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Photopolymerizations of multifunctional monomers afford spatial and temporal control of cross-linked
network formation whereas living radical polymerizations provide a means to synthesize well-defined
architectures from monovinyl monomers. By combination of these technologies in a two-stage
polymerization process, a novel method is developed to synthesize functional polymer networks, and
supporting results are provided for preparing controlled polymer gkatftén photo-cross-linked networks.

To demonstrate the concept of internal grafting, an alkoxyamine living radical initiator (for nitroxide-
mediated polymerization, NMP) and a tertiary bromide initiator (for atom-transfer radical polymerization,
ATRP) were functionalized with a methacrylate group and either was copolymerized with mono- and
divinyl methacrylic monomers during the initial network formation step. Activation of the living radical
initiators within styrene-swollen networks resulted in controlled molecular weight polystyrene grafts
covalently bound to the photo-cross-linked methacrylic networks. To demonstrate the applicability of
this technology for synthesizing functional networks, hydrogels with nitroxide groups were first
photopolymerized, and different concentrations of acetoacetoxy, (i.e., ketoester) functionality were
subsequently grafted within the loosely cross-linked networks. When the grafted networks were swollen
in aqueous solutions containing ¥Fethe cations coordinated with the grafted ketoester moieties. In
general, this robust technology could be applied to a wide array of monomers and functional groups to
control the chemical, physical, and mechanical properties of the final grafted network for application in
sensors, catalysis, separations, and combinatorial chemistry platforms.

Introduction the synthesis of these cross-linked materials. For example,
masking and shuttering the initiating light provide spatial
and temporal control of the initiation step, respectively, and
result in control of the overall polymerization process.
chemistry platformg; 7 delivery vehicles for drug or genetic ~1oWever, traditional radical chain copolymerization of
therapie$® tissue engineering scaffold4?! advanced monovinyl and divinyl monomers does not facilitate We_II—
materials in microelectronics and biomaterid2 and a controlled macromolecular architecture of the resulting
number of other areas. Photoinitiated polymerizations of N€tworks.

multifunctional monomers offer a number of advantages in  In contrast, controlled radical initiators have been imple-
mented for synthesis of low-polydispersity linear polymers,

Cross-linked polymers formed from multifunctional mono-
mers have applicability in current and emerging technologies
such as MEMS and microfabricated deviéesgombinatorial
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added to growing chains during short periods of activity.

Hutchison et al.

surfaces, containing TEMPO-terminated polymer chains,

The low instantaneous concentration of active radical chainswere functionalized with 2-hydroxyethyl methacrylate or

facilitates well-defined polymer growth. Three categories of

vinylbenzyl chloride to demonstrate the potential for grafting

LRPs exist: (1) stable free radical polymerizations, such as specific chemistries to enhance separation or reactivity

nitroxide-mediated polymerization (NMPJ; (2) metal-
catalyzed atom-transfer radical polymerization (ATR#Y:

characteristics of the monolitHg®
Copolymerization of a controlled radical initiator contain-

and (3) degenerative transfer processes such as reversiblghg a vinyl group with other cross-linking monomers is

addition—fragmentation chain transfer (RAF®.In each

another method for covalently attaching initiator molecules

case, propagating radicals are mediated by a less reactiveyithin a polymer network. In fact, by this method, the
species, and the resulting dormant species can be reactivatefhitiator is incorporated as pendant functionality throughout

readily.

the substrate bulk, and surface modification is possible due

From the perspective of designing advanced polymer to a fraction of the total amount of initiator species that is

networks with controlled chemical functionality, LRP ap-

accessible at the surface. For example, in our previous work,

proaches to synthesize cross-linked polymers and modify monomer-photoiniferter molecules were incorporated in
polymer networks are highly desirable. These systems havecross-linked networks, and the networks were further modi-
not been explored previously because covalent attachmenfied by swelling or coating with additional monomer and

of specific macromolecular functionality and architecture

UV exposure’-2° However, the UV absorbance of the

throughout a photopolymerized, three-dimensional network iniferter attenuates the initiating light source; therefore, film

is very difficult or impossible with traditional chain (photo)-
polymerizations of cross-linking monomers or living radical
polymerizations, independently.

To date, controlled radical polymerization methods have
been implemented in modifying polymeric and inorganic
surfaces with well-defined linear polymers to impart specific
chemical and nanoscale physical propertfedt Pyun and
Matyjaszewsk? reviewed investigations of controlled radical
polymerization methods for synthesizing hybrid materials
(i.e., polymeric modification of inorganic materials). Sell-
ergren and co-workers demonstrated living polymerization
of multiple cross-linked layers from iniferter groups attached

thickness and/or iniferter concentration are limited in these
systems. Furthermore, the instability of the iniferter during
photopolymerization of the original network reduces the
potential for creating controlled architectures during subse-
guent modification steps. Although tiphotactivity of the
iniferter for living radical polymerizations of selected
monomers is highly desirable, iniferter-mediated polymeriza-
tions impart only limited molecular weight and architectural
control to polymerizations of many types of monom#rs.
Similarly, utilizing the same ATRP and NMP initiators
containing (meth)acrylate groups, which are described in this
contribution, other authors have patterned highly cross-linked

to the surface of porous silica. Subsequent layers werefilms and subsequently grown linear polymer chains from

templated withp- or L-phenylanaline anilide, and enanti-
oselectivity was shown in each lay®&r”* However, in this
case, the living radical initiator was used only to provide
covalent attachment of the cross-linked network to the
previous (polymeric or inorganic) surface due to the reini-
tiatable character of the iniferter: in fact, the architecture of

the living radical initiators present at the film surface. The
controlled polymerization of the grafted chains enabled the
authors to tune nanoscale feature dimensions and vary the
surface chemistry of the filrft

Primarily, living radical polymerization strategies have
been developed fosurface modification. However, when

the cross-linked network was not enhanced significantly by compared to surface-functionalized films, loosely cross-

the living radical initiator. Matsuda and co-work&have

grown low-polydispersity linear chains from various mono-
mers at polymeric surfaces functionalized with dithiocar-
bamate-containing (photoiniferter), attached by irradiation

linked three-dimensional networks, containing well-defined
chemical functionality distributed throughout the bulk, would
provide a significant increase in the total number of active
moieties for signal amplification in chemical and biological

technigues. Finally, macroporous polymer monoliths have sensors, catalysis, and combinatorial chemistry platforms and

been fabricated by 2,2,6,6-tetramethyl-1-piperidyloxy
(TEMPO) mediated polymerization. Subsequently, pore

(16) Coessens, V.; Pintauer, T.; MatyjaszewskiPKog. Polym. Sci2001,
26, 337-377.

(17) Kamigaito, M.; Ando, T.; Sawamoto, NChem. Re. 2001, 101, 3689—
3745.

(18) Barner-Kowollik, C.; Davis, T. P.; Heuts, J. P. A.; Stenzel, M. H. et
al. J. Polym. Sci., Polym. Cherg003 41, 365-375.

(19) Feng, W.; Brash, J.; Zhu, S. B.Polym. Sci.,. Polym. Cher2004
42, 2931-2942.

(20) Kim, J. B.; Huang, W. X.; Miller, M. D.; Baker, G. L. et al. Polym.
Sci., Polym. Chen003 41, 386—394.

(21) von Werne, T.; Patten, T. B. Am. Chem. SoQ001, 123 7497
7505.

(22) Pyun, J.; Matyjaszewski, KChem. Mater2001, 13, 3436-3448.

(23) Sellergren, B.; Ruckert, B.; Hall, AAdv. Mater. 2002 14, 1335~

1335.
(24) Ruckert, B.; Hall, A. J.; Sellergren, B. Mater. Chem2002 12,
2275-2280.

(25) Nakayama, Y.; Matsuda, Macromoleculed 996 29, 8622-8630.

many other applications. In this work, methacrylic NMP and
ATRP initiators were conceptualized, synthesized, and
copolymerized with commercially available mono- and
divinyl monomers to facilitate modification of cross-linked
networks throughout the bulk. In this manner, advantages
of photoinitiating a copolymerization of mono- and divinyl
monomers (i.e., spatial and temporal control) are retained

(26) Viklund, C.; Nordstrom, A.; Irgum, K.; Svec, F. et Macromolecules
2001, 34, 4361-4369.

(27) Luo, N.; Hutchison, J. B.; Anseth, K. S.; Bowman, C.N.Polym.
Sci., Part A: Polym. Chen2002 40, 1885-1891.

(28) Luo, N.; Hutchison, J. B.; Anseth, K. S.; Bowman, C.NMacromol-
ecules2002 35, 24872493.

(29) Luo, N.; Metters, A. T.; Hutchison, J. B.; Bowman, C. N. et al.
Macromolecule003 36, 6739-6745.

(30) Otsu, TJ. Polym. Sci., Part A: Polym. Che200Q 38, 2121-2136.

(31) von Werne, T. A.; Germack, D. S.; Hagberg, E. C.; Sheares, V. V. et
al. J. Am. Chem. So2003 125 3831-3838.
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Table 1. Chemical Structures of Living Radical Initiators and Starting Materials

Starting materials Methacrylate- Analogous non-
g functionalized LRIs methacrylic LRIs
>l |
0
0
0
NMP
HO o OJ\K (4)
@
@)
O
ATRP Z/n\r )W(O\/\OH )ﬁ( O/ﬂ\ﬁ ) P 0JW<B !
B o
3 ©)]

while subsequent grafting reactions by the covalently tethered (FT-NIR) of substrate polymerizations was carried out on a Nicolet

NMP and ATRP initiators allows introduction of well-

Instruments Magna-IR 750 Series Il. Disappearance of the meth-

controlled macromolecular architecture and/or chemistry acrylic double-bond stretch at ca. 6165 ¢rwas captured by real-

within the network. This contribution provides methodology
and supporting results for (1) synthesis of methacrylic
controlled radical initiators, (2) photopolymerization of

comonomer formulations to form networks containing pen-
dant living radical initiators, and (3) subsequent modification
of the photo-cross-linked methacrylic networks with poly-
styrene grafts of controlled molecular weight. Finally, to
illustrate the utility of this technology for creating functional

materials, a hydrogel network was grafted internally with a
metal-coordinating monomer via NMP. The resulting net-
work could be implemented for a number of applications
including hydrogel or other solvent-swellable catalyst
supports’>-34 gels for scavenging specific organic or inor-

ganic specie; or precursors for combinatorial chemistry

platforms®” among many others.

Experimental Section

Materials. 2-Methoxyethyl methacrylate (MEMA) was obtained

time spectroscopy of the monomer mixture contained in a 1-mm
thick glass mold exposed to 365-nm radiation from a Novacure
spot curing system (EFOS, Mississauga, Ontario) through a
horizontal transmission accessory.

Synthesis of the Methacrylic Alkoxyamine Initiator (2). Table
1 contains the structures corresponding to the methacrylic
alkoxyamine initiator 2) and the nonmethacrylic analogud).(
Synthesis of a hydroxymethyl-containing alkoxyamine initiafgr (
has been reported previoudfy.l (0.6 g, 1.7 mmol) and dry
triethylamine (1.1 equiv) were dissolved in 5 mL of anhydrous THF
in a 25-mL round-bottom flask with a magnetic stir bar. The solution
was cooled to C, and methacryloyl chloride (1.5 equiv) was
added dropwise. The reaction proceeded & dor 2 h, and then
the flask was stirred continuously at 28 overnight. The final
reaction solution containing methacrylic alkoxyamine product was
diluted in methylene chloride and washed with 10% (w/v) Na@H
and 10% (w/v) HClg) solutions. The produc2f was purified by
flash chromatography with a 19:1 mixture of hexanes and ethyl
acetate as the eluent. A white solel90% yield) was formed after
evaporation of the chromatography elueiti. NMR (500 MHz,

from Polysciences. All other reagents were purchased from Aldrich CDCly): 6 7.55-7.15 (m, 9H), 6.19 (m, 1H), 5.61 (m, 1H), 5.24

Chemical Co. Styrene andN-dimethylacrylamide (DMAA) were

purified by vacuum distillation prior to use. All other chemicals

were used as received without further purification.
Instrumentation. Gel permeation chromatography (GPC) was

and 5.21 (s, 2H total, unequal shifts due to diastereomerism), 4.95
(9, 1H, both diastereomers), 3.45 and 3.33)¢; 10.5 and 11.1

Hz, 1H total, unequal shifts due to diastereomerism), 2.35 and 1.40
(m, 1H total, unequal shifts due to diastereomerism), 2.00 (m, 3H),

performed on a Waters chromatograph connected to a Waters 4101.65 and 1.57 (d) = 6.8 and 6.6 Hz, 3H total, unequal shifts due
differential refractometer or a Waters 996 photodiode array detector. to diastereomerism), 1.33, 0.94, 0.57, and 0.29 ,6.4 and 6.4

Samples for GPC were prepared at ca. 20 mg/mL in chloroform Hz, 6H total, unequal shifts due to diastereomerism), and 1.07 and

and filtered with a 0.2¢m Teflon syringe filter prior to injection.
The GPC eluted at 1 mL/miAH NMR spectra were recorded with
a Bruker AM 250 (250 MHz) spectrometer and a Varian Inova-
500 (500 MHz) spectrometer. UWis measurements were made
with a HP 8453 U\~ Vis spectrometer. Near-infrared monitoring

(32) Mastrorilli, P.; Nobile, C. F.; Marchese, Gorg. Chim. Actal995
233 65-69.

(33) DellAnna, M. M.; Mastrorilli, P.; Rizzuti, A.; Suranna, G. P. et al.
Inorg. Chim. Acta200Q 304, 21—25.

(34) Mastrorilli, P.; Nobile, C. F.; Suranna, G. P.; Taurino, M. R. et al.
Inorg. Chim. Acta2002 335 107-112.

(35) Yu, Z. R.; Alesso, S.; Pears, D.; Worthington, P. A. effetrahedron
Lett. 200Q 41, 8963-8967.

0.82 (s, 9H total, unequal shifts due to diastereomerism).

Synthesis of the Methacrylic Tertiary Bromide (ATRP)
Initiator (3). Table 1 contains the structures corresponding to the
methacrylic tertiary bromide initiator3f and the commercially
available nonmethacrylic analogug).(2-Hydroxyethyl methacrylate
(HEMA, 4.2 g, 33 mmol) and dry triethylamine (1.0 equiv) were
added to 60 mL of anhydrous THF in a round-bottom flask.
2-Bromoisobutyryl bromide (BIB) (1.2 equiv) was mixed with 20
mL of anhydrous THF. BIB solution was added dropwise 4CO
Upon complete addition, the reaction was mixture warmed to 25
°C and stirred overnight. The final reaction solution containing
methacrylic tertiary bromide product was diluted in methylene
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chloride and washed with 10% (w/v) NaOH(aq) and 10% (w/v)
HCl(aq) solutions. The final produc8)f was isolated as a yellow
oil by vacuum distillation (with>90% yield).*H NMR (500 MHz,
CDCl): 6 6.15 (m, 1H), 5.61 (m,1H), 4.43 (m, 4H), 1.96 (m, 3H),
1.95 (m, 6H).

