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Introduction

Macroporous polymers, polymers containing a per-
manent pore structure, have been used extensively as
ion-exchange resins and as acid catalysts in industrial
applications.? These resins are generally formed under
free radical suspension polymerization conditions with
high cross-linking agent levels and in the presence of a
porogen, generally an inert solvent. Many studies have
investigated the complex physicochemical process for
forming macroporous polymers in suspension polymer-
ization.® As might be expected, several factors influence
the polymer properties and morphology, including the
type and amount of porogen used, the degree of cross-
linking, and the temperature and time of polymeriza-
tion.

More recently, macroporous polymers have been used
as supports for transition metal catalysts.* In this
application, a high surface area material that provides
good access to internal catalytic sites is desirable. An
important characteristic of macroporous supports is that
all solvents can access the permanent pore structure of
the polymer; i.e., swelling is not critical to accessibility.
For example, even water can penetrate a macroporous
divinylbenzene/styrene matrix.> This property is advan-
tageous as it allows solvent/reaction matching with
minimal considerations for polymer swelling. In con-
trast, lightly cross-linked supports necessitate a swelling
solvent; for example, MeOH collapses a Merrifield resin.

In the context of developing catalysts that are im-
mobilized into highly cross-linked macroporous polymer
supports,*—¢ we found that many metallomonomers
were only soluble in certain porogen/comonomer com-
binations and that their air and water sensitivity
precluded suspension polymerization techniques. More-
over, Frechét and co-workers have described significant
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Table 1. BET Surface Area? and BJH Cumulative Pore
Volume for DVB/STY Polymers

100% DVB (80% 4:1 DVB:STY 1:1 DVB:STY

porogen tech) BET? (BJH®) BET® (BJH®) BETP (BJHC)

THF 820 (0.75) 625 (0.55) 0 (0)

acetonitrile 375 (0.80) 250 (0.70) 115 (0.70)
toluene 810 (0.90) 680 (0.80) 310 (0.30)
chlorobenzene 850 (0.90) 700 (0.70) 0 (0)

hexane 515 (1.00) 420 (0.90) 220 (0.70)
methanol 1(0.01) 1(0.01) 1(0.01)
DMF 755 (1.10) 630 (1.00) 410 (0.90)
methyl 700 (1.00) 615 (1.00) 360 (0.90)

tert-butyl ether

a Surface area for repeat polymer batches were reproducible
within £5%. ? BET surface area (m#/g polymer). ¢ BJH cumulative
pore volume for pores between 1.7 and 300 nm in diameter (mL/g
polymer).
differences® between macroporous polymer morphologies
obtained by suspension and “bulk” polymerization tech-
niques.” Because of this recently recognized difference,
and our desire to use common organic solvents as
porogens, we initiated a study examining the effect of
porogen and cross-link density on surface area/pore size
distribution in “bulk” polymerizations.® Although many
surface area measurements have been reported in the
molecular imprinting literature,® these data come from
different laboratories, and so a quantitative evaluation
of various synthesis variables is difficult. A common
data set obtained under carefully controlled conditions
should be beneficial.

In the present study, two classes of resins were
investigated: divinylbenzene/styrene (DVB/STY) and
ethylene dimethacrylate/methyl methacrylate (EDMA/
MMA). Three cross-link feed ratios were investigated
for each system: 100, 80, and 50% cross-linking by
weight.10 Porogens with boiling points >55 °C were
chosen: THF, CH3CN, toluene, chlorobenzene, n-hex-
ane, methanol, DMF, and methyl tert-butyl ether were
utilized at a 1:1 vol:vol ratio to the monomers. The effect
of these variables on the accessible surface area (BET)
and the pore size distributions (BJH) of the resulting
materials is reported herein.

Results and Discussion

DVB/STY. The BET surface areas and the BJH
cumulative pore volumes of a family of DVB/STY
polymers generated by varying the porogen and the
DVB/STY ratio are listed in Table 1. Most of the DVB
polymers have high surface areas, with the polymers
using THF, toluene, and chlorobenzene as porogens
exceeding 800 m?/g polymer (Figure 1). Methanol was
the exception as it led to surface areas of <1 m?/g. For
comparison, a common silica gel used for chromatogra-
phy has a surface area of 518 m?/g (EM Science silica
gel 60, 230—400 mesh), and a lightly cross-linked
Merrifield resin has a surface area <1 m2/g.

The BET surface area values were observed to de-
crease with decreasing cross-linking ratio for all poro-
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Figure 1. BET surface areas of the DVB/styrene polymers.

