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Receied May 6, 2005

Large uniform-sized polymer beads are desirable for “one-bead-compound” applications in the
combinatorial synthesis of compound libraries. We have developed a technique for the preparation of large
polymer spheres with narrow size distributions. Uniform-sized poly(stycerdivinylbenzene) beads with
diameters in excess of 1 mm have been prepared by free radical polymerization in an ascension process
through a heated column. The size of the beads can be adjusted by the diameter of the injection needle and
the injection speed. The resin beads can be made porous by the incorporation of a porogen during the
preparation; they reach a specific surface area in excess of 2/@0 fine mechanical properties of the
spheres and their use in organic synthesis have been studied.

Introduction diameter. Using this method, Zhang and co-workers produced
monodisperse highly porous emulsion-templated polymers
16 and silica beads!” However, this method is limited to
hydrophilic monomers (not miscible with paraffin oil) that
can be polymerized rapidly (typically acrylamide aNdN-
methylenebisacrylamide) to avoid particle coalescéhe.
addition, the separation of the beads from the sedimentation
medium is difficult. To alleviate this last problem, Zhang
and Cooper also used compressed super critical @&3Qhe

Polymer beads can be synthesized by emulsion, dispersion
suspension, and seed polymerization metdoti$hey have
been widely used for organic synthesis, separation, and
treatment of wastewatér! While it is relatively easy
to prepare small monodispersed spheres by emulsion
polymerizatior®1° larger polymer beads are desirable for
certain applications, including the so-called “one-beade-
compound” application in combinatorial synthesis involving sedimentation mediuf.

lid-ph hemist: 13 Uniformity in bead si hould .
solid-phase chemistry nroTmity In bead size shou We report here a method for the preparation of large cross-

ensure that similar amounts of library compounds are presem]. ked pol beads of unif e th h .
on each bead. When the loading is high enough, the reaction' oo POlymer beads ot uni orIn s1z€ Througn an "’.‘SC?”S,',O.”
process. This method, named “ascension polymerization” in

on a bead may be monitored by high-resolution magic angle our lab, consists of injecting droplets of a hydrophobic
spinning experiments, and the quantity of the compounds ’ : . o o
mpally tI)egsu;(f?cielnt for subsequentiliestiln);gs pou monomer mixture (containing an initiator and cross-linking
L beads with di i ing f ' 50 to 2060 agent) at the bottom of a column containing a hydrophilic
arge ea_ls V\gt . '?jms €rs ranging rorr|1 0 ? b tmedium. Because of the difference in density of the two
{an € I?aSI y (r)] ained by tsus;;ensn_)n po yrlnelrlgglllog, u fluids, the monomer droplets rise though the heated medium
14e resut Igg sP ?rr]eza:cre ?ﬁ unitorm '? S'Zef' In ' | MM 4nd polymerize (Figure 1). Alternatively, the polymerization
b redporbe alme od for the prepadra |o|nto fargedp(;yntwrcler can be initiated by light irradiation during the ascension of
€ads by polymerizing monomer droplets tormed by e .o particles through the column. Once the beads reach the
wbrgtory excitation of a Iamma_r ]eF of monomeric ”?a.te”a' top of the column, they can be left there for a period of time
f'OW'”g through a continuous liquid medium contalmng @ {0 accumulate and to ensure a complete polymerization. In
S”'t?‘b'e suspendllng agent. The polymer beads 0bFamedl ha(ﬁhis study, we demonstrate the usefulness of ascension
a d'?‘m?ter ranging from O.'5 to 02 mm. The _partlcle slze polymerization for preparing large poly(styrene-divinyl-
d!stnbunon was still large with 90% of the particles having benzene) spheres (PS-DVB) with uniform size distributions.
glarrl](eterts n tr:jeHrange of to.c? to 3158 TT In |1995' The validity of this method for preparing solid-phase supports
uckenstein an ong reported a se imentation polym- ¢ combinatorial chemistry is demonstrated by preparing a
erlzat{on method to prepare begds with a mean q'ameterchloromethylated PS-DVB resin and carrying out a model
reaching 1 to 2.5 mm and a relatively narrow size distribu- solid phase synthetic procedure. Moreover, the mechanical

t|o|n.t.ln this ta_pproach,. c_itr_o?lets c(;f an ac:_uipus montomer properties of selected beads are tested and compared to those
solution containing an inftiator and cross-inking agent are. ¢ commercially available PS-DVB bead.
allowed to sediment through in a heated paraffin oil medium.

The bead size can be adjusted by changing the needle Results and Discussion

*To whom correspondence should be addressed. Email: julian.zhu@ Ascension Polymerizgtion.The density and viscosity of
umontreal.ca. the aqueous medium in the column are fundamentally
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| the droplets and the resulting beads is lower than that of the
medium (even after complete polymerization); therefore the
beads remain at the top of the column for easy retrieval.

BB —» out

Water > During the ascension of the droplets, their density decreased
© as they became polymerized and the ascension process
°© slowed. This implies that the injection of droplets into the
° column must be relatively slow (0.3 mL/h) to avoid contact
°© between the polymerizing spheres early in the ascension
° \ process. A multiple needle injection system may be consid-

PVA solution *o ered for larger-scale applications.
o 70cm The slow injection rate of the highly reactive monomer

1 solution into the heated column required that certain precau-
tions be made. Namely, it was noticed that if the tip of the
needle from which the monomer fluid was ejected was placed
° too far into the column, premature polymerization of the
Heating water in—=| $ mixture in the needle occurred. This was alleviated by
inserting the needle into the column only as far as was
absolutely necessary to clear the bottom seal. Furthermore,

the syringe and syringe pump were both kept in an isothermal

compartment cooled with dry ice during the injection process.

Syringe While these methods yielded acceptable results, other injec-
pump tion devices'® may be considered for future experiments.
Bead Size and Porosity.Several polymer beads were

Dry ice for cooling prepared by this method under the reaction conditions

. . . .. outlined in Table 1. Figure 2 shows the optical images of
Figure 1. Experimental setup used for ascension polymerization. the beads al ith th . lectroni .
Droplets of a mixture of hydrophobic monomers are injected at € beads along wi e Scanning electronic microscopy

the bottom of a heated column containing an aqueous solution of (SEM) images of the inner structure of the beads. It is
PVA. As the droplets rise through the column, they polymerize apparent that the beads are quite uniform in size with an

and accumulate at the top of the column where they can be gverage diameter ranging from 1.3 to 1.9 mm with standard
collected. The column is heated by circulating hot water, and yeyiations of less than 5%. The narrow size distribution for
irradiation of the column is optional. . A .
selected bead samples is shown in Figure 3, as obtained from
important factors because they determine the rate of ascenimage analysis.
sion of the monomer droplets in the column. When pure  When no porogen was added to the monomer mixture,
distilled water was used as the ascension medium, thehighly spherical beads with a uniform size distribution were
monomer droplets rose too rapidly and polymerization of obtained as shown by optical (Figure 2 panel 1a) and electron
the beads was incomplete. This caused significant coales-(Figure 2 panel 1b) microscopy. These beads are gel-type
cence of the beads at the top of the column. Poly(vinyl (transparent) because of the low porosity observed by the
alcohal) (PVA) was added to the ascension medium; sinceimaging techniques as well as the low specific surface area
it was chemically inert with respect to the polymerization measured by gas adsorption analysis (Table 1).
reaction, it increased the viscosity of the medium but only  The addition of porogens to the monomer mixture had a
had a small effect on the density. The density of the monomer pronounced effect on the morphology of the synthesized
solution is around 0.9 g/cinand that of a 15 wt % PVA  beads. When toluene was used as the porogen (PS-DVB/T),
aqueous solution is above 1 gf&mvhen a 15 wt % PVA the beads remained spherical and monodisperse (Figure 2
solution was used as the medium, the ascension time waganel 2a), yet the microstructure observed by SEM reveals
about 20 min for a typical monomer mixture, and no a much rougher surface (Figure 2 panel 2b) than that of the
coalescence occurred at the top of the column. Given thebeads obtained without porogen. This translates into a much
interfacial tension between the monomer and the PVA larger specific surface area, ca. 20¥gn as measured by
solution, the monomer solution, once injected, formed gas adsorption (Table 1). When large amounts of toluene
droplets that gradually rose in the column. The density of were used as the porogen (1.5 times the volume of the

Table 1. Characteristics of the Polymer Beads Prepared by the Ascension Polymerization Method

monomer mixture/porogen

S DVB S-Cl toluene H,O AOT Span 80 mean diameter  surface area
samplé (mL) (mL) (mL) (mL) (mL) (9) (9) (mm) (m?g)
PS-DVB 1.2 4.8 — — — 0.008 — 1.324+ 0.04 0.144+ 0.01
PS-DVB/T 1.2 4.8 — 9 - 0.008 - 1.50+ 0.03 2004 20
PS-DVB/AOT 1.2 4.8 — - 0.090 0.220 0.250 1.89 0.09 0.36+ 0.01
PS-DVB/T-AOT 1.2 4.8 — 3 0.090 0.220 0.250 1.74 0.04 1254+ 4
PS-CI 1.7 0.13 1.4 — - 0.008 — 1.13+0.08 4.3+ 0.1

a All monomer mixtures contained 0.05 g AIBN as polymerization initiator.
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Figure 3. Size distribution curves for the cross-linked beads (Table
1) obtained by image analysis of images similar to those shown in
Figure 2.

column medium significantly, and thus beads with irregular
shapes and broad diameter distributions were obtained (data
not shown). Therefore, Span 80 was added as a cosurfactant
to adjust the interfacial tension between the monomeric fluid
and the column medium. The resulting beads had pores in
the 1-5 um range (Figure 2 panel 3b), likely resulting from
the presence of micelles and aggregates of micelles in the
monomer mixture during polymerization. However, the low
surface area of these beads is indicative that this porogen
alone is more effective in increasing the surface area.
Furthermore, the beads still have a more irregular shape than
when toluene was used as the porogen, and the distribution
of the diameter of the particles remains broader than that
for PS-DVB and PS-DVB/T (Figure 3).

The combination of toluene and AOT reverse micelles
yielded polymer beads (PS-DVB/T-AOT) with a highly
porous structure shown by optical (Figure 2 panel 4a) and
electron (Figure 2 panel 4b) microscopy, as well as by gas

e ; adsorption analysis (surface area 12%/gn While the
'-_- ' < uniformity of bea(_j diameter is |_mpr0ved relatlv_e to that of

: PS-DVB/AOT (Figure 3), their shape remains slightly

Figure 2. (a) Optical and (b) SEM images of the inner structure jrregular because of the presence of large amounts of
of the cross-linked polystyrene beads. PS-DVB: «ba average

7 a

, X v ; surfactant.
diameter () is 1.32 mm, standard deviation (SD) is 2.7%. PS- - -
DVBIT (toluene as porogen): (2@) day = 1.50 mm, SD= 2.2%. AOT has a hydroph|I|cll|poph|!|c balarjce (HLB) value
PS-DVB/AOT (AOT reverse micelles as porogen): 38 da, = between 14.9 and 10.3' and is considered to be a
1.89 mm, SD= 4.8%. PS-DVB/T-AOT (toluene and AOT micelles  hydrophilic surfactant. When AOT was used, the monomer
as porogens): (4ab) day = 1.74 mm, SD= 2.4%. solution after injection could not form monodisperse droplets

because of the low interfacial tension caused by AOT. To
monomers), the ratio of DVB to styrene (4.8/1.2 mk77 solve this problem, a hydrophobic surfactant, Span 80, with
mol % DVB) was high for the ease of obtaining spherical an HLB value of 42 was introduced to adjust the interfacial
droplets. By increasing the amount of cross-linking agent, tension. However, as reported by Korhon&hwhen Span
the onset of gelation of the droplet occurred more rapidly in 80 was added, the monomer solution is unstable and becomes
the column. It should be noted that, under other conditions, heterogeneous in time (typically after several hours). There-
PS-DVB spheres containing as little as 2 mol % DVB can fore, a small amount of AOT (8 mg) can help ease this

be successfully prepared (see subsequent sections). problem, since it helps lower the interfacial tension and
We have used sodium bis(2-ethylhexyl) sulfosuccinate stabilizes the solution.
(AOT) reverse micelles to obtain porous polym&g§he Swelling and Mechanical Properties.The swelling of

use of AOT micelles alone (PS-DVB/AOT) lowered the the beads in typical organic solvents is consistent with resins
interfacial tension between the monomeric fluid and the of similar composition. To obtain functionalized polymer
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Figure 5. Mechanical properties of PS-DVB, PS-DVB/T, and a
commercially available PS-DVB resin measured by unconfined
compression in DMF.

Figure 4. Swelling characteristics of a typical chloromethylated
PS-DVB bead (PS-CI) in selected organic solvents.

supports, chloromethylstyrene was incorporated into the1 The PS-Cl resi h ¢ di W
monomer mixture along with styrene and DVB in the e PS-Clresin was then transformed into a Wang-type

proportions listed in Table 1. The beads obtained (PS-CI) resin by a reaction With 1_1-hydroxybenzy_l alcohol and MeONa
were very uniform in size (average diameter 12,08  at 80 °C for 24 h in dimethylformamide (DMF). Subse-

mm). Its swelling characteristics in selected organic solvents duently,N-Fmoc-glycine was coupled onto the latter over-
are shown in Figure 4. Even though this resin was not madeMght at room temperature in DMF using 3-diisopropylcar-
to be porous, they have good swelling in most organic boo!ur_nlde (DIC) as the coupling agent and 4—(d_|methylam|no)-
solvents and they remain uniform in size in the swollen state. Pyridine (DMAP) as the catalyst. The loading of Fmoc-
The mechanical properties of the polymer beads in the 9lyciné on the resin was 1.13 mmol/g as determined by
swollen state were evaluated by a technique known as single-measuring the absorbance at 301 nm of an aliquot of the
bead unconfined compression, described in much greatercoupled resin which was cleaved in a piperidine/DMF
detail elsewher& The shear modulus of the bead can be (20/80) solution fo 1 h atroom temperature. This value is
obtained from the force response profile when an individual Within the range expected for a typical Wang resin used for
bead placed between two pistons was subject to a loading/Peptide synthesis, despite the low porosity of the bead. Please
unloading deformation. These experiments were performednote that we did not attempt to optimize the porosity nor
to determine if the beads prepared by ascension polymeri-the loading of the functionalized beads. Obviously, higher
zation have mechanical properties comparable to those ofloading beads may be prepared by incorporating porogens
typical commercial materials. To do this, the large beads as seen in the previous discussion.
prepared with no porogen (PS-DVB), those prepared with  N-Fmoc-glycine, serving as a model “peptide”, was
toluene as the porogen (PS-DVB/T), and the commercial subsequently cleaved from the resin by reacting with
sulfonated PS-DVB resin were tested in DMF for compari-  trifluoroacetic acid (TFA) in dichloromethane (DCM) (50
son. They had similar swelling ratios in DMF (i.e., H1  vol %) for 30 min at room temperature. Fmoc-glycine was
0.1, 1.5+ 0.1, and 1.4+ 0.1 (w/w) for PS-DVB, PS-DVB/  retrieved with an 80% vyield and 91% purityH NMR)
T, and the commercial resin, respectively). The shear moduli demonstrating that the resins prepared by ascension p0|ym-

of the three resins were measured as a function of strainerization can be used as supports for peptide synthesis.
amplitude. The shear moduli remained invariable with the

strain (Figure 5), indicating that the beads were being tested Conclusion
in their linear elastic region. The shear moduli of all three
resins were on the same order of magnitude. PS-DVB and \We have demonstrated that ascension polymerization is a
the commercial resin had similar mechanical strength within versatile and convenient method for preparing large uniform-
the experimental error (moduli around 300 MPa), while the Sized polymeric spheres. Porous spheres can be prepared
porous PS-DVB/T had a slightly lower shear modulus (ca. using different porogens (or mixtures of porogens), and these
120 MPa). All resins possessed good mechanical stability materials possess similar mechanical properties to the com-
and remained intact under vigorous stirring during their use mercially available Merrifield-type resins. Moreover, the
in solid-phase synthesis as shown in the next section. usefulness of this technique for the preparation of supports
Chemical Modification and Solid-Phase SynthesisTo for combinatorial chemistry was demonstrated by introducing
validate the large resin beads obtained from ascensionfunctional groups onto a model PS-DVB bead and carrying
polymerization in solid phase synthesis and eventually in out a solid-phase synthesis. A styreri2VB system is used
combinatorial chemistry, chloromethylstyrene was copoly- in the current study, but it is easy to apply this method to
merized with styrene and divinylbenzene as listed in Table other suitable organic monomers and cross-linkers. Other
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Scheme 1. Solid-Phase Synthesis Using the Resin Bead Obtained from Ascension Polymerization

