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ABSTRACT: Branched siloxane polymers are obtained through the hydrolysis and condensation of silicon
tetraethoxide (TEOS) monomers in ethanolic solutions; they grow and end up forming a macroscopic network
that entraps the solvent. At various times during the reaction, the sizes of individual polymers and their relative
locations in the reaction bath are examined through light scattering. We find that the polymers grow with
fractal structures and that smaller ones fill the voids of larger ones. This interpenetration is characterized
by a screening length £, beyond which the internal correlations of one polymer are screened by the correlations
between distinct polymers: £ is the size of the largest lumps or voids in the reaction bath. These lumps and
voids keep growing through the gel point and beyond, because the smaller polymers which fill voids in the
larger polymer’s structures diffuse away and bind to denser regions. This process is absent from percolation
models, and it is controlled by the catalysis of the reaction. Hence large and small polymers have different
roles in gel formation: large ones control the connectivity of the bath and smaller ones control the spatial

variations of its density.

Introduction

Inorganic gels can be made by polymerization of or-
ganometallic precursors dissolved in an alcoholic solvent.
They are used as intermediates in the sol-gel—glass pro-
cesses for manufacturing oxide materials such as glasses,
glass ceramics, and ceramics.'*® Using sol-gel routes
rather than the traditional, high-temperature routes is an
attractive idea, as it offers a better way to control the
material's compositions and textures.5'2182¢ The first
point depends on controlling the reactivities of the dif-
ferent monomers used in the reaction: this is chemistry.
The latter one depends on controlling the spatial variations
of the density of polymer segments, so as to suppress the
formation of voids and lumps on some scales and enhance
it on other scales: this is physics.

In the work reported here the chemistry is comparatively
simple, since there is only one type of monomer, which is
Si(OC,H;),, named silicon tetraethoxide (TEOS). Still,
there are many ways in which TEOS monomers can be
polymerized, mainly because the Si atoms, which have
fourfold coordinance, are incompletely linked to each other
in the polymerization reaction. For example, in TEOS/
water/ethanol mixtures with molar ratio 1/10/5.8, the
number of siloxane bridges rises to 70% of its value in
dense silica, but the resulting gels have a volume 27 times
that of dense silica.!®* As we use somewhat similar con-
ditions, we expect that the polymers will grow largely
branched but not dense.

Of course the structure of the gel depends not only on
how many links are made but also on the relative locations
of these links and on their topology (how are they con-
nected).?531 Small-angle scattering methods can provide
statistical information on these problems. Indeed, the
small-angle scattering pattern measures pair correlations
between all fluctuations in the density of polymer segments
throughout the irradiated volume.®>® In the reaction bath,
we obtain some parameters of the lumps and voids which
form as the polymers move close to each other or away
from each other. In diluted solutions, where the polymers
have been separated from each other, we find out which
groups of atoms are mechanically coherent and which ones
can move (freely) past each other. We have already re-
ported neutron-scattering experiments which analyze such
correlations in the range 60-1000 A for a concentrated
TEOS reaction bath and for the diluted solutions extracted
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from it.>* Here we present a similar study through light
scattering, which allows the measurement of correlations
at larger distances (1000-10000 A).

Polymerization of TEOS in Water/Ethanol
Mixtures

The polymerization of TEOS can be obtained through
hydrolysis of the ethoxy groups into silanols, followed by
a condensation of the silanols to form the siloxane
bridges.1 21317 We use conditions where the hydrolysis is
fast and complete, whereas the condensation is slow and
incomplete.

A cold solution of freshly distilled monomer (1 mol) in
ethanol (7 mol) is added dropwise to a cold water (8
mol)/HCl mixture under slow agitation; the hydrolysis is
catalyzed by the H* ions, and the amount of water is in
excess of that needed for hydrolyzing all ester groups into
silanols. The hydrolysis is exothermal and brings the
temperature of the mixture back to room temperature; it
is complete in less than 1 h. At this point, the reaction
bath is placed in an oven at 50 °C; the silanols then con-
dense to form siloxane bridges between the silicon atoms
and release some of the water used for the hydrolysis.

We made one polymerization at a pH value much above
the isoelectric point of SIOH (pH 4.64 after mixing, rising
to 5.1 after hydrolysis); the condensation then proceeds
through a nucleophilic attack of a silicon by the oxygen
of a 8iO~ group.'™ The gelation is fast (13 h at 50 °C); it
gives a gel which is slightly turbid and does not tend to
shrink as it ages beyond the gel point. The weight con-
centration of silica in the swollen gel is 0.08 g/cm?®, and
its volume fraction (assuming a density of 2 g/cm?) is 0.04.

The other polymerization reactions were made at a pH
value somewhat below the isoelectric point of SiOH (pH
1); then the silanols are protonated into SiOH,*, which
tends to decrease the nucleophilic character of the oxygen
and prevent it from attacking another silicon. Nevertheless
the condensation was still weakly catalyzed, because the
H* ions help the release of a water molecule from the newly
formed dimers. The gelation times were 180-220 h at 50
°C; the resulting gels were completely transparent and did
tend to shrink through syneresis.

The gelation times are notoriously difficult to reproduce.
The main problem is in controlling the pH of the reaction
bath, especially when the concentration of H* ions is low
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(pH 5). Another problem may result from heterogeneous
polymerization conditions, where the concentration of
catalyst or that of reacting species may not be the same
throughout the reaction bath. This last point deserves
special mention, because it is not always appreciated.
Indeed, the rate of the condensation depends very strongly
on the separation of reacting species.®%” Because of this
concentration dependence, the polymerization will be ex-
tremely fast near surfaces where solvent evaporation raises
the monomer concentration near unity. These highly
polymerized species can be produced in films that wet the
walls of the container or in free surfaces; if they are washed
into the reaction bath, they will dominate the scattered
intensities. It is therefore necessary to eliminate all free
surfaces if the experiments are to describe the gelation of
a bulk phase.

Light-Scattering Measurements

At various times during the polymerization reaction, a
small fraction of the reaction bath is extracted and exam-
ined through light scattering. Then it is diluted with
ethanol, and tHe light-scattering spectrum is taken again.
Successive dilutions bring the polymer concentration down
to 6/10, 3/10, 1/10, ..., 3/1000 of the original concentration
in the reaction bath. None of these solutions is filtered,
for fear of eliminating some large polymers which would
be intrinsic to the gelation process; on the other hand, all
reagents have been filtered before the reaction, and all
manipulations are performed in a dust-free hood.

For light-scattering measurements, the solutions are
placed in a 2.5-cm cylindrical test tube at the center of a
9-cm cylindrical cell filled with toluene. The light source
is an argon ion laser, operated at a wavelength A = 5145
A with a power of 0.1-1 W. The incident light is vertically
polarized and focused on the sample through a 100-mm
lens; neutral density filters are used to reduce the incident
intensity for solutions or gels which are strong scatterers.
The scattered light is collected through a system of slits,
which defines the scattering volume; it is focused on a
Thorn EMI photomultiplier whose position with respect
to the beam is controlled by an Amtec MM1 goniometer.
The output of the PM is sent to a Malvern multibit cor-
relator; for measurements of the static intensity this in-
strument just integrates the number of pulses per unit
time.

The measured intensities are corrected for the variation
of the scattering volume with scattering angle 8 and divided
by the incident intensity; then they are compared with the
intensity scattered by the pure solvent and normalized by
the intensity scattered from liquid benzene in the same
conditions:

Iabs(o) = [Isolution(e) - Iethanol(e)] /Ibenzene(a)

Finally, the data are sorted according to the magnitude
of the scattering vector Q, which is

Q = (4x(n/N) sin (8/2)

where n is the index of refraction of the scattering medium
(1.36 for ethanol) and A the wavelength of the incident
radiation. The range of accessible angles is 10-160°, giving
Q values between 0.3 X 107 and 3.3 X 1072 AL,

For diluted solutions, these absolute intensities yield the
average mass M, and radius R, of the polymers through
an expansion at low @ and low ¢ according to the Zimm
formula:33-38

K’c 1 Q2Rz2
10 = —M—w(l + 3 + 2A,c
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Figure 1. Zimm plot for the dilute solutions extracted at ¢ =
213 h from a reaction bath at pH 1. Vertical scale: ¢/I, where
¢ is the volume fraction of polymer in each dilution, and the
intensity I is divided by that of benzene. Horizontal scale: Q?
+ 0.002¢, with the magnitude of the scattering vector, @, in AL,

The constant K’is determined by the increment of index
of refraction (dn/dc) for the TEOS polymers in ethanol:

K= 21r2>\‘4n32(dn/dc)2RBNA'1

where Ry is the Rayleigh ratio of benzene, equal to 32.05
X 10®% cm™ at A = 5145 A and 25 °C, and N, is Avogadro’s
number. We have measured dn/dc for the solutions ex-
tracted from the reaction bath at pH 1; the measured value
is 0.126 cm®/g. With these values the constant K is equal
to

K’ =5 % 10" cm® mol g2

The formula which gives the scattered intensity as a
function of average parameters for all the polymers in the
solution is valid only if Brownian motions of the macro-
molecules produce a proper thermal average in the irra-
diated volume over the integration time. This thermal
averaging fails in concentrated solutions of very large
polymers and in gels; the measured intensities then take
a chaotic behavior, which is controlled by the internal
structure and motions of macroscopic objects. A fair
amount of averaging can be restored by integrating over
a larger volume, for example by rotating the sample. Then,
close to the gel point, the main limitation is that dilutions
cannot be performed or that they do not give a repre-
sentative sample of the reaction bath.

Scattering from Dilute Solutions

When the reaction bath is diluted to volumes much
beyond its original volume, the polymers are separated
from each other. This has two important consequences.
Firstly, the encounters between polymers become rare, and
the reaction is effectively quenched.®® Secondly, the
positions of individual polymers are no longer correlated,
and therefore all interferences between them average out
in the scattering pattern. Consequently the intensity
scattered by a dilute solution is just the average of the
intensities scattered by individual polymers. Specifically,
the € — 0 limit of the intensity yields the weight-averaged
mass M, of the polymers, and its curvature at low @ yields
their z-averaged radius R,.33%8

Figure 1 shows our results for solutions extracted from
a reaction bath at pH 1 after 173 h at 50 °C (gelation
occurred at 180 h); Figure 2 shows the data for a reaction
at pH 5 during 12 h at 50 °C (gelation at 13 h). Here the
data are plotted in the Zimm representation ¢/I vs Q2,
where ¢ is the volume fraction of polymer in the reaction
bath; the curves corresponding to different concentrations
are shifted along the horizontal axis to allow an extrapo-
lation to infinite dilution. Each scattering curve yields an



2528 Dubois and Cabane

0.00003 T
¢/ [ 80 [ ] 'y
SC 4
Cand 5 2
.» X - @1 A \/o\urne (D
o= - | N fraction_
Y R & 3
) o8 - g - 6.00012
0.00002 + I R
® - ] [} A 0.00024
0~ - [la] L
M » 7 4. 0.0004
Jor &8 g
N . o 06,0012
1) » I
Ly » it
0. s e 0,0024
0,00001 T 897 £
&= = 0,004
85
&
Q'Q+0,01 ¢
o

0 0.0000

0,00002

0.00003

0.00004

©,00008

Figure 2. Zimm plot for the dilute solutions extracted at t =
12 h from a reaction bath at pH 5. The curvature observed at
high volume fraction and low @ is caused by repulsions between
the individual polymers.

Table I
Parameters of the TEOS Polymers in Dilute Ethanolic
Solutions?®

sol pH time, h M, A, R, v
Q 1 93 8.5 E4 3.6 E-4 144 0.0
P 1 168 59 E5 1.4 E-4 345 0.09
Q 1 164 1.3 E6 6.25 E-5 471 0.08
P 1 190 1.9 E6 3.5 E-5 565  0.05
(0] 5 12 1.14 E7 1.55 E-5 1400  0.05
P 1 213 8.2 E7 2256 E-6 3043 0.04
b 5.63 E7 1.09 E-4 5060 0.23
b 1.23 E6 2.86 E-4 509 0.25

@ M, is the weight-average molar mass, R, the z-averaged radius
in A, A, the second virial coefficient in ¢m® mol g2, and ¥ the
interpenetration coefficient, which normalizes 4, to the volume of
each macromolecule.#? ®Polystyrene/CsHg (values taken from ref
42).

apparent mass and an apparent radius for the polymers;
these values are affected by correlations between different
polymers and therefore depend on concentration. The
values extrapolated to infinite dilution are the proper
averages over individual polymers, and the slope of the
extrapolation yields the second virial coefficient A,, which
measures the two-body interactions between distinct
polymers.

All these values are listed in Table I and are compared
with those for solutions of monodisperse, linear polymers
in a good solvent (polystyrene in benzene). Here the main
differences are in the values of the second virial coefficient
A,, which indicate strong correlations for monodisperse,
linear macromolecules and weaker correlations between
polydisperse, randomly branched TEOS polymers.

Figure 3 shows the variation of the second virial coef-
ficient A, with M,: the slope (0.73) is close to that pre-
dicted for polydisperse, randomly branched polymers,*
much stronger than that for monodisperse, linear polymers.
Figure 4 shows the variation of the z-average radius R, with
the weight-average mass M,; the slope of this plot gives
an apparent fractal dimensions D while the intercept de-
pends on the mass and size of the statistical unit of a
polymer chain:

M/m = (R/a)P

From the values of M, and R, measured at different
times in the reaction bath at pH 1, we find that the sta-
tistical unit is comparable to the monomer (m = 61 for a
= 4 A); hence the polymer strands do not coalesce into
fibers, films, or globular subunits. The fractal dimension
D is close to 2; this value is not particularly meaningful,
since it reflects not only the internal structure of the
polymers but also their size distribution. Similar values
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Figure 3. Second virial coefficient for the interactions between
distinct macromolecules in dilute solutions. This coefficient
measures the correlations in position which are caused by re-
pulsions between neighboring macromolecules. For a given
concentration, macromolecules of higher molecular weight do not
get as much in each other’s way, hence the downward slope of
the plots. This effect is stronger for branched (TEOS) polymers
than for linear ones (polystyrene in benzene) because they grow
with a higher fractal dimension. Data for polystyrene from ref
42.
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Figure 4. Radius of gyration vs molecular weight for polymers
extracted at different times from TEOS reaction baths. The
molecular weights are calculated from the intensities extrapolated
to @ — 0 and ¢ — 0 in the Zimm plots and the radii from the
slopes of the Zimm plots, also extrapolated to infinite dilution.
Both are averages heavily biased toward the largest polymers of
the size distribution, especially so for the radii. The data show
that TEOS polymers grow with a higher fractal dimension (D =
1.95) than linear macromolecules in a good solvent (polystyrene).

are obtained from the exponent of I(Q) vs € at higher @
values.3

Here the central result is that the average sizes and
masses become quite large in the vicinity of the gel point.
This phenomenon is not unexpected, since some polymers
must become macroscopic for the sample to become a
gel.7?%3! However, it had not been widely appreciated so
far in aggregating systems, because most authors were
concerned with the sizes measured in the reaction bath,
which do remain microscopic right up to the gel
point,$11234041 ;more on this later. Besides, it is interesting
to note that for comparable degrees of polymerization the
dilute solutions extracted from either reaction bath (pH
1 or pH 5) are quite similar: same statistical unit, same
apparent fractal dimension D, and same virial coefficient.
Hence the differences between these reaction baths (one
is clear, the other turbid) do not show up in the very large
polymers, which can be extracted from them by a dilution
experiment.
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Figure 5. Angular dependence of the intensities for the solutions
extracted at 173 h from the reaction bath at pH 1. Vertical scale:
log;o (intensity/volume fraction). Horizontal scale: logy, (scat-
tering vector §). The top curve is from a very dilute solution,
where the polymers are essentially noninteracting; the next curves
are from the solutions where correlations between repelling
macromolecules depress the scattered intensities. The last curve
is from the reaction bath, where the macromolecules are exten-
sively interpenetrated.

Scattering from Semidilute Solutions

At higher concentrations the scattering patterns are
dominated by the effects of correlations between neigh-
boring polymers. Because of such correlations, the in-
terferences between rays scattered by distinct polymers
do not average out, and the values of I/¢ are truly de-
pressed with respect to the dilute solution values (Figures
5 and 6). This effect is strongest in the @ — 0 limit, for
relatively dilute solutions it is measured by the second
virial coefficient, which is mentioned above. Now for much
higher concentrations, the interferences between distinct
polymers become so strong that the values of I/¢ decrease
even faster, and the values of I also decrease with in-
creasing ¢. This effect is apparent in both reaction baths,
but it is much stronger in the reaction bath at pH 1, in-
dicating that the repulsions are much more effective in the
latter. The volume fraction ¢*, where the intensity reaches
its maximum value, marks the crossover between the dilute
regime, where the polymers are only weakly correlated, and
the semidilute one, where they are strongly correlated.

