. The experimental points are
adjusted to fit the blob theory by setting the proportion-
ality constant o = 0.2 which yields

— = ——*2 am

where we have used the number of monomers in a sta-
tistical length n = 20 and have taken * = (T - 0)/T
(instead of 7 = (T - ©)/0). Table I lists values of o as
a function of N/N,. We have superimposed our results
of the high molecular weight polystyrene (M,, ~ 1.2 X 107)
upon those reported in Figure 1 of ref 20. The new data
on polystyrene in trans-decalin, as shown in Figure 6, are
denoted by filled triangles. They cover a range of N/N.
from 1.56 to 109, where there are virtually no experimental
points. Furthermore, our measurements concentrate on
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Figure 7. Log-log plots of (1/7¢) sin? (§/2) vs. sin (8/2) according
to eq 13 and 14 at C = 2.57 X 10~ g/g of solution (open symbols)
and C = 1.06 X 107 g/g of solution (crosses).

the transition behavior (N/N. ~ 1) of , from the non-
asymptotic region to the asymptotic region where N/N,
> 1. «a, exhibits a slower approach to the asymptotic
behavior than the blob theory does and follows the shape
of the modified Flory theory.

2. Dynamical Properties. In dilute solutions, we
observe the Brownian motion of the whole macromolecule
when Kr, « 1. The line width is related to the transla-
tional diffusion coefficient by means of eq 10, and we can
compute the hydrodynamic radius according to eq 9 pro-
vided that the Stokes-Einstein relation holds. At Kr, >
1, the dynamical scattering function S(K,t) reflects prop-
erties of the polymer chain on distances smaller than r,.
However, we can still take

D = (1/rg)K? = kgT/6mnoL (9a)

by assuming the validity of the Stokes—Einstein relation
where L is a characteristic length of the system. By using
eq 13 and 14 to analyze the nonexponential time correla-
tion function behavior of our high molecular weight
polystyrene (M,, ~ 1.2 X 107) in trans-decalin, we have
observed the theoretical prediction® that the dynamical
structure factor S(K,t) varies continuously with K. Figure
7 shows log-log plots of (1/7x) sin? (8/2) vs. sin (6/2),
according to eq 13 and 14, at C = 2.57 X 107 g/g of so-
lution (open symbols) and C = 1.06 X 107 g/g of solution
(crosses). At small values of K, where 8 ~ 20°, we observed
essentially 1/7x = D(K)K? where the diffusion coefficient
D(K) may be interpreted as the hydrodynamic motion of
a portion of the polymer chain within a wavelength of
momentum transfer, not necessarily the translational
motion of the entire molecule. At Kr, « 1, D(K) involves
the entire molecule so that S(K,t) has an exponential form
for a monodisperse polymer system and D(K) reduces to
D as defined by eq 10. At higher scattering angles, the
characteristic time behaves as

TK_1 o K7 (18)

with v = 2,78, which is somewhat lower than the value of
2.85 % 0.05 as reported by Adam and Delsanti.!?!3 How-
ever, the discrepancy is quite understandable, as Figure
7 clearly shows a continuous variation of the dynamical
structure factor S(KX,t) from K2 to K°. We have not yet
reached the asympototic region of K3 neither have Adams
and Delsanti. Figure 8 shows plots of no/(rxK?T) vs. K
(for the same measurements as in Figure 7) at various
temperatures. We have indicated the scales of K(r,?),/2
at 20, 30, and 40 °C and have compensated for the changes
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Figure 8. Plots of 7/ (r¢K*T) vs. K with K(r,?),/? scales at C
= 2.57 X 10 g/g of solution (open symbols) and C = 1.06 X 10™*
g/g of solution (crosses).

of 7! in viscosity and temperature as suggested by eq 9a
and 15. At higher temperatures, such as 40 °C, the poly-
mer coil is more expanded. Thus, over the same K range,
we observe a value of v closer to 3. At lower temperatures,
such as those of 20 and 25 °C, we note that 7,/ (rgK2T)
approaches a relatively constant value near Kr, ~ 1, while
the same quantity at 40 °C approaches a relatively con-
stant value at a smaller value of K where Kr, ~ 1.