Synthesis of the Degradable Substrate NetworkMethacrylic
anhydride (MA, 2.0% (mol/mol))2 or 3 (2.0-4.0%), and the
photoinitiator, 2,2-dimethoxy-2-phenyl acetophenone (DMPA, 0.1%),
were mixed with 2-methoxyethyl methacrylate (MEMA, 93.9

Hutchison et al.

mW/cn? of 365 nm collimated UV light for 5 min in a 20@m
thick glass mold. Two hundred milligrams of the resulting network
(0.023 mmol of2) was swollen in a solution containing DMAA
(15.3 mmol), 2-acetoacetoxyethyl methacrylate (AEMA, 4.37
mmol), 4 (0.735 mmol), and ca. 15% (v/v) DMF. Oxygen was
removed from the swollen networks by three freepamp—thaw
cycles. Linear grafts of poly(DMAA:0-AEMA) were initiated from
the pendant alkoxyamine initiato2); and soluble linear polymers
were initiated due to the presence 4f Unbound polymer and

95.9%). The monomer mixture was cast into glass molds (ca. 2 unreacted monomer were extracted from the grafted network with

cm x 4 cm x 1 mm) and exposed to 365 nm radiation {ZD
mW/cn?, 30 min). Unreacted monomers and initiator were removed
from the polymerized substrates with THF in a Soxhlet extractor
(>18 h).

NMP Grafting Procedure. Typically, 200 mg of ca. 1 mi
sections of substrate containing-2% (mol/mol)2 (0.025-0.05
mmol of 2),4 (0.15-0.95 mmol), styrene (ca. 20 mmol), and DMF
(ca. 10-15% (v/v)) were purged with argon and sealed in a 10
mL ampule (or a 25 mL Schlenk flask) containing a small stir bar.
Additional “free” alkoxyamine initiator4) was added to the reaction
solution so the grafted chain length could be controlled without
changing the concentration of monomer in the reaction solution,
the concentration of tethered initiato2)( or the conversion of
grafted monomer. Vials were stored overnight-at °C to allow
swelling of the substrate in the grafting solution. Finally, the vials
were placed in a 12%C oil bath for 18 h. The polymerization was

guenched by cooling and exposure to atmospheric oxygen. Polyme

a water/THF mixture (1:3) in a Soxhlet extractor for 18 h. Finally,
to demonstrate coordination of metals with the grafted ketoester
functionality, the network was swollen in a 0.01 M aqueous solution
of Fe(NG)s.

Various iron-coordinating networks were synthesized in the same
manner as described for the network shown in Figure 4. Different
concentrations o2 were used in the initial network photopolym-
erization step, and different concentrations of AEMA in the graft
monomer formulation were used to affect the density of grafted
ketoester moieties in the final material. Each of the four networks
described in Table 2 was swollen in 0.1 M Fe(§iJor 24 h. Next,
each of the networks was placed in deionized water, which was
changed twice daily for 4 days. Aliquots of each water wash were
mixed with equal amounts of 0.1 M KSCN and the absorbance at
471 nm was measured with a UWis spectrometer to determine
the level of iron present in the wash solution. After 2 days, the
jron content in the wash water was less than®10 and

not bound to the network and unreacted components of the graﬁundetectable with UV Vis. Each of the iron-containing networks

solution were removed from the modified networks with THF in a
Soxhlet extractor$18 h).

ATRP Grafting Procedure. Typically, 200 mg of ca. 1 mé
sections of substrate containing ca. 4% (mol/ n®(p.05 mmol
of 3), ethyl 2-bromoisobutyrate5( 0.15-0.95 mmol, depending
on desired degree of polymerization), copper(l) bromide (CuBr,
0.5 equiv with respect to total initiator), elemental copper%Cu
ca. 2 mg)N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA,
0.5 equiv with respect to total initiator), styrene (ca. 20 mmol),
and DMF (ca. 16-15% (v/v)) were purged with argon and sealed
in a 10 mL ampule (or a 25 mL Schlenk flask) containing a small
stir bar. Vials were stored overnight-a# °C to allow swelling of
the substrate in the grafting solution. Finally, the vials were placed
in a 65°C oil bath for 18 h. The polymerization was quenched by

cooling and exposure to atmospheric oxygen. Polymer not bound
to the network and unreacted components of the graft solution were

removed from the modified networks with a 1:4 mixture of water
and THF in a Soxhlet extractor(8 h).

Degradation by Transesterification Procedure.Grafted net-
works were swollen in 50 mL of solution containing THF (85%
(v/v)), methanol (10%), and sulfuric acid (5%) at 85. The gel

was dried in a vacuum oven for 2 days. The iron content was
measured with thermal gravimetric analysis (TA Instruments Hi-
Res TGA 2950) under air with a ramp rate of 40/min to 600

°C. The reported iron content was calculated from the weight
fraction of F@O; remaining at the end of the TGA experiment.
Carbon, hydrogen, and nitrogen were quantified with elemental
analysis (Desert Analytics, Tucson, AZ).

Results and Discussion

Synthesis of Living Radical Initiator-Containing Sub-
strates. The methacrylic alkoxyamine initiator2 and a
methacrylic tertiary bromide initiatoBf are shown in Table
1. Additionally, the nonpolymerizable analogues of both
initiators are shown4 and>5, respectively).

Photopolymerization of a substrate containing intact,
pendant living radical initiators is a critical aspect of the
technology described in this contribution. The molar ab-
sorptivity at 365 nm was measured by BVIS spectros-
copy, and the stability of the living radical initiators was
explored by'H NMR analysis of the initiators after exposure

cross-links degraded within 2 days. Degradation products were to reaction conditions similar to the photopolymerization step.

isolated by evaporating most of the THF and methanol followed
by addition of water to precipitate the polymer. Polymeric degrada-

First, the molar extinction coefficient at 365 nm was
measured with UWVis spectroscopy for the alkoxyamine

tion products (i.e., poly(methyl methacrylate) kinetic chains from jnitiator by measuring the absorbanceldh acetone at 365

the photopolymerized network and polystyrene grafts) were isolated

from the aqueous solution by filtration (and reprecipitation into
ethanol, in some cases), before characterization with GPGtand
NMR. A kinetic chain is the polymethacrylate backbone macro-
molecule that forms from propagation of a radical through meth-
acrylate groups in mono- or multivinyl monomers.

Synthesis of the Metal-Coordinating Hydrogel Networks.To
synthesize a metal-coordinating network, a monomer formulation
containing DMAA (97.4% (mol/mol)), poly(ethylene glycol(,
~ 200) dimethacrylate (PEG200DMA, 1.3%3),(1.2%), ca. 10%
(v/v) DMF, and ca. 0.05% (w/w) DMPA was exposed to ca. 50

nm for four samples ranging in concentration from 0.01 to
0.2 M (0.5-9 wt %). The molar extinction coefficient
measured forl, which is ca. 1 L/molcm, is 2 orders of
magnitude lower than the corresponding value for DMPA
(ca. 150 L/moicm at 365 nm). Thus, absorption of UV light
by a nitroxide initiator is much less likely than absorption
by the photoinitiator. Furthermor@,and3 were exposed to
high doses of UV light £50 mW/cn?; >15 min), and‘H
NMR revealed no differences in the chemical structures,
which suggests that absorption of UV light does not cleave
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Figure 1. Photopolymerization behavior of comonomer formulations
containing methacrylic tertiary bromide initiator. Double-bond conversion
was monitored as a function of 365 nm UV exposure time (eslGmW/
cm?). The comonomer formulation was either 0 (solid line) or 4.1% (dashed
line) methacrylic tertiary bromide initiatoB]); 2.0% methacrylic anhydