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Possibilities of the determination of the structure parameters of porous polymer systems by means
of the small-angle X-ray scattering have been demonstrated. The method presented in the paper is
used for the description of the macroporous structure of styrene divinylbenzene copolymers or
of bead cellulose.

Widespread uses of macroporous polymers and copolymers call for an insight into
their structure. Since these polymers possess a two-phase structure and structural
formations (polymer matrices, pores) ranging from tenths to tens of nanometers,
the method of the small-angle X-ray scattering can be employed in this case.

Basic relationships between the X-ray intensity scattered at small angles and the
structure of an ideal two-phase system (constant electron densities in both phases,
sharp transition of electron density at the phase boundary) have been derived
by Porod’-2. The imtensity of small-angle scattering for a macroscopic isotropic
sample is given by

I(s) = Vp(1 = p) (os — 03)2.’.

(r) exp [2nirs] dV, (1}
v

where s = (2 sin 8/2) is the magnitude of the diffraction vector s, Vis the irradiated
volume of the sample, p is the volume concentration of one phase, and g¢,, 0, res-
pectively are electron densities of phase 1 and 2. The function y(r) is Porod’s “charac-
teristic function” indicating the probability that two points of the given system at a di-
stance r from each other are in the same phase. From Eq. (1) it follows that the inten-
sity of scattering is proportional to the square difference of electron densities in the
phases. In the case of a porous system the electron density in pores g, can be neglected
with respect to the electron density of the polymer matrix ¢,.

For experimental reasons, the intensity J(s) measured with an infinitely high pri-
mary beam is very frequently used instead of the intensity I(s) corresponding to the
point cross-section of the primary beam. All the following relationships in this
paper will be given for the intensity J(s).
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1t follows from the scattering theory from ideal two-phase systems'’? that the intensity J(s)

has an asymptotic course for s — ¢ proportional to s~ 3. This relationship (Porod’s law) can be
expressed in the form

lim s> J(s) = —2—, 2)
S~ 2w . Ip
where the parameter /, — “range of inhomogeneity” — gives the mean length of the segments

restricted by the phase boundaries on the straight lines passing through the system in all directions,
and the invariant Q is defined as Q = [& sJ(s) ds. A further parameter of magnitude suggested
by Porod is the “length of coherence” /.

I, = ffj(s) ds/nQ (3)

0

the value of which gives the integral width of the characteristic function y(r).
Meéring and Tchoubar-Vallat®>*# have found that transformations of the scattering curve enable
the function g{(r) to be calculated:

g(r) = 2| [limdn*s® J'(s) — 4n>s® J'(s)] cos (2nrs) ds,

Qg $S7®

J'(s) = 2J‘OCJ(\,/S2 + y?)dy, 4)

0

where v is an auxiliary integration variable. The function g(r) has for a diluted system of particles
the meaning of the distribution of lengths of the segments averaged over all directions and all
particles.

As has been shown by Perret and Ruland?®, the parameters lp and /, can be expressed as

I, = j RECE / j () ar, 5)

[ = j " () dr / f “rgr)dr. (®)

0 ¢

The values of all the quantities given so far can be obtained without measuring intensities on an
absolute scale, i.e. without knowing the intensity of the primary beam.

If the intensity J(s) on the absolute scale is known, it is possible to determine the
volume fraction of pores p (porosity) by using the relationship®

p(1 — p) = 2n 10**aQ/i . N2doiP,/. (7)

where a (cm) is the distance of the sample from the registration plane, i, is Thompson’s
constant, Vis the Avogadro number, d (cm) is thickness of the sample, ¢, (mol/cm?)

Collection Czechoslov. Chem. Commun. [Vol. 41] [1976]



Macroporous Polymers Styrene Divinylbenzene Copolymers 3557

is electron density of the polymer matrix, and P, is intensity of the primary beam
per one cm of length in the plane of registration.
By using porosities, some further parameters can be determined from relation-

ship (7):'?

1) Phase boundary area per volume unit of the sample

S|V = 8np(l — p)lims® J(s){Q, (8)

§= U0

2) Mean length of intersects passing through the pores (!>, and through the poly-
mer matrix {/>,

Dy =11 =p), Lum=1]p. )

EXPERIMENTAL

Samples

Macroporous styrene divinylbenzene copolymers were prepared as described carlier’. They differ
in the content of the crosslinking agent and heptane (as an inert component in the copolymeriza-
tion mixture); the respective contents in samples PD 1, 3, 4 were 30% and 45%n and in sample
PD 2 20% and 50%,. Sample PD 3 was thoroughly extracted with ethanol after copolymerization;
the other samples were extracted only with hot distilled water.