Table 2. BET Surface Area? and BJH Cumulative Pore
Volume for EDMA/MMA Polymers

100% EDMA 4:1 EDMA: MMA 1:1 EDMA:MMA

porogen BETP (BJH®) BET? (BJH®) BET? (BJH®)
THF 580 (0.60) 310 (0.50) 60 (0.25)
acetonitrile 390 (0.80) 225 (0.60) 105 (0.50)
toluene 470 (0.90) 255 (0.70) 90 (0.50)
chlorobenzene 460 (0.80) 285 (0.65) 10 (0.05)
hexane 5(0.01) 1(0.01) 1(0.01)
methanol 335 (0.40) 210 (0.35) 50 (0.25)
DMF 510 (0.70) 270 (0.50) 10 (0.05)
methyl 405 (0.65) 290 (0.55) 15 (0.05)

tert-butyl ether

a Surface area for repeat polymer batches were reproducible
within £5%. ® BET surface area (m2/g polymer). ¢ BJH cumulative
pore volume for pores between 1.7 and 300 nm in diameter (mL/g
polymer).
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Figure 2. BET surface areas of the EDMA/MMA polymers.

gens (Figure 1).11 The decrease was especially dramatic
for THF and chlorobenzene, where the 1:1 DVB:STY
polymers had reproducibly low surface areas (<1 m?
9).12 It should also be noted that n-hexane is a moder-
ately good porogen for the DVB/STY system, giving
surface areas of 515, 422, and 218 m?/g.

EDMA/MMA. The BET surface areas and the BJH
cumulative pore volumes for the EDMA/MMA polymers
are listed in Table 2. The surface areas of the 100%
EDMA polymers are also high, with THF and DMF
polymers exceeding 500 m?/g (Figure 2). The EDMA/
MMA polymers generally had lower surface areas than
the DVBJ/STY polymers. Once again, surface areas
decrease with decreasing cross-link ratio for each of the
porogens.l® Several of the polymers also showed a
drastic dropoff in surface area at a 1:1 ratio of cross-
linker and monomer; notably the materials made with
chlorobenzene, DMF, and methyl tert-butyl ether as
porogens (surface areas = 11, 9, and 13 m?/g, respec-
tively).1

Especially dramatic differences are observed in the
accessible surface areas of DVB/STY and EDMA/MMA
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Figure 3. (A) Pore volume distributions for the 100% DVB
polymers (2—25 nm). (B) Pore volume distributions for the
100% EDMA polymers (2—25 nm).

using n-hexane and MeOH as porogens (Figures 1 and
2). In the nonpolar DVB/STY system (Figure 1), the
nonpolar porogen n-hexane effectively generates high
surface areas (515, 422, and 218 m?2/g), while the polar
porogen MeOH gives low surface areas (<1 m2/g). In the
more polar EDMA/MMA system (Figure 2), the solvent
roles are reversed, and n-hexane gives low surface area
materials (<10 m?/g),3 while the polar porogen MeOH
leads to high surface area materials (335, 298, and 52
m?2/g). In both polymer systems the use of MeOH as a
porogen is unique to bulk polymerization as it is, of
course, soluble with water and precludes its usage in
suspension polymerization.

The physical properties of the polymers were also
gualitatively different for the high and low surface area
materials. For all the high surface area samples the
polymer fractures into large sections upon extended
physical abuse. The low surface area samples, however,
could only be removed from the reaction vessel by
scraping, yielding a white powder.

Since solvation/desolvation protocols often fracture
larger polymer chunks (0.2—0.5 cm?3) into small pieces,
we investigated the effect of a solvation/desolvation (in
vacuo) cycle on the pore structure and surface area.
These experiments were chosen to simulate the effect
of repeated usage of the polymer in a catalytic applica-
tion. Three toluene/DVB:STY (4:1) polymers were syn-
thesized under the standard conditions. After porogen
removal, each polymer was immersed in toluene, THF,
or CH>CI, and stirred for 6 h, and the solvent was then
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toluene/100% DVB
(810 m%qg)

Figure 4. SEM images of polymers at 10 000x (1 #m bar in the upper right corner).

MeOH/100% DVB
(1 m?/g)

removed from each polymer sample in vacuo. The
surface areas of the dried polymers were 640, 660, and
686 m3/g, respectively, values similar to the untreated
polymer (Table 1, 681 m?/g). Thus, a single solvation/
desolvation cycle does not appreciably alter the acces-
sible surface area and by inference the micro- and
mesopore structure.

The BET surface area data indicate that a wide range
of solvents can be used as porogens under bulk polym-
erization conditions to yield high surface area macro-
porous polymers. Choosing solvents that both dissolve
metallomonomers and give high surface areas should
maximize the chances for accessible and thereby reac-
tive supported catalysts.

BJH Pore Volume Distribution. Pore volume
distributions were measured by the BJH method from
the dinitrogen desorption isotherms.4 Not surprisingly,
the polymers having high surface areas had pore size
distributions in the micropore (<2 nm diameter) and
mesopore regime (2—50 nm diameter). A representative
plot of pore volume distributions for the 100% DVB
system is shown in Figure 3A. This plot compares two
high surface area systems (THF (820 m?2/g) and chlo-
robenzene (850 m?/g)) with a relatively low surface area
material (CH3CN as porogen (390 m?/g)).1> The polymers
show tangential behavior near the micropore boundary
(<5 nm), with the higher surface area materials having
steeper slopes in this region. In the high surface area
materials, the pore volumes drop to near zero past about
15 nm pore diameters. In the 100% EDMA system
(Figure 3B) the pore volume distribution trends were
similar for THF, CIPh, and CH3;CN (580, 457, and 391
m?2/g, respectively). In both systems, the appearance of
fine structures suggests that some pore sizes are
preferred over others.

Polymer Morphology. Scanning electron micro-
graphs were obtained for several of the macroporous
polymers (Figure 4). Comparison of the polymers at
10 000x reveal differences in the high and low surface
area samples in both the DVB and EDMA systems. The
toluene/DVB and toluene/EDMA systems, both high
surface area materials with small pores, have a grainy
appearance at 10 000x. The low surface area materials
such as MeOH/DVB and n-hexane/EDMA look like large
bubbles at this magnification.’® From these and other
images (see Supporting Information), we find that SEM

hexane/100% EDMA
(5 m?/g)

toluene/100% EDMA
(470 m%/g)

images can be used to qualitatively rank the relative
surface area of these materials.

Conclusion

Bulk polymerization techniques and high degrees of
cross-linking make several common organic solvents
good porogens for synthesizing macroporous DVB/STY
and EDMA/MMA polymers with high surface areas and
permanent pores in the micro- and mesopore regime.
Surface areas are found to decrease with decreasing
cross-link ratio, sometimes falling to <1 m?2/g in some
systems. Low surface area materials are obtained with
MeOH as a porogen for the DVB/STY system and
n-hexane as a porogen for the EDMA/MMA system.
Large differences are observed in the SEM images
between the high and low surface area polymers, which
can be correlated to measured surface areas. We hope
that the data contained herein will serve as a helpful
guide to optimizing the solubility of functionalized
monomers and the accessible surface area of the result-
ing macroporous polymers.

Experimental Section

General. All reagents were purchased from Aldrich. 80%
tech grade divinylbenzene, styrene, ethylene glycol dimethacry-
late, and methyl methacrylate were passed through a plug of
activated alumina and freeze—pump—thaw degassed prior to
use. All solvents were used as received. AIBN was recrystal-
lized from MeOH and dried under vacuum.

Typical Polymerization Conditions. In a dinitrogen-
filled glovebox, AIBN (1.5 wt % of monomers), monomers (ratio
of monomers by weight), and porogen (monomer:porogen, 1:1
v:v) were added to a 20 mL vial fitted with a Teflon-coated
screwcap. The vial was capped, removed from the glovebox,
and placed in a temperature-controlled oil bath (toluene,
chlorobenzene, DMF, CHsCN = 80 °C; MeOH, n-hexane,
MeOtBu, THF = 65 °C).}” The bulk solution was heated for
24 h®*® to give white insoluble polymers. The solvent was
removed in vacuo.

Surface Area/Pore Volume Distribution. Dinitrogen
adsorption/desorption measurements were performed at 77.3
K on Micrometrics ASAP model 2400/2405 porosimeters.
Samples were degassed at 150 °C under vacuum for 16 h prior
to data collection. Surface area measurements utilized a five-
point adsorption isotherm collected over 0.05 to 0.20 p/po and
analyzed via the BET method.*® Pore volume distributions
utilized a 27-point desorption isotherm and were analyzed via
the BJH method.?°
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SEM. All samples were mounted on aluminum stubs with
double-sided tape, sputtered with Au/Pd convective, and
imaged on a JEOL 840A SEM using secondary electron
imaging at 10 kV.
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