In our data analysis, we have tried to obtain the
translational diffusion coefficient D by extrapolation of
nol' /K3, using different orders of cumulants fit obtained
at increasingly smaller scattering angles. Unfortunately,
experimental conditions have prevented us from making
definitive light-beating measurements below § = 20°.
Thus, we have force fitted the nonexponential form of the
time correlation function, using cumulants expansion up
to fifth order where the normalized time correlation of the
scattered electric field has the form

BV} = exp(= Te)(1 + pgt?/2! — ut®/3! +..)  (19)

with ¢ up to the fifth power. At higher values of K(r,?),/
(>1), the time correlation function deviates more from the
single exponential behavior even for a monodisperse
polymer system. Consequently, different order cumulants
tend to have the apparent I' values differing from one
another, as shown typically in Figure 9. As K(r?),/?
becomes smaller ($1), D(K) approaches the translational
diffusion coefficient of the entire coil, the time correlation
function of a relatively narrow molecular weight distri-
bution polymer becomes more single exponential in form,
and the apparent T', using different order cumulants fit,
approaches the value of the second-order fit. We estimated
the correct value of T' by extrapolating the noI'/K? values
to K(r,2),"/? = 0. At 17.2, 18.1, and 20.0 °C, we obtained
respectively

nol’

im  —— = 3.31 X 1071, 3.10 X 101, and 2.85 X
Kb —o K?
101% erg cm™!

By the above procedure, we determined at various tem-
peratures and concentrations

(20)
Mo

_ T(C
D) =( fm  O)1
Ked—0  K?

representing the translational diffusion coefficient of the
entire coil at a fixed temperature and concentration.
Figure 10 shows plots of 7,(C) = kgT/671,D(C) vs. con-
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Figure 9. Typical plots of n,I'/K? vs. K(r,%),}? at 17.2, 18.1, and
20.0 °C. The apparent average line width T is obtained by force
fitting the net time correlation function |g™(r)|, using the different
order cumulants fit. By extrapolating T to K = 0, we obtain D
(=T'/K?%), which is the translational diffusion coefficient of the
entire polymer coil at a finite concentration C.
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Figure 10. Plots of kgT/6m3,D vs. C (g/g of solution) at different
temperatures. Values of 7y, = limq . kgT'/6mnoD are listed in Table
1L

centration. The temperature dependence of kp, as defined
by eq 2, is related to the temperature dependence of the
second virial coefficient A, We again found kp to be
negative below the © temperature. kp became increasingly
more positive at larger positive temperature distances
beyond the © temperature. The values of 7,(C = 0), as
defined by 7y, = kgT/6mn,D° are listed in Table II. Figure
11 shows a plot of 7, as a function of temperature. It is
especially interesting to note the sharper drop in the hy-
drodynamic size at temperatures below the © temperature.
Similarly, the radius of gyration as well as the linear ex-
pansion factor of the radius of gyration o, decreases as a
function of temperature, but the rate is sharper below the
O temperature. Figure 12 shows the variation of the ex-
pansion factor o, for the hydrodynamic radius with N/N,.
Again we have superimposed our experimental data on
Figure 3 of ref 20. By using two different molecular
weights of polystyrene (M, = 1.79 X 10% and 1.17 X 107)
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_Table II
Hydrodynamic Radius ry, of Polystyrene in trans-Decalin
as a Function of M, and Temperature (& = 20.5 °C)

— _Thl

My, g/mol T,°C m,nm®  ap® (5,7 apfog
1.79 x 10%  20.0 9.11 0.700

1.79 x 105 30.0 9.39 1.03 0.680 0.971
1.79 x 105 40.0 9.68 1.06 0.663 0.946
1.17 x 107 17.2 62 0.82 0.63 1.05
1,17 x 107 18.1 67 0.88 0.62 1.02
1.17 x 107 20.0 75 0.99 0.61 1.01
1.17 x 107 20.5 76° 1.00 0.60 1.00
1.17 x 107 227 79 1.04 0.58 0.963
1.17x 10" 25,0 82 1.08 0.57 0.947
1.17 x 10" 30.0 85 1.12 0.54 0.896
1.17 x 107  40.0 90 1.18 0.51 0.849

a ;h = limc_yo kBT/GTH'} O—D_‘ b ap = ;h,T/Fh,T=® with sub-
script T denoting temperature. ¢ Value obtained by
interpolation.

| TSK F-1500 in t-decalin

9"‘ o] 7
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AN
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(0] 20 30 40
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Figure 11, Variation of the hydrodynamic radius 7, as a function
of temperature above and below the 6 temperature.
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Figure 12. The variation of the expansion factor ay for the
hydrodynamic radius with N/N, = (M,,7*?/416). We used the
same values as those used in Figure 6. The triangles represent
our data in trans-decalin as listed in Table II: open triangles,
M, = 1.79 X 105 filled triangles, M,, = 1.17 X 107; open circles,
cyclohexane; open diamonds, toluene; open squares, benzene; open
hexagons, THF. The labeled number corresponds to Table II of
ref 20.

and trans-decalin, we were able to extend the ranges of
N/N, over the transition range from the nonasymptotic
region to the region where simple power laws are obeyed.
Thus, in the present context, it is again not appropriate
to represent our experimental data in terms of power laws.