Cellulose in the bead form was prepared by using the original procedure as a new chromato-
graphic material. Its properties have been described elsewhere®.

The samples of both types were of a regular spherical shape. The distribution of diameters
was very broad, the average value being 0-1 mm. The polymer matrix densities were measured
in a pycnometer by a method described in paperg.

Apparatus

The small-angle X-ray scattering was measured with a Kratky camera. The CuKa radiation was
used. The radiation was monochromatized with Ross’s filters and recorded with a proportional
counter provided with an amplitude analyzer. Owing to the large intensity of the small-angle
scattering at the lowest angles the radiation was weakened by means of a series of Al films with
known absorptions.

RESULTS AND DISCUSSION

Fig. 1a shows small-angle scattering curves of the copolymers styrene/divinylbenzene
and Fig. 1b shows scattering curves of cellulose in the coordinates log J(s) vs log s.
A steep increase in intensity in the region of the lowest angles has been observed
for the sample of the copolymer PD3 and for the cellulose sample CI. The increase
is probably due to the fact that along with micropores which yield the scattering
curves in the region of larger angles the samples also contain a considerable number
of markedly larger pores. In the region in which scattering from large pores was
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observed the measured values were replaced with the Gaussian curve in the further
evaluation; the curve started in a region not affected by scattering from these pores.
The structure parameters thus determined are therefore only those of the micropores.

For a perfect two-phase system the tail of the intensity curves in the log J(s)-log s
plot (Fig. 1) should have a slope-3 (Porod’s law). However, for the styrene/divinyl-
benzene samples the slope deviates from this ideal value, which suggests that their
two-phase structure is disturbed. The most frequent deviations from an ideal two-
-phase structure are electron density fluctuations inside the phases and an unsharp
phase boundary. The electron density fluctuation inside the phases is reflected in a po-
sitive deviation from Porod’s law. The intensity course in the tail can here be de-
scribed by!°

J(s) =Kis7? + K, . (10)

On the other hand, the finite width of the phase boundary is reflected in a negative
deviation from Porod’s law, and the intensity course for sufficiently large scat-
tering angles can be approximated by!!-!2

J(s) = K573 — Kjs™ 1. (11)

The constant K, in relationships (10) and (11) has the meaning lim s* J(s) and serves

for the determination of the phase boundary area S/V (Eq. (8)). The constants K,
and K, are related to the degree of deviations from a perfect two-phase structure.
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Fic. 1

Course of Intensity of Small-Angle X-Ray Scattering for Porous Copolymers Styrene/Divinyl-
benzene (PD) and Cellulose (C)
a:1PDI1, 2PD2, 3PD3,4PD4;b:1Cl, 2C2.
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It can be seen from Fig. 2a that the scattering curves of copolymer samples show
positive deviations from an ideal behaviour. Consequently, the polymer matrix
in these samples cannot be regarded as homogeneous. The behaviour of tails of the
scattering curves of cellulose (Fig. 2b) suggests that the system is a perfect two-phase
one. The wide-angle X-ray diffraction suggests, however, that both cellulose samples
are partly crystalline (about 30 wt.-%). Consequently, the polymer matrix of these
samples must exhibit density fluctuations (of the crystalline and amorphous regions).
The apparently ideal behaviour of tails of their scattering curves can be explained
by the fact that also the phase boundary (polymer—pore) has a finite width and that
the scattering effects on both types of deviations of the structure from an ideal two-
phase one compensate each other.

Eqgs (10) and (11) allow us to separate scattering due to the imperfectness of the
two-phase system. After such treatment of the scattering curve it is possible to de-
termine the structure parameters given in the preceding chapter and derived for
a perfect two-phase system. Since in samples of the copolymer styrene/divinylbenzene
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FiG. 2
Course of the Function s3J(s) ¢s s° for Porous Copolymers Styrene/Diviny]benzene (PD) and
Cellulose (C)

a: x PDI1, PD2, PD3, -+ PD4; b: CI1, C2.

Collection Czechoslov. Chem. Commun. [Vol. 41] [1976]



3560 Baldrian, Plestil, Stamberg ;

the scattered intensity deviations in the tail were positive, the intensity was corrected
by using Eq. (10). In the s* J(s) vs s* plot the tail of the scattering curve is linearized
(Fig. 2). It was used to determine the constants K, and K,.