4 74
X polymerization NaOCH3/DMF/80 °C
Yol 0O,
2 o
/ AIBN, 80 °C | HO
cl OH

O/O/‘O i o /@/\OJ\/NHFMOC
mOD—G
- 50% TFA/DCM
O\O ———— > Fmoc-Gly-OH

DIC/DMAP/DMF

functional groups can also be introduced as in the case of150 g (7.5 mg sensitivity) load cell. The individual bead to
conventional polymeric supports. be tested was transferred to the instrument’s compression
chamber which contained the same solvent in which it was
swollen, and contact between the bead and compressing
Chemicals. Styrene (S), divinyloenzene (DVB), and piston was achieved by lowering the piston at a rate of 8
chloromethylstyrene were purchased from Aldrich and um s tuntil a tare load of 10 mg was achieved. The distance
washed with a 10 wt % NaOH aqueous solution and vacuum separating the compressing platen at this point was then taken
distilled to remove inhibitors. AOT and sorbitan monooleate as the bead diameter for subsequent calculations. Strain
(Span 80) were purchased from Sigma and were used asamplitudes of 0.5, 1, 1.5, 2, 2.5, and 3% were applied at a
received. The free radical initiator, 2,8zoisobutyronitrile rate of 1% s! to verify bead response linearity.
(AIBN, purchased from Eastman Kodak), was recrystallized  Solid-Phase SynthesisThe chloromethylated PS-DVB
from ethanol and stored in a refrigerated dark bottle until resin (0.3 g; 0.96 mmol of Cl groups, as determined
use. PVA, 99%+ hydrolyzed, with an average molecular hypothetically from the feed; PS-Cl in Table 1) was
weight between 89 000 and 98 000, was purchased fromtransformed into a Wang-type resin via reaction with
Aldrich and used as received. Other reagents such as4-hydroxybenzyl alcohol (0.18 g, 1.44 mmol) and NaQCH
N-Fmoc-glycine (Aldrich), TFA (Aldrich), 4-hydroxylbenzyl ~ (0.09 g, 1.63 mmol) at 80C for 24 h. The resin was
alcohol (Aldrich), DIC (Aldrich), and DMAP (Fluka) were  collected and washed with DMF, DCM, tetrahydrofuran
used as received. For the study of mechanical properties,(THF), and diethyl ether and dried under vacuum. This resin
large commercial polystyrene beads cross-linked with 7 mol (0.1 g; 0.3 mmol OH groups based on 100% yield of the
% DVB bearing sulfonic acid groups (from Hecheng Co., preceding reaction) was swollen in DMF for 30 min, and
Tianjin, China) were selected for comparison purposes. then it was reacted witN-Fmoc-glycine (0.70 g, 1.5 mmol)
Ascension Polymerization.The ascension column was using DIC (0.23 mL, 1.5 mmol) as coupling agent and
made of glass and is 70 cm in length and bad cminternal DMAP (15 mg, 0.15 mmol) as catalyst at room-temperature
diameter. A 15 wt % PVA solution in water was used as the overnight. The coupled resin was washed with DMF, DCM,
medium. The monomer solutions were prepared by mixing THF, and diethyl ether and dried under vacuum.
together the monomers, the cross-linker, the initiator, the The loading of the coupled resin was determined as
surfactants (AOT and Span 80), and the porogen reagentdollows. Five milligrams of the coupled resin was suspended
(toluene or AOT reverse micelles) as described in Table 1.in 1 mL of a piperidine/DMF solution (20:80) and left at
The monomer solution was transferred into a syringe actuatedroom temperature for 1 h. The solution was then diluted to
by a syringe pump placed in an isothermal chamber cooled50 mL with ethanol, and the absorbance at 301 nm was
with dry ice. The column was heated to 8D by circulating measured using a UWis spectrophotometer. The cleavage
hot water in the jacket surrounding the column, and the of the amino acid Fmoc-glycine was performed by reacting
monomer solution was gradually injected into the column. 0.1 g (0.113 mmol, determined as described above) of the
Polymerization took place as the droplets traveled through coupled resin with a 50% TFA in DCM solution at room
the column. Irradiation with UV light is optional during this  temperature for 30 min. The filtrate was evaporated under
process. vacuum to give the white solid Fmoc-glycine (26 mg, 80%
Characterization of the Beads.Optical microscopy and  yield, 91% purity by*H NMR).

image analysis were used to observe the beads and to Acknowledgment. Financial support from the NSERC
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