Macromolecules
30 —r—— T T
TSK F-1800 in t-decalin W
slope:0.5 o
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oot - .
S
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i)
28 r 4
| 1 A1
30 3l 32 33

log <<r92>|/2/ £)

Figure 13. Log-log plot of 7, vs. (#,?),'/2. The slopes as shown
suggest the relative change in the rate of contraction with de-
creasing temperature for the hydrodynamic radius and the radius
of gyration.
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Figure 14, Ln-In plot of ay, vs. a,. Solid lines were calculated
by eq 21 and 22, using v = 0.59 (a); and 3/ (b);. Dot-dash line:
o, = o2 with o,® = o2,

We show that, in the high N/N, range, the blob theory is
very good. In Table II, we have noted that the ratio of the
hydrodynamic radius to the radius of gyration F/(r;?),!/2
decreases with increasing temperature. Figure 13 shows
a log-log plot of Fy vs. (r,%),!/% At temperatures greater
than the O temperature, the radius of gyration increases
faster than the hydrodynamic radius, while below the ©
temperature the rates become comparable. Collapse of a
polymer chain in poor solvent is not well understood, and
only limited studies have been reported.?” In our present
investigation, we have experimental data on the contrac-
tion of the polymer coil below the © temperature. How-
ever, our results are not sufficient to denote a power law
dependence even if it exists. Figure 14 shows a In-ln plot
of ay, vs. a,, where we have included our results on the low
molecular weight polystyrene (NBS 705 M,, = 1.79 X 10°%)
sample.’® The solid lines represent the blob theory,?%
using eq 21 and 22,

1 _ 1 _ -1
ah(x)=i 2(3—x)+3(x Sl x)] (21)
- 2-v

/2

1- x2»+1 1- x2(u+1)
a(x) = x*(3 - 2x) + 6x“2”( m+l 2041 )
(22)

with x = N,/N for » = 3/; and 0.59, and the dot-dash line®
denotes a,’ = 2% with a,® = ;. Near the O tem-
perature, our data appear to agree better with the Ya-
makawa theory. Again, the data below the © temperature
are of interest as neither theory can be used to predict the



Vol. 12, No. 6, November-December 1979

/]
1
;

»

/Lll

0.8082
AP B

vl "
102 10°
N/ N,

Figure 15. Plot of oy,/ o, as a function of N/N,. The solid line
is the same as that in Figure 4 of ref 20.
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collapse of polymer coils. At temperatures above the ©
temperature, we have plotted the temperature dependence
of the ratio of the expansion factor of the hydrodynamic
radius to the radius of gyration as shown in Figure 15.
The solid line is represented by a;/ o, using eq 21 and 22
Wlth v = 3/5.

Table II shows that for the high molecular weight
polystyrene in trans-decalin the ratio of the hydrodynamic
radius to the radius of gyration (Fn/(r;?),!/?) is less than
the theoretical value of 0.665 according to the Kirkwood-
Reiseman theory,” and it becomes quite small at large
temperature distances from the © temperature.

At finite concentrations, the frictional coefficient has the
form

f=PA+kC+..) (23

where f° = 6mnyr, and is related to D° by D° = kgT/f°. The
hydrodynamic and thermodynamic factors are combined
in kp as®

kD = 2A2M—kf—NAV1/M (24)

where 0 (=N,V,;/M) is the specific volume of the polymer
with V, being the polymer molecular volume. Figure 16
shows the variation of &p, kg, and My ks/ NV, with tem-
perature, both below and above the 6 temperature. We
note that there is a change of sign in kp. The term 24,M
has a dominating effect for high molecular weight polymer
samples at temperatures away from the © temperature.
The variation of M k¢/N,Vy is governed mainly by the
temperature dependence of k;.

By dissolving a high molecular weight polymer sample
(polystyrene, M, ~ 1.2 X 107) in a O solvent (trans-de-
calin), we have investigated the static and dynamical
properties, in particular, the polymer dimensions in terms
of the radius of gyration and the hydrodynamic radius in
dilute solution, both above and below the © temperature.
At temperatures above the O temperature, we present
quantitative data under actual experimental conditions in
the transition range before the parameters can be repre-
sented by their respective asymptotic power laws.

The blob theory? is in very good agreement with ex-
periments at large values of N/, where the asymptotic
power laws are valid. In the transition region where the
blob theory is expected to fail, the changes of the radius
of gyration with respect to temperature and molecular
weight follow closer to the gradual variation of the mod-
ified Flory theory. It is particularly important to note that
power laws in nonasymptotic regions are not meaningful.
Below the O temperature, a sharper contraction in both
the radius of gyration and the hydrodynamic radius takes
place. In particular, the hydrodynamic radius decreases
in size about as fast as the radius of gyration, indicating
no shape change over the few degrees in temperature below
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Figure 16, Variation of kp, ky, and M, k¢/ N4V, with temperature.
Vi (=47r3/3) is the hydrodynamic volume of the polymer
molecule. We have used M, = 1.34 X 107 in this computation.

the O temperature. The collapse of a polymer coil is a very
interesting problem. Further studies are in progress.
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