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ABSTRACT: Free-radical polymerization of trimethylolpropane trimethacrylate (TRIM) was performed in
various solvents. Several of the resulting polymers were found to be macroporous. The BET surface area
as well as the amount of unreacted carbon-carbon double bonds of the resulting polymers varied with the
solubility parameter of the solvent used as the pore-forming agent. The pore size distribution of poly(TRIM)
made in ethyl acetate was found to vary with the polymerization conditions. It differed appreciably from
that of poly(TRIM) made in toluene. The small pores showed three maxima, one pronounced at 20 A and
two less pronounced at about 26 and 36 A, instead of the single one observed from poly(TRIM) made in toluene.

Introduction

Polymeric macroporous systems have different struc-
tural properties dependent upon the polymerization con-
ditions.!

In a previous paper,? the preparation and structure of
trimethylolpropane trimethacrylate (TRIM) polymers
made with toluene as the pore-forming agent were de-
scribed. In this paper we shall describe the influence of
the solvent’s solubility parameter on the pore size distri-
bution and the morphology of poly(TRIM). The solvents
used had solubility parameters in the range of 15.1 X 103
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(J/m%/? (heptane) to 24.8 X 10° (J/m?)*/? (benzyl alcohol).

A detailed study was performed of the pore size dis-
tributions of poly(TRIM) made in ethyl acetate. The
polymers were studied with covered nitrogen adsorption—
desorption isotherms (BET and BJH), mercury porosim-
etry, shrinkage experiments, solid—state 1*C NMR spec-
troscopy, and scanning electron microscopy.

Experimental Section

Polymerization. Trimethylolpropane trimethacrylate (TRIM,
technical quality containing more than 98% TRIM from Merck
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Table I
BET Surface Area and the Amount of Unreacted
Carbon-Carbon Double Bonds Present in Some TRIM
Polymer Xerogels Made with Different Solvents (30%
Initial Monomer Concentration in Polymerization)

BET unreacted
1073 5, surface C=C
solvent (J/m?)1!/? area, m?/g bonds, %
heptane 15.1 0 16.2
cyclohexane 16.8 306 174
xylene 18.0 516 15.7
toluene® 18.2 370 9.0
ethyl acetate 18.6 480 16.7
chlorobenzene 19.4 293 15.5
benzyl alcohol 24.8 0 11.5

¢Values from ref 2.

AG or Alfa Products) was polymerized in solution at 73 °C ina
solvent (analytical grade) as diluent and azobis(isobutyronitrile)
(AIBN, analytical grade) as initiator. The solvents used were
benzyl alcohol, cyclohexane, ethyl acetate, n-heptane, chloro-
benzene, and p-xylene. A polymerization experiment was per-
formed as follows. Twenty milligrams of AIBN was weighed into
a 50-mL Hypo-vial. The vial was sealed, evacuated, and filled
with nitrogen. Then 20 mL of a solution containing monomer
(30%) and solvent (70%) was added. The vial was placed in a
shaking bath at 73 °C. After about 15 min gelation started, and
after 5 min more the entire reaction volume was occupied by a
stiff gel. The vial was kept in the shaking bath for 8 h before
cooling.

Posttreatment. The resulting polymer was ground, and the
bed volume and weight were measured both in the swollen state
and as xerogels after drying at 60 °C in vacuum for at least 24
h. From the bed volume and weight measurements, a bed density
was calculated.

Texture Determination. The surface areas were determined
by adsorption of nitrogen according to the BET method.? The
pore size distributions for small pores were obtained from nitrogen
adsorption—desorption measurements according to the BJH
method.* The pore sizes, the surface areas, and the pore volumes
were determined in pore volume analyzers (Micromeritics 2100
E or Micromeritics Digisorb 2600).

The pore structure at a radius larger than 50 A was determined
by mercury porosimetry (Micromeritics 9300). Scanning electron
microscopy studies were carried out at two magnifications, 20000
and 100000 times (Jeol JSM 35).

Solubility Parameter Determination. The solubility pa-
rameter of poly(TRIM) was determined by bed swelling mea-
surements in solvents with different solubility parameters ac-
cording to ref 5. The solubility parameter used throughout the
Results and Discussion section is the total solubility parameter.®
The bed volume was measured both before (V,) and after (V)
swelling the polymeric gel in various solvents, and the bed swelling
was calculated as (V - Vi) / V. The polymer used was made with
40% initial monomer concentration in toluene. The swelling
experiments were found to be highly reproducible.