The -@ dependence of the intensity in the semidilute
range is also interesting. In all cases, the depression is
strongest in the @ — 0 limit, because at sufficiently high
@ values the correlations within one macromolecule will
dominate. In some cases, the low @ depression may be so
sharp that there is a peak in I(g). Such peaks are com-
monly observed in concentrated dispersions of objects
which resist interpenetration, thereby producing a hole in
the pair correlation function for their center to center
distances.*3 Here the peak position yields an estimate of
the range £ of the correlations; at distances larger than £
the repulsions suppress the fluctuations in the density of
polymer segments, and the solutions appear uniform. In
other cases there is no peak, and the range of correlations
is obtained from the curvature of the intensity at low @
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Figure 6. Angular dependence of the intensities for solutions
extracted at 12 h from the reaction bath at pH 5. The top curve
is from a very dilute solution, where the polymers are essentially
noninteracting; the bottom curve is from the reaction bath. The
depression of intensities at high volume fractions is much weaker
than in the reaction baths at pH 1.
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Figure 7. Effect of concentration on the intensities scattered
at @ — 0. For solutions of noninteracting polymers, the intensities
would remain proportional to volume fraction (slope = +1), and
the apparent radii would remain identical with the average radius
R, of individual polymers. Before ¢*, this is almost the case, with
a slight deviation caused by repulsions between neighboring
polymers. Beyond ¢*, the polymers overlap despite their re-
pulsions; the combination of interpenetration and repulsions
reduces the extent of refractive index fluctuations.

(i.e., from a plot in the Zimm representation, as in the
dilute range). The correlation lengths measured near the
gel point are all much shorter than R,: for the reaction
baths at pH 1, £ = 177 A (Q), 150-200 A (P), and 116 A
(K); for the bath at pH 5, £ = 165 A (0). Figure 7 shows
the full variations of I and £ with concentration (bath P,
pH 1).

Evolution of the Reaction Bath

As the reaction progresses and the individual polymers
become quite large (Table I), the sizes £ which are mea-
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Figure 9. Evolution with time of the reaction bath at pH 5; this
sample gelled at ¢t = 13 h. The angular dependence of the scattered
intensity becomes more pronounced at later times, indicating that
the scattering is caused by larger objects.

sured in the bath remain microscopic, and the corre-
sponding intensities are much below the sum of the in-
dividual intensities. In this way the reaction bath remains
relatively transparent even though it contains some very
large objects. This effect is demonstrated in Figure 8,
where the I vs ¢ curves are compared at different times
before t,. On the dilute solution side, as the polymers
become Eiarger, they also get in each other’s way sooner,
and consequently the range of dilute solutions is pushed
down to lower volume fractions. On the concentrated side,
these correlations between neighboring polymers depress
the intensities down to a value characteristic of microscopic
domains. This is another indication of repulsions which
force the density of polymer segments to remain uniform
at sizes beyond ¢&.

The intensities scattered by the reaction bath still do
rise, indicating that the bath grows larger lumps and voids.
This is shown in Figure 9, where the apparent size £ of the
scattering units rises from 165 A at ¢t = 11 h, before te to
400 A att =36h=~ 3t,. Hence the growth of heterog-
eneities in the bath is not associated with its sol-gel
transition.’* Rather it implies that polymer segments are
removed from low-density regions and bound to high-
density regions. This involves a depletion of smaller
polymers through binding to larger polymers and a den-
sification of the larger ones.
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Figure 10. Intensities vs time for both reaction baths on semilog
scales. Scattering angle 90°, @ = 2.37 X 10 A, At the gel point
the intensities scattered by the reaction bath do not show any
singularity.

The time dependence of this growth is displayed in
Figure 10. Here the time scales are expressed in reduced
units ¢/t,; the growth of heterogeneities is then much faster
in the bath at pH 5. The law appears to be exponential
in time, with a saturation at long times.

Discussion

Our results follow the empirical finding that gelation can
follow many different courses. In sol-gel processes, this
variability occurs because gelation is a consequence of
segregation: monomers or polymers segregate from the
solvent as they bind to form larger units, and the rules of
this aggregation are set by the relative rates of all possible
condensation reactions.

Two types of information are needed: where the poly-
mers are with respect to each other when they bind or
when they fail to do so; which types of polymer are formed
through these recombination reactions. Scattering pro-
vides statistical information on both problems: experi-
ments on very dilute solutions give the average mass and
size of individual macromolecules. Experiments on more
concentrated solutions yield interference patterns from
relative configurations of neighboring macromolecules.

Concerning individual macromolecules, we find that the
polymers grow as fractal objects (Figure 3), whose masses
and sizes diverge at the gel point (Table I). The laws for
this divergence have been determined by other workers;’
it has been found that this information is not enough to
determine the nature of the gelation process (e.g., kinetic
aggregation or percolation). Presumably more detailed
information is needed to solve the problem from this end,;
for instance, measuring the full distribution of masses and
sizes would allow one to proceed back to the kernel of the
Smoluchovski equation.

Concerning the relative configurations of neighboring
macromolecules, we also expect that they will be deter-
mined by their size distribution and by their fractal di-
mension (distribution of voids in the structure of each
macromolecule). In our experiments we find two behaviors
according to the polymer concentration: a dilute range (¢
< ¢*), where adding more polymer still raises the inten-
sities, and a semidilute range (¢ > ¢*), where the inten-
sities decrease with increasing concentration. The classic
interpretation of these two ranges is found in the paper
by Daoud and Leibler.?® In dilute solutions, neighboring
macromolecules repel and do not overlap; in semidilute
solutions, osmotic pressure drives the smaller ones into the
voids of larger ones, so that the fluctuations of refractive
index decrease when more polymer is added to the solu-
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tion. We now discuss these two ranges in turn.

Dilute Solutions. In this range the osmotic pressure
of polymer segments is low, and the polymers need not
interpenetrate; their correlations are determined by the
loss of accessible configurations caused by these repul-
sions.*® The resulting correlations must be quite strong,
for instance, when the segment concentration is 2 X 1073
and the intensities are 10 times lower than the sum of
intensities scattered by individual macromolecules (Figure
4), This loss of configurations appears as a forbidden
region in the pair correlation function g(r), which in turn
produces the depression of I(]) at low @.#* For instance,
if the polymers are all of the same size, the forbidden
region will be comparable to the polymer size, and the
intensities will be strongly depressed at low . More
generally, the existence of a forbidden region in g(r) is
associated with a lower cutoff in the distribution of poly-
mer sizes.*® Accordingly, the differences observed at
moderate concentrations (0.004) between both rfeaction
baths must reflect the lower cutoffs in their respective size
distributions.

Semidilute Solutions. At higher concentrations, the
osmotic pressure of polymer segments forces the smallest
polymers into the voids of the largest ones. This combi-
nation of repulsions and interpenetration leads to a
screening effect in the sense of Edwards* and Jannink and
de Gennes,?” because remote sections of one macromolecule
are screened from each other by strands of another mac-
romolecule. The spatial range of correlations (lumps and
voids) produced by one macromolecule is now shorter then
R,: it is limited to a screening length £, which is the average
distance between strands of distinct macromolecules. The
main difference with the Edwards—de Gennes picture is
that interpenetration is controlled by the size distribution,
since branched polymers of the same size cannot overlap.*®

A formal way of describing such solutions is to separate
the polymers into discrete classes of increasing sizes. We
start near the overlap concentration ¢*, where the sum of
volumes which are spanned by individual polymers equals
the total volume of the solution:

"mn
2=V,
Nmin

Above ¢*, the polymers must overlap; as mentioned
above, the largest ones will be penetrated by the smallest
ones. We keep in one class all the smallest polymers,
including enough of them to reach ¢* condition (Figure
11). Then the larger ones are fully penetrated, and we
can assume that they do not contribute to the scattering.
In this approximation, the largest lumps or voids which
can be observed correspond to the largest polymers that
are not penetrated by others, at the limit between the two
classes. This size is the spatial correlation length or
screening length £.28%° At still higher concentrations we
can separate more than one class of polymers which meet
the ¢* condition, because each class contains a narrower
range of polymer sizes:

ny ny
ZUi = ZUi = .. = VO
n

Poain

In each of these classes the polymers are penetrated by
smaller ones from the previous class, and they penetrate
the larger ones from the next class. Still, the spatial
correlation length £ remains defined as the size of the
largest polymers which are not penetrated by others (n,),
at the limit between the first class and the next one. It
will of course become shorter at higher concentrations, as
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Figure 11, Interpenetration of fractal polymers with a broad size
distribution. Polymers of the same size repel each other, but at
high concentrations the osmotic pressure drives smaller ones into
the voids of larger ones (left-hand side, where the polymers are
represented by their outer boundaries). Polymers which do not
overlap are regrouped in discrete classes (right-hand side and text);
in each class the polymers are penetrated by polymers of the
previous class, and they penetrate polymers of the next one.

ny; moves closer to n;,, because all classes become nar-
rower; this is the observed behavior (Figure 6).

The main virtue of this decomposition is that it shows
which aspects of gelation can be universal and which ones
will not. The right-hand side of the size distribution
(Figure 11) can show universal features, because of the
self-similar nature of the growth process; hence we expect
universal exponents for the connectivity of the reaction
bath. Also, the existence of screening effects is related to
the self-similar succession of interpenetrated classes, and
as such it is now part of the standard lore of gela-
tion.27-314%-51 QOn the other hand, the actual values of the
screening length and of the intensities scattered by the
bath are determined by the left-hand side of the size
distribution. This a low molecular weight cutoff controlled
by the depletion of the smallest polymers as they recom-
bine or are captured by larger ones; such processes have
no reason to be universal. Hence the spatial correlations
in the reaction bath are not universal, because they are
controlled by the smaller polymers of the size distribution.

Now we are in a position to discuss the main issues of
sol—-gel processes: (i) the growth of lumps and voids in the
reaction bath as the reaction progresses through the gel
point and beyond and (ii) the effect of catalysis on this
growth.

The growth of lumps and voids is obvious from the
beginning of the reaction, and it continues in conditions
where the polymers are largely overlapped. For instance,
Figure 8 shows that beyond ¢t = 0.8t, the reaction bath is
in the overlapped regime (¢ > ¢*), yet Figures 9 and 10
show that the growth continues much beyond ¢,. This is
in conflict with most current models of the sol-gel tran-
sition, basically because they do not describe the appro-
priate size distribution for the polymers. In monodisperse
models, the apparent size grows, but it stops at the gel
point when all polymers come into contact. In site or bond
percolation, the dilutions made at a fixed concentration
will give a constant spatial correlation length because there
are so many small polymers and so few large ones that
gelation can occur without depleting substantially the bath
of smaller polymers. Finally in correlated correlation, the
spatial correlation length does grow, but this is a conse-
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quence of a phase separation where the gel would separate
from its solvent; in the present case the polymers are al-
ways in a good solvent (see the positive values of the second
virial coefficient, Table I). There is no sign of the diver-
gence of £ which is predicted by this model: the correlation
length just saturates at long times when all polymers are
bound or trapped.

To understand this problem, it is useful to refer again
to the picture where the polymers are sorted out in discrete
classes according to their sizes (Figure 11). The lumps and
voids observed correspond to the correlations of polymers
in the first class; by definition these polymers are not
interpenetrated, and they are densely packed in the bath.
Now consider a later stage of the reaction, where the size,
£, of lumps and voids has grown to a larger value: this is
a consequence of recombination processes, by which all
polymers in the first class become larger. However, in the
same process they also must acquire a higher fractal di-
mension, D. This is clear from the behavior of the pair
correlation function g(r), which decays with an exponent
3D from a fixed value g(a) at the origin to a fixed value
at r = £ because g(¢) is set by the average density of the
bath. We have observed this crossover in small-angle
neutron scattering experiments,® where the apparent
fractal dimension is 1.7 near the gel point and rises to 2.3
at long times. In this respect, it is important to note that
a slight change in D can result in a large increase in £; for
instance, at ¢ = 0.04, £ will double if D goes from 2.25 to
2.35. From this we conclude that the growth of lumps and
voids in the reaction bath goes together with a densification
of the polymers in the later stages of the reaction, both
effects being direct consequences of recombination pro-
cesses in a solution of overlapped polymers. This is con-
sistent with the results of numerical simulations in systems
of finite density.5?

Finally, we still need to understand how this growth of
lumps and voids depends on the catalysis of the reaction.
This is essential if we are to control the structure of gels
by manipulating the conditions of the reaction. The effect
is clearly seen by comparing the intensities scattered from
both reaction baths (Figures 4 and 5); even though the
intensities scattered by dilute solutions are comparable,
the reaction bath at pH 5 scatters 5 times more, and it is
much more turbid. This is certainly related to the detailed
shape of the size distribution and therefore to the kernel
of the Smoluchovski equation for each type of catalysis,
where the rate coefficients describe whether large polymers
grow through capture of smaller ones or whether polymers
of the same size tend to recombine together. The key to
the problem presumably lies with the old Brinker argu-
ment,** according to which the former processes are fa-
vored at high pH and the latter ones at low pH. However,
it may be better to first measure accurately the size dis-
tribution and then draw conclusions accordingly; such
measurements are in progress.

Conclusion

The spontaneous recombination of polymers which are
dissolved in a solvent is a hazardous route to gelation
because it allows the possibility of some regions getting
densified and others depleted. In general, all such gels will
be nonuniform (and therefore turbid) unless interpene-
tration and repulsions of neighboring polymers limit the
fluctuations in the density of polymer segments. This
screening effect is controlled by the smaller polymers in
the size distribution; as they are depleted through recom-
bination reactions, the apparent size of lumps and voids
in the reaction bath becomes larger.

As a result, sol-gel processes show an unusual mixture
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of universal and nonuniversal features. The connectivity
of the reaction bath, which is controlled by the largest
polymers in the size distribution, follows universal laws;
the spatial distribution of polymer segments in the bath,
which is controlled by the smallest polymers, behaves in
ways that are not universal and depends on the catalysis
of the reaction.
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13C Solid-State NMR of Solution-Prepared
Polymorphs of Poly(a-isobutyl L-aspartate)
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Two solid forms of poly(a-isobutyl L-aspartate) (PAIB-
LA, 1), have recently been prepared.! The X-ray dif-

— NH-CO - BCH, - 3CH 35
I
COO - CH, - CH - CHy
|

CHs
1

fraction patterns and morphological characteristics (or-
ientability) of these solid phases point to two distinctly
different solid-state structures. While PAIBLA may be
regarded as a derivative of nylon 3, it may also be thought
of as a polypeptide into the main chain of which a meth-
ylene unit has been added. The X-ray diffraction diagrams
of the two forms of PAIBLA can be interpreted in terms
of helical structures held together by systems of hydrogen
bonds similar to those found in a-helical polypeptides.
Model studies!® have allowed the selection of some pos-
sibilities for the conformational state of the monomer unit
in either of the two solid forms.

Studies of polypeptides have been reported using *C
NMR in the solid state,? and it has been found that, as in
solution,® the 8C chemical shifts are sensitive to chain
conformation. We have performed such experiments on
PAIBLA, employing magic-angle spinning with 'H-13C
cross-polarization and dipolar decoupling (abbreviated
MAS-CP-DD).* It was our hope that such measurements
might be informative concerning both chain conformation
and dynamics in the two seemingly different crystalline
forms. PAIBLA is also distinguished from polypeptides
in having a substantial amorphous fraction, and it ap-
peared that 3C NMR might be useful in characterizing this
phase.

tCSIC, Escuela Técnica Superior de Ingenieros Industriales de
Barcelona, Diagonal 647, Barcelona 08028, Spain.
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Experimental Section

Sample. The polymer used in this study was obtained by a
slight modification of the preparative procedure reported pre-
viously:!* isobutyl alcohol was added instead of sodium isobu-
toxide. The degree of polymerization is approximately 800.
Depending on the manner in which a chloroform solution of the
polymer is treated, two solid forms may be obtained:!®

Form A. When ethanol is added to a chloroform solution of
the polymer,'2 a powder precipitates. Even though single crystals
of this form have been grown, no fibers have yet been obtained
from this material. :

Form B. A film of this form is prepared by drying a chloroform
solution of the polymer. The orientability of form B distinguishes
this solid phase from form A.

Calorimetric Measurements. An amount of 3.22 mg of form
A was heated, at a rate of 10 deg/min, on a Perkin-Elmer DSC-4.

NMR Measurements. All measurements were carried out at
50.31 MHz on a Varian XL-200 instrument. The probe and Al,O,4
rotor were manufactured by Doty Scientific, Inc. Pulses at 90°
of 5.3-us duration were employed with an interval between pulses
of 3 s. The scalar proton decoupling (SD) was carried out at a
B, field strength (yB,/2x) of 4400 Hz or ca. 1 G. The high-power
proton decoupling (DD) field was 45 kHz or ca. 11 G. All spectra
were observed at 24 °C; spin—lattice relaxation times were mea-
sured at 21° by using the cross polarization method of Torchia.?

Results and Discussion

The MAS-CP-DD carbon-13 spectra of the two forms
are shown in Figure 1. The assignment of resonances was
made by comparison to solution spectra.® At this field,
amide and ester carbonyl resonances are not resolved in
the solid state. (At ca. 100° a partial resolution is observed,
resulting in a high-field shoulder on the carbonyl reso-
nance; this may be the ester carbonyl.) The carbon-13
spectrum of form A shows a markedly greater signal-to-
noise ratio than that of form B. This is evident from a
comparison of spectra a and b in Figure 1. Since the same
amount of sample (50 mg) was used for both experiments,
this observation suggests a higher degree of crystallinity
for form A, but a quantitative measurement was not car-
ried out.

The most significant observation is that the main-chain
carbon chemical shifts are identical for both forms-(Table
I) within experimental error (0.5 ppm). The sensitivity
of carbon-13 chemical shifts to changes in conformation
has been thoroughly established both in solution and in
the solid state (see, for example, ref 2 and 3). Polypeptides
in the solid state show different chemical shifts for the
B-sheet and a-helical forms.?>”? Particularly relevant to
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