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If the stiffness of chains has an importance, the results
obtained here indicate that small cycle structures are ir-
relevant quantities for the variation of the mechanical
properties near the gel point. Actually the S and T ex-
ponent values are independent of the weight fraction of
solvent.

Acknowledgment. We thank J. P. Carton, G. Forgacs,
P. G. de Gennes, H. J. Herrmann, and D. Stauffer who
have given most welcome help and advice.

Registry No. (HMDI)<(LHT 240) (copolymer), 53479-43-9;
(HMDI)-(UGIPOL 3170) (copolymer), 57596-47-1; (HMDI)-(LG
56) {copolymer), 58450-56-9; (HMDI)-(1.G 56)-(PPG 4000) (co-
polymer), 98527-37-8.

References and Notes

(1) Flory, P. J. “Principles of Polymer Chemistry”; Cornell Univ-
ersity Press: Ithaca, NY, 1953.
(2) Rogovina, L. Z.; Slonimskii, G. L. Russ. Chem. Rev. (Engl.
Transl.) 1974, 43, 503.
(3) Adam, M.; Delsanti, M.; Durand, D.; Hild G.; Munch, J. P.
Pure Appl. Chem. 1981, 53, 1489.
(4) Adam, M.; Delsanti, M.; Okasha, R.; Hild, G. J. Phys. Lett.
1979, 40, L539.
(5) Hopkins, W.; Peters, R. M.; Stepto, R. F. T. Polymer 1974, 15,
315.
(6) Stockmayer, W. H. “Advancing Fronts in Chemistry”; Rein-
hold: New York, 1945; Chapter 6.
(7) See for example Table XXXI p 355 in ref 1.
(8) Naveau, F.; Durand, D.; Busnel, J. P.; Bruneau, C. M. Un-
pulbished data.
(9) Adam, M.; Delsanti, M.; Pieransky, P.; Meyer, R. Rev. Phys.
Appl. 1984, 19, 253.
(10) Gordon, M.; Hunter, S. C.; Love, J. A.; Ward, T. C. Nature
(London) 1968, 217, 735.
(11) Ferry, J. D. “Viscoelastic Properties of Polymers”, 3rd ed.;
Wiley: New York, 1980.
(12) Tournarie, M. J. Phys. 1969, 30, 47.

(13) The results obtained with this sample are not reported because
no precise absolute value of ¢, was determined.

(14) For samples III and 1V, the direct experimental evidence for
the smooth increase of n and G is that measurements are
possible even at |¢| < 8 X 1073, whereas for samples I and II,
due to the rapid increase of n and G, measurements can be
performed only for |¢| = 5 X 107,

(15) Stauffer, D. J. Chem. Soc., Faraday Trans. 2 1976, 72, 1354.

(16) de Gennes, P. G. J. Phys., Lett. 1976, 37, L1.

(17) de Gennes, P. G., C. R. Acad. Sci., Ser. B 1978, 286, 131.

(18) Gordon, M. Proc. Int. Rubber. Conf. 1969. Gordon, M.;
Ross-Murphy, S. B. J. Phys. A: Math. Gen. 1978, 11, L155.

(19) Stauffer, D.; Coniglio, A.; Adam, M. Adv. Polym. Sci. 1982, 44,
103.

(20) Hopkins, W. Thesis, Manchester, 1967.

(21) It has been shown in ref 8 that p, values, and thus the pro-
portionality factor between Ap and ¢, are to within experi-
mental precision independent of the mean molecular weight
of the triol.

(22) Stepto, R. F. T. “Developments in Polymerization”; Harward,
R. M., ed.; Applied Sciences: London, 1982, Chapter 3.

(23) Matthew-Morgan, D.; Landau, D.; Herrmann, H. J. Phys. Rev.
B: Condens. Matter 1984, 29, 6328,

(24) Bansil, R.; Herrmann, H. J.; Stauffer, D. Macromolecules 1984,
17,998,

(25) Herrmann, H. J.; Derrida, B.; Vannimenus, J. Phys. Rev. B:
Condens. Matter 1984, 30, 4080.

(26) Girannan, D. M,; Garland, J. C.; Tanner, D. B. Phys. Rev. Lett.
1981, 46, 375.

(27) Gordon, M.; Roberts, K. R. Polymer 1979, 20, 681.

(28) Derrida, B.; Stauffer, D.; Herrmann, H. J.; Vannimenus, J. J.
Phys., Lett. 1983, 44, L701.

(29) Herrmann, H. J.; Stauffer, D.; Landau, D. P., J. Phys. A:
Math. Gen. 1983, 16, 1221,

(30) Luck, J. M, Private communication.

(81) Bergman, D. J.; Kantor, Y. Phys. Rev. Lett. 1984, 53, 511.

(32) Kantor, Y.; Webman, 1. Phys. Rev. Lett. 1984, 52, 1891.

(33) Benguigui, L. Phys. Rev. Lett. 1984, 53, 2028.

(34) Gauthier Manuel, B.; Guyon, E. C. R. Acad. Sci., Ser. B 1980,
290, 465.

(35) Gordon, M.; Torkington, J. A. Pure Appl. Chem. 1981, 53,
1461.

(36) de Gennes, P. G. “Scaling Concepts in Polymer Physics”;
Cornell University Press: Ithaca, NY, 1979.

Small-Angle X-ray Scattering from Semidilute Polymer Solutions.
1. Polystyrene in Toluene

Fumiyuki Hamada,* Shinichi Kinugasa, Hisao Hayashi, and Akio Nakajima
Department of Polymer Chemistry, Kyoto University, Kyoto 606, Japan.

Received April 4, 1985

ABSTRACT: Small-angle X-ray scattering has been measured on solutions of polystyrene in toluene at various
concentrations covering from the dilute to semidilute regions. The correlation length ¢ for the monomer-density
distribution and the number of monomeric units g,, involved within this range have been determined as a
function of the concentration and the molecular weight of the polymer. The results of £ and g,, agree with
the scaling predictions for the semidilute—good region and with the blob hypothesis when the molecular weight
is higher than 1.1 X 10° and £ is not very small (220 A). On the other hand, for lower molecular weights and
smaller values of £, the results are in agreement with Moore’s mean-field theory proposed for poor solvents.
The value of the binary cluster integral B, has been estimated by Moore’s theory and is in good agreement

with those estimated at infinite dilution.

Introduction

Since a scaling theory for polymer solutions was first
proposed by de Gennes,! various studies have been per-
formed on the properties of semidilute polymer solu-
tions.?® In particular small-angle neutron scattering®® has
provided experimental evidence for the theory, and the
features of the semidilute region distinguishable from the
dilute and concentrated regions have been established.

The semidilute region is defined as a concentration range
in which the number density of polymer chains is large

enough to enable individual chains to overlap, while still
ensuring diluteness of the local number density of the
segments. The mass concentration c* at the overlap
threshold between the dilute and semidilute regions is
usually given by

c* = M/N,(S2%)3/2 (1)
where M is the molecular weight of the polymer, N, is

Avogadro’s number, and (S?) is the mean square radius
of gyration of a single chain.
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The semidilute region is divided into two subregions
depending on the strength of the excluded volume inter-
action between segments, i.e., the semidilute good-solvent
region and the semidilute poor-solvent region.” The former
corresponds to the region II and the latter to the region
111 in the temperature—concentration diagram for polymer
solutions proposed by Daoud and Jannink.? Recently,
Schaefer et al.? have pointed out that a marginal region
can appear between regions II and III when the polymer
chain has local stiffness.

In this study we have measured small-angle X-ray
scattering (SAXS) from polystyrene in toluene and de-
termined the correlation length or the screening length for
the segment-density distribution and the number of mo-
nomers involved within this range. The concentration and
molecular-weight dependence of these quantities are dis-
cussed in connection with the scaling theory,! the blob
hypothesis,! and Moore’s mean-field theory.”

Theory

In the semidilute regions the correlation function G(r)
of polymer segments is expected to follow an Ornstein—
Zernike form in the intermediate range of r as'®

G(r) « (1/r) exp(-r/8) (I <r<(SHVYH (2

where £ is the correlation length or the screening length
first introduced by Edwards!? in the description of semi-
dilute polymer solutions and / is the segment length. The
scattering law Sy, (h) per monomeric unit of Lorentzian
type is obtained by the Fourier transform of G(r) as

Su(h) = gn/(1 + £2h?) {(S®H2<h <) (3)

where h is the magnitude of the scattering vector defined
by h = (47/)) sin 6, with the wavelength N\ and half the
scattering angle 8. The proportionality constant g, in eq
3 can be regarded as the number of monomeric units in-
cluded within a domain of size £. In terms of the blob
concept proposed for the semidilute good-solvent region,
the correlation length ¢ is regarded as the size of a blob
or the distance between interchain contact points, and g,,
as the number of monomers involved in the corresponding
part of the chain.!

A scaling theory predicts the concentration dependence
of £ in the semidilute regions in the power form of!?

E « c—v/(3v—l) (4)

where ¢ is the mass concentration of the polymer and v is
the excluded volume exponent defined by the molecular-
weight dependence of the radius of gyration (S%)%/2 of a
single chain at infinite dilution; i.e.

<S2)1/2 « MY (5)

In a good solvent, v is known to converge to a value in the
vicinity of 0.6 in the limit of M — =; e.g., the Flory theory
gives v = 0.6 exactly,!! while the recent n-vector model with
n = 0 suggests » = 0.588.!2 In a O-solvent it reduces to 0.5.
According to the concentration blob model! g,, is related
to £ by the following equation, which is similar to eq 5:

§ < gn’ ®)
The concentration dependence of g, in the semidilute
regions, therefore, has the form
gy « ¢L/@D N
which corresponds to the des Cloizeaux law™!® for the
osmotic pressure.

Another important feature of the scaling theory is that
it predicts a universal relationship between the reduced
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Table 1
Characteristics of Polystyrenes
M, x 10~ (8%),123 & cxb g/em?

1.75 47 0.28

3.70 69 0.19

5.00 81 0.15
11.0 124 0.096
90.0 405 0.023
200 649 0.012

¢Calculated from the data measured by Kirste et al.?® and
Yamamoto et al.?! ?Calculated by eq 1.

correlation length £/(S?)'/? and the reduced concentration
c/e*bM e

E/(SHY = flc/c®) (8

where f; is a universal function of ¢/c* with the same
asymptotic form as eq 4 at large c¢/c*.

According to Moore’s mean-field theory,” the scattering
law S (h) is again given by a Lorentzian form as shown
in eq 3 with explicit expressions for g, and &; i.e.

8m = 1282/ A2M, (9)
and
£72= (8%, + 12N, B;A%c + 36N,2B,A7%c? (10)

where (S%),'/% is the unperturbed chain dimension, A is
a short-range interaction parameter defined by (S?), =
AM /6, M, is the molecular weight of the monomeric unit,
and B, and B, are directly related to the binary and ternary
cluster integrals for the polymer segments, respectively.*15
In a good solvent, where B; > B,, the quadratic term in
¢ is negligible, and eq 10 reduces to Edwards’ expression'®
and also to the expression for the semidilute-marginal
region proposed by Schaefer et al.? On the other hand,
when applied to the 6-condition (B; = 0), it corresponds
to Daoud and Jannink’s expression for region III® and to
the formulation for the semidilute-O region by Schaefer
et al.? Substituting eq 10 into eq 9, we obtain an explicit
formula for the concentration dependence of g, as

gx = (2N, + BIM Nyc + 8B;MNi%¢? (11)
from which we evaluate B; and B,.

Experimental Section

Materials. Monodisperse polystyrenes of molecular weights
M, =17 x10% 3.7 X 104, 5.0 X 10 1.1 X 105 (M,,/M, < 1.06),
9.0 X 105 and 2.0 X 106 (M, /M, < 1.1) were purchased from
Pressure Chemical Co. Their molecular characteristics are listed
in Table I. Spectral grade toluene (E. Merck Co.) was dried over
calcium hydride and fractionally distilled.

X-ray Scattering Measurements. SAXS measurements were
made at 25.0 £ 0.1 °C with a Kratky U-slit camera using a
broad-focus copper-anode X-ray tube. The scattered intensity
was measured with a scintillation counter in connection with a
pulse height analyzer focused on the Cu Ka line, the Cu K@ line
being eliminated with a 10-um Ni filter. The counter was step-
scanned, and at least 10° pulses were collected at each angle. The
collimation error due to the line-shaped cross section of the
primary beam was corrected by the iterative method of Glatter.'®
The intensity P of the primary beam was measured with a sec-
ondary standard sample, Lupolen platelet, calibrated by Kratky
and co-workers.!” The scattering law S,,(h) per monomeric unit
was determined by the excess scattered intensity I(h) of the
polymer through the relation

Su(h) = (1/KcM,)(a*/Pd)I(h) (12)

where d is the sample thickness and a is the sample-to-detector
distance.'® The contrast factor K is given by the equation

K = i(z - 030.)°Ny (13)
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Figure 1. Inverse of the scattering law Sy (k) plotted vs. square
of the scattering vector h for polystyrene of M, = 5.0 X 10*
observed in toluene at 25.0 °C. Measurements were made at
concentrations of (a) 0.0105, (b) 0.0953, and (c) 0.229 g/cm?, each
corresponding to the dilute, crossover, and semidilute region,
respectively.
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Figure 2, Double-logarithmic plots of £ vs. concentration ¢ in
semidilute regions for M, = 1.75 X 10* (0), 3.7 X 10* (), 5.0 X
104 (0), 1.1 X 10° (9), 9.0 X 10° (@), and 2.0 X 10¢ (). The vertical
arrows indicate the overlap concentrations c¢* calculated by eq
1.

where i, is the Thomson constant, i.e., the scattering cross section
of a free electron, 7.94 X 1072 cm?, 2 is the number of moles of
electrons per gram of the solute, 0, is its partial specific volume,
and p, is the mole electron density of the solvent. It should be
noted that the value of K varies with concentration owing to the
concentration dependence of U, We evaluated 0, at each con-
centration from the solution density measured by Scholte.!?

Results and Discussion

Figure 1 shows typical examples of the plot of the re-
ciprocal of S, (h) vs. h? for M, = 5.0 X 10* each curve
corresponding to the dilute, crossover, and semidilute re-
gion, respectively, from bottom to top. The linearity ob-
served in the intermediate h range confirms the Lorentzian
scattering law as expected in eq 3. As pointed out by
SANS experiments,® however, a departure from the Lor-
entzian scattering behavior, which is due to the single-chain
correlation function G(r) = r#/2 leading to S, (h) « h™5/3,
‘can be observed beyond a characteristic h* for dilute so-
lutions (¢ < c¢*). It is also observed that the value of h*
becomes smaller with decreasing concentration. The fact
that the departure cannot be observed in Figure 1 shows
that the value of h* is beyond the h range shown in the
figure. For these solutions, we determined the values of
£ and g, from the Lorentzian part of S,,(h), consisting of

Macromolecules, Vol. 18, No. 11, 1985

Table I1
Data of ¢{ and g, for Polystyrenes in Toluene at 25 °C

¢ X 10% g/em® £ A gn € X 10%g/em® £ A Em

M, = 1.75 X 10* 5.85 18 76
1.05 28 165 9.33 16 46
1.81 19 105 10.2 14 41
2.10 29 109 18.8 7.7 17
3.13 19 94 31.3 5.1 6.8
4.92 17 79

10.1 12 33 M, =9.0 X 10°
413 5.1 4.2 101 82 834
2.01 48 350

M, = 3.7 X 10* 2.84 37 298
1.43 24 144 4.94 24 111
6.74 16 64 7.01 18 61

14.7 8.9 23 8.93 17 51
26.9 6.4 9.1 9.97 14 41
277 5.9 8.9 112 14 33

13.4 12 28

M, = 5.0 x 10* 149 9.0 18
1.05 31 195 154 10 91
7.12 16 85 20,0 14
9.53 16 48 0 85

14.8 10 26 M, = 2.0 x 108
922.9 7.7 12 1.01 89 1120
2.04 56 470

M, =11 X 10° 2.89 41 282
0.987 56 574 188 30 150
2.04 35 274 6.53 91 92

‘ 10.9 15 41
T T
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Figure 3. Reduced correlation length £/(S?),/2 plotted as a
function of the reduced concentration c/c*. The values of (S?),1/2

and c* are listed in Table I. Symbols are the same as in Figure
2.

enough data to calculate these values. The values of £ and
& thus obtained are summarized in Table II. In Figure
2 the values of ¢ observed in the semidilute regions are
plotted as a function of ¢ on a double-logarithmic scale.
The solid line shows the best fit to the results for the two
highest molecular weights plotted by the filled circles. The
exponent on ¢ in eq 4 determined from the slope of the
line is —0.77 £ 0.03. This value is in good agreement with
the theoretical exponent of —0.75 or ~0.77 calculated with
the values of £ in the excluded volume limit, i.e., » = 0.6
or 0.588, respectively. A slight deviation is observed at high
concentrations for lower molecular weights (M, < 1.1 X
10%), probably because the excluded volume effect between
monomeric units is small.

The universality represented in eq 8 is examined in
Figure 3, in which £/ (S?),}/? is plotted as a function of ¢/c*
on a double-logarithmic scale. The z-average radius of
gyration (S2),1/2 of a polymer chain at infinite dilution was
estimated from the data obtained by SAXS?® and light
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Figure 4. Double-logarithmic plots of g, vs. concentration ¢ in
the semidilute regions. The numeral on each straight line denotes
the value of the slope. Symbols are the same as in Figure 2.

scattering.?! These values of (S?),!/2, together with those
of c* calculated by eq 1, are listed in Table I for respective
molecular weights. Over a wide range of concentration,
including both dilute and semidilute regions, most of the
data fall on a single curve within experimental error, in-
dicating that £/(S?),'/? can be expressed as a function of
the reduced concentration c/c*, irrespective of the mo-
lecular weight of the polymer. The slope of the straight
line fitted in the semidilute region (¢/c* > 1) is estimated
to be -0.77, which restored the power law of eq 4 in the
excluded volume limit.

Figure 4 shows double-logarithmic plots of g, vs. ¢ ob-
served in the semidilute regions. The solid line is fitted
to the results for the two highest molecular weights in the
concentration range 0.01 < ¢ < 0.1 g/cm® The slope of
the line is estimated to be —1.30 £ 0.08, which is in good
accord with the value of —1.25 or —1.30 expected from the
power law in eq 7 for the semidilute good-solvent region.
However, an apparent deviation is observed as the con-
centration increases beyond ¢ =~ 0.1 g/cm?, irrespective
of the molecular weight of the polymer. This deviation
may suggest gradual approach to the semidilute poor-
solvent region with decreasing £ (cf. eq 7 with » = 0.5).
Similar deviation has also been observed in the concen-
tration dependence of the osmotic pressure measured by
Noda et al.22 These authors show that a crossover between
the semidilute-good and semidilute-poor regions takes
place at a critical concentration ¢** (0.15-0.2 g/cm?), ir-
respective of the molecular weight of the polymer.

In Figure 5 we have plotted £ as a function of g, to
examine the relation between ¢ and g,, observed in the
semidilute regions. For large values of £ (£ 2 20 A), ¢ is
proportional to g,,°%, as expected for solutions in the sem-
idilute good-solvent region. Therefore the notion of blob
is appropriate for the description of the monomer distri-
bution in this region. However, as ¢ decreases, it varies
in proportion to g,,%% implying a mean-field behavior.
According to the recent theory of Schaefer et al.? a
crossover between the semidilute good-solvent and a
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Figure 5. Double-logarithmic plot of £ vs. g, in the semidilute
regions. The numeral on each straight line denotes the value of
the slope. Symbols are the same as in Figure 2.
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Figure 6. Concentration dependence of ¢ !(g,,™* - (2N,,)™)) in the
semidilute region for solutions of low molecular weights. The
straight line indicates a least squares fit to the experiments.
Symbols are the same as in Figure 2.

mean-field region is considered to occur when £ is com-
mensurate with the size £, of the thermal blob. Using the
semiempirical equations for £, proposed by Akcasu and
Han,? we have estimated the value of £, to be 26 A, in good
agreement with the threshold value £ ~ 20 A found in
Figure 5. Details of our estimation of £, will be published
in a subsequent paper.

The deviation observed in Figure 4 and the fact that ¢
is proportional to g, for small values of £ (<20 A) seem
to suggest the applicability of Moore’s mean-field theory
predicted for solutions in poor solvents.” According to eq
9, the short-range interaction parameter A can be evalu-
ated from the intercept at g,, = 1 in the double-logarithmic
plot of £ vs. g,,. The value determined from Figure 5 is
0.71 &, in harmony with the results obtained from un-
perturbed chain dimensions at infinite dilution, which
range from 0.68 to 0.77.15%425 Although the values of £ are
comparable to the segment length [ of the polymer, the
good agreement in the value of A suggests the validity of
Moore’s mean-field theory and hence suggests that poly-
mer chains of scale £ (520 A) are virtually unaffected by
the excluded volume effect.

Figure 6 shows a plot of ¢ (g, - (2N,)™) against ¢
according to eq 11. The linearity of the plot validates eq
11, which, in combination with the linear dependence of
&m on £2, confirms the concentration dependence of ¢ as
expressed in eq 10. From the values of the intercept and
the slope of the straight line obtained by the least-squares
method in Figure 6, we obtain B; = 1.8 X 10% cm® and
B, = 9.7 X 10 cm®. A nonzero value of B, suggests that
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Edwards’ mean-field theory? is inadequate for this system
owing to the lack of the term including B,. The value of
B, can be determined from intrinsic viscosity or light
scattering observed in dilute solutions, though some am-
biguity remains depending on individual theoretical for-
mulations used for analyzing experimental data. Yama-
kawa!® estimated B, = 2.11 X 10"%" c¢m?® from intrinsic
viscosity® and B; = 2.19 X 107%" cm? from light scattering?
measured on dilute solutions of polystyrene in toluene.
The result obtained in the present work is in good agree-
ment with these values.

From these results, we conclude that the observed values
of £ and g,, are consistent with the scaling predictions and
with the concentration blob concept when the molecular
weight of the polymer is higher than 1.1 X 10° and £ is not
very small (220 A). For lower molecular weights and
smaller values of £, on the contrary, experimental results
deviate from the scaling prediction, and the mean-field
theory becomes more appropriate.

Registry No. Polystyrene (homopolymer), 9003-53-6; toluene,
108-88-3.
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ABSTRACT: Studies of the kinetics and mechanisms of the type II photoelimination reaction of some
styrene-vinyl aromatic ketone copolymers in solution are reported. Effects of solvent, ketone content, and
ketone structure on the lifetime of the chromophores and the quantum yield of polymer chain scission were
investigated. Solvent polarity has a pronounced effect on the chain scission quantum yield (®,) of poly-
(styrene-co-phenyl vinyl ketone) (pS-PVK). This solvent effect can be interpreted as a compromise between
two opposing effects. In polar solvents H-bond formation enhances the quantum yield of scission, while the
polar solvent exerts a polymer coil contracting effect, which leads ultimately to reduction in the rate of polymer
chain scission. Dependence of $, on PVK content in pS-PVK originates in the large chemical reactivity
difference in the two comonomers, which leads to an inhomogeneous distribution of ketone in the copolymer

at high conversion.

Study of the kinetics and mechanisms of photochemical
reactions of small-molecule carbonyl compounds in the gas
phase! and in solution?? is highly advanced and extensive.
While it is found that the photochemical behavior of the
carbonyl chromophore in long-chain polymers often does
not deviate much from that in their small-molecule ana-
logues, significant differences sometimes occur.* These
differences often reflect the characteristic long-chain na-

*Present address: Du Pont of Canada Ltd., Kingston, Ontario,
Canada K7L 5A5.
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ture of the polymer and the restriction of the environment
on the dynamics of the polymer chains. Thus, studies of
photochemistry of ketone polymers have provided a great
deal of information for the understanding of polymer
structure and the dynamics of polymer reactions.

The major photochemical reactions originating from the
carbonyl n—7* excited state in the photolysis of polymers
containing pendant carbonyl chromophores will be the
Norrish type I a-cleavage, giving free radicals, and the type
IT photoelimination to form an olefin and a lower ketone.
The type II reaction leads to polymer main-chain scission

© 1985 American Chemical Society