Determination of Unreacted Carbon—Carbon Double
Bonds. The determination of the absolute amount of unreacted
methacrylate groups was carried out with high-resolution solid-
state 1°C NMR spectroscopy using cross-polarization (CP),
magic-angle spinning (MAS), and high-power decoupling (DD)
(Varian XL-200 with solid sample accessories). Carbonyl groups
conjugated with a double bond have a lower chemical shift (166
ppm vs. Me,Si) than the unconjugated (reacted, 176 ppm vs.
Me,Si) ones. The difference is large enough to almost completely
resolve the two peaks. This together with nearly similar contact
times? makes quantitative measurements possible.

Results and Discussion

Trimethylolpropane trimethacrylate (TRIM) was solu-
tion polymerized in different solvents. The polymer gels
were made as blocks by a conventional solution polymer-
ization technique. The solubility parameter dependence
on the macroporosity and the residual amount of unreacted
carbon—carbon double bonds in poly(TRIM) have been
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Figure 1. Dependence of bed swelling of poly(TRIM) on the
solubility parameter of different solvents used as swelling agents
(the line is drawn only as a visual aid).

studied for the different solvents listed in Table I. Studies
of the macroporous structures as a function of the mono-
mer concentration (5-50%) and the initiator concentration
(0.005-1%) with ethyl acetate as pore-forming agent have
also been carried out. The initiator concentration did not
influence the gel structure at all within the interval studied.

Solubility Parameter. It is well-known that a change
in the properties of the pore-forming agent to more
“nonsolvent”-like conditions for the polymer has a pro-
found influence on the gel structure and allows a wider set
of porous textures to be obtained.”? In order to find a
dependence of the porous structure on the solvent used,
we have investigated the influence that the difference in
solubility parameters between the polymer and the solvent
have on the BET surface area and the amount of unreacted
carbon—carbon double bonds present in the polymer.

The solubility parameter of poly(TRIM) was detected
by bed swelling tests in different solvents. The maximum
swelling observed was in toluene which has a solubility
parameter of 18.2 X 10° (J/m®!/2 (Figure 1). This values
was taken to be the solubility parameter of poly(TRIM).
This seems reasonable in comparison with the solubility
parameters of poly(methyl methacrylate) [6 = 18.6 X 108
(J/m?)1/2] and poly(propyl methacrylate) [6 = 18.0 X 103
(J/m?/2].

It was observed that TRIM polymerized in solvents with
6 values of 19.4 X 10° (J/m®/2 or higher was transparent
before drying. All other solvents tested gave polymers
which were white or turbid. The BET surface area was
found to vary considerably when the solubility parameter
of the solvent was changed (Table I). The results in Table
I also indicate that it is more difficult to create macro-
porosity in poly(TRIM) when |8, — 6} is greater than
about 2 X 10% (J/m®?2 This observation is supported by
estimations made from data concerning the styrene-di-
vinylbenzene system reported by Guyot.!

Experiments with ethyl acetate [6 = 18.6 X 10° (J/m®)/?]
as solvent gave a TRIM polymer with a structure different
from that of poly(TRIM) made in toluene [ = 18.2 X 10°
(J/m®*/?] as judged by BET surface area measurements
and scanning electron microscopy. The results of TRIM
polymerized in toluene have been discussed in a previous
paper.? The greater difference in solubility parameters
between the polymer and ethyl acetate leads to less in-
teraction between the polymer network and the solvent
during polymerization. In the following we shall mainly
discuss ethyl acetate as the pore-forming agent.
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Figure 2. Dependence of shrinkage, caused by removal of ethyl
acetate, on the initial monomer concentration in the polymeri-
zation.
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Figure 3. Dependence of BET surface area on the initial mo-
nomer concentration (solvent = ethyl acetate).
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Figure 4. Dependence of bed density on the initial monomer
concentration (solvent = ethyl acetate).

Ethyl Acetate as Solvent. Removal of ethyl acetate
from the polymer caused shrinkage which varied with the
initial monomer concentration. As one could expect, the
shrinkage decreased with increasing initial monomer con-
centration (Figure 2). Although there was considerable
shrinkage, the gels maintained their microstructure as can
be seen from the large surface area as determined by BET
measurements (Figure 3).

The bed density dependence on the monomer concen-
tration was found to pass through a minimum at an initial
monomer concentration in polymerization of 10%. For
monomer concentrations above 10%, the dependence was
almost linear as is shown in Figure 4. The influence of
the monomer concentration on the pore volume is shown
in Figure 5. It had a maximum for polymers made with
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Figure 5. Dependence of pore volume on the initial monomer
concentration (solvent = ethyl acetate).

Table I1
Radius Corresponding to the Maximum Amount of Large
Pores (r > 50 A), Measured with Mercury Porosimetry, for
Different Initial Monomer Concentrations, Contact Angle =
140° and Mercury Surface Tension = 485 dyn/em (Solvent
= Ethyl Acetate)

initial initial
monomer max pore monomer max pore
conen, % radius, um concn, % radius, um
10 0.320 40 0.033
20 0.120 50 0.010
30 0.075

an initial monomer concentration of about 20%.

SEM investigations of the TRIM polymer xerogels made
in ethyl acetate showed one basic structure made of
spheres (nodules) which had agglomerated in large un-
shaped entities enclosing large holes (Figure 6). The size
of the nodules was independent of the initial monomer
concentration. The agglomerated entities had diameters
of 0.05-0.1 um. The size of the holes in the structure
diminished with increasing monomer concentrations and
the structural details became more difficult to observe.

Large Pores. Mercury porosimetry was used to mea-
sure the distribution of pores having a radius larger than
50 A. These pores will in the following be designated large
pores. The maxima in pore size distributions were found
to be displaced toward larger pore sizes when the initial
monomer concentration decreased. In Figure 7 the pore
size distributions for large pores are plotted for four dif-
ferent monomer concentrations, and in Table II the
maximum pore radius is given together with the initial
monomer concentrations for some TRIM polymers.

At monomer concentrations above 20%, the pore volume
in the xerogels decreased with increasing initial monomer
concentration as shown in Figure 5. This decrease is due
to the more dense framework formed when the amount of
monomer was increased. This is also supported by the
mercury porosimetry measurements, where the maximum
pore radii were displaced toward smaller pore sizes (Figure
7). The shrinkage and bed density curves also indicate that
the framework in the xerogels was more resistant to
shrinkage and thus mechanically stronger.

When the initial monomer concentration was decreased
to 20%, an enlargement of the large pores occurred (Figure
7) due to the dilution. A further decrease in the initial
monomer concentration below 20% resulted in a decrease
of the amount of large pores because some of them col-
lapsed (the pore volume decreased and the shrinkage in-
creased). However, the remaining large pores had in-
creased in size (Figure 5). When the monomer concen-
tration was decreased below 10%, the collapse started to
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Figure 6. Scanning electron micrograph of a ground poly(TRIM)
bead: (a, top) initial monomer concentration, 20%, X16 000; (b,
bottom) initial monomer concentration, 45%, X80 000.

dominate over the enlargement of the large pores. A
probable cause is a weakening of the framework building
up these pores. This is supported by the minimum in the
bed density curve in Figure 4. At very low monomer
concentrations, no porosity was obtained.

Small Pores. The dependence of the BET surface area
on the initial monomer concentration is shown in Figure
3. The surface area decreased almost linearly with in-
creasing initial monomer concentration. The surface area,
which is dominated by small pores (<50 A), was large in
all polymers made in ethyl acetate. This occurred even
for polymers which shrunk considerably upon removal of
solvent. '

The pore size distributions with respect to small pores
(BJH method) gave for high monomer concentrations three
maxima: one (a sharp peak) at a radius of 20 A and two
less pronounced at radii of 26-27 and 35-37 A (Figure 8).
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Figure 7. Pore size distributions for large pores, measured with
mercury porosimetry, for four different polymers made with
different initial monomer concentrations, 10%, 25%, 40%, and
50% (interfacial contact angle = 140°; mercury surface tension
= 485 dyn/cm).
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Figure 8. BJH pore size distributions for small pores in two
different polymers made with different initial monomer con-
centrations: (---) 20% and (—) 50% (solvent = ethyl acetate).
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Decreasing the initial monomer concentration in the po-
lymerization resulted in a decrease of the amount of pores
with a radius of 20 A and an increase of those with radii
of 26-27 and 35-37 A as shown in Figure 8. This should
be compared to the 20-A single peak observed when TRIM
was polymerized in toluene.?

The solubility parameter seems to have a great influence
of the small pores of poly(TRIM). A strong interaction
yields a narrow pore size of 20 A. It is reasonable to assume
that the solubility parameter of TRIM is very similar to
that of MMA [6 = 18.0 X 10° (J/m?/2]. The ethyl group
can cause slightly different values, but its contribution can
be estimated by the group contribution method® to be less
than 0.2 X 10° (J/m®Y2

The solvent in the beginning of a polymerization is a
mixture of the inert solvent and the monomer. During
polymerization the monomer is consumed, which shifts the
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Table 111
Amount of Unreacted Carbon-Carbon Double Bonds
Present in Some Polymers Made in Ethyl Acetate with
Different Initial Monomer Concentrations Measured with
Solid-State *C NMR Spectroscopy

initial unreacted initial unreacted
monomer C=C monomer C=C
concn % bonds, % concn % bonds, %
5 4 25 12
10 10 35 16.5
15 14 40 18
20 15 50 20

solubility parameter toward higher values. Thus, at a
certain conversion the solubility parameter has a value
corresponding to the maximum swelling of the polymer.
At this composition it can be assumed that the 20-A pores
are formed. The higher the monomer concentration, the
more pronounced this effect will be. This is supported by
the fact that the 20-A peak is more pronounced at high
TRIM concentrations.

Unreacted Carbon-Carbon Double Bonds. 3C
NMR analyses in the solid state (CP-MAS-DD) were
carried out in order to determine the absolute amount of
unreacted methacrylate groups. For polymers made in
different solvents, the amount of unreacted carbon-carbon
double bonds was found to have a minimum where the
solubility parameters of the solvent and the polymer were
the same (Table I). An explanation to this is that the
polymer made in toluene? is more regular than the one
polymerized in ethyl acetate. For polymers made in ethyl
acetate, it was found that the amount of unreacted car-
bon—carbon double bonds increased with increasing mo-
nomer concentration as is shown in Table III.  The
amount of unreacted methacrylate groups in polymers
made in ethyl acetate was higher than for those made in
toluene.?

In conclusion, we have found that the polymerization
of TRIM in different types of solvents gave macroporous
polymers (high BET surface area) in which the amount
of unreacted carbon—carbon double bonds and the BET

surface areas varied with the difference in solubility pa-
rameter between the polymer and the solvent. The
amount of unreacted double bonds passed through a
minimum when the solubility parameter of the solvent was
the same as that of the polymer. At this point the network
has it most open structure, permitting more double bonds
to participate in the.polymerization reaction. Conse-
quently, the polymer structure becomes more regular as
19001 — B501v] aDProaches zero.

The pore size distribution of poly(TRIM) made in ethyl
acetate was found to be different from that of poly(TRIM)
made in toluene. Instead of only one peak at 20 A as
observed for toluene, three peaks were observed, one of
which was the 20-A peak. The lower the monomer con-
centration in the polymerization, the less pronounced was
the 20-A peak and the higher the 26- and 36-A peaks.
Throughout the series the large pores of poly(TRIM) made
in ethyl acetate were larger than the ones obtained at
corresponding concentrations in toluene.?
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ABSTRACT: Free-radical copolymerization of trimethylolpropane trimethacrylate (TRIM) with methyl
methacrylate (MMA) was performed in two solvents, toluene and ethyl acetate. The resulting copolymers
were found to be macroporous regardless of the TRIM-to-MMA ratio and of the solvent used in the interval
studied. The pore size distributions of both small ( < 50 A) and large (r > 50 A) pores were found to change
with the TRIM-to-MMA ratio. High-resolution solid-state 1*C NMR was used to determine the amount of
unreacted carbon—carbon double bonds in the xerogels. They were found to decrease with an increasing MMA

concentration in the monomer mixture.

Introduction

Macroporous polymers were first made by radical co-
polymerization of styrene and divinylbenzene, and most
reports deal with this system. Many recent investigations
have also been directed toward the control of the porous
texture.!? Macroporous polymers made from tri-
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methylolpropane trimethacrylate (TRIM) have been
shown to have some unexpected structural features.3*
Polymerization of TRIM in toluene yields polymers with
two pore size distributions, one consisting of small pores
(r < 50 A) and one of large pores (r > 50 A).> The small
pores, which have a narrow pore size distribution, appear
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