The samples were measured in capillaries. Because of the spherical shape of the
polymer particles, the sample possessed — along with its own porosity — also pores
between the individual particles. This untrue porosity does not contribute to the
small-angle scattering in the region investigated by us, but prevents direct determina-
tion of the sample thickness needed for porosity calculations. The sample thickness
was therefore determined by measuring the X-ray absorption. For porous systems
it holds

A= J|Jy = exp[—(rfeo) eo(l — p)d], (12)

where (p/go) is the mass absorption coefficient of the polymer, ¢ is its density
(gem™?). Eqs (7) and (12) yield a rearranged relationship for porosity

p = —2199 4 Qa0 o0, (13)
207 Po(In A) '

A disadvantage of such procedure consists in the not too exactly tabulated values!?

of the coefficient (u/g,). More exact results could probably be obtained by measuring
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FIG. 3

Course of the Function g(r) for Porous Copolymers Styrene Divinylbenzene (PD) and for
Porous Cellulose (C)
a: 1 PD1, 2PD2, 3PD3, 4PD,; b: 1Cl, 2C2.
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the mean density of samples (pores + matrix). If the samples under investigation
do not contain closed pores, the polymer matrix density r is comparatively easy to mea-
sure, but measurements of the mean density of incompact porous samples meet
with considerable experimental difficulties. We therefore regard the determination
of porosities by the procedure described above as more advantageous.

In order to determine the porosities, the intensity of small-angle scattering must be
measured on an absolute scale, that is, it is necessary to determine P, in Eq. (13).
In this measurement we used a calibration sample (Lupolen) from Professor Kratky’s
laboratory’* with a known conversion factor K; between the intensity of scattering
Jg 15 at an angle corresponding to Bragg’s distance 15 nm and the intensity of the
primary beam

Py =K Jg5a4 . (14)

Fig. 3 shows a plot of the curves g(r) for porous copolymers and cellulose. For all
samples except cellulose C2 these functions have a maximum at the beginning (v = 0)
and then decrease to zero. The function g(r) of the sample C2 has a maximum
at 24 nm. At high r values (r > 20 nm for sample C1, r > 60 nm for the other
samples) the calculated curves oscillate around zero. The negative g(r) values have
of course no physical meaning; they are related with the inaccurate determination
of the scattering curve at the lowest angles where extrapolation is required. We there-
fore did not consider points in the above regions when calculating integral parameters
of this function. The nonzero g(0) values observed for all samples indicate a certain

TABLE I

Structure Parameters of Porous Polymers
Meaning of symbols is indicated in the text.

. Ic’
Sample Density P S/

nm I, nm {ponm I3, nm
-3 2 3 7 T )
gem mAemT Gy g I at) He ) ) g

Polystyrene/divinylbenzene

PDI1 1-062 029 684 29-1 258 121 117 17-0 165 417 403
PD2 1-057 029 484 330 309 171 168 241 237 590 S79
PD3 1-062 020 595 21-.4 196 109 107 136 134 545 535
PD4 1-062 0-25 697 241 2007 108 105 144 140 432 420

Cellulose
Ci1 1-52 020 166 8-0 64 3-8 36 4-8 45 190 180
C2 1:52 0-55 128 21-8 156 77 72 171 160 140 131
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angularity of the pores®*. Owing to the high porosity values (Table I), the g(r) curves
do not offer such straight information about the structure of the samples as they
would give for dilute systems.

The values of the structure parameters of the gels under investigation are given
in Table I. The calculated porosities of all samples except C2 do not exceed 30 per cent
by volume; the porosity of the cellulose sample C2 is higher than 50%. Owing to the
increase in intensity at low scattering angles, it can be expected that the porosities
of the sample C1 and PD3 determined in this work are somewhat lower than the
actual values.

The values of the range of heterogeneities /, and of the coherent length /. were
calculated both directly from the scattering curve (Eqs (2) and (3)), and from the
function g(r) (Eqs (5) and (6)). The values of both parameters calculated from the
scattering curve were in all cases higher than those calculated from the function g(r).
The deviations are obviously due to the fact that in integrating in Egs (5) and (6)
we had to omit the region of high r where the function g(r) determined by means
of experimental data was not well defined any more. This limitation was particularly
apparent in the values of the parameter I, because it is given by the higher moments
of the function g(r).

A number of useful parameters characterizing porous polymeric systems and
obtained by the small-angle X-ray scattering with the only assumption of the exis-
tence of a two-phase structure shows that the method used is very suitable for this
type of determination.
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Translated by L. Kopecka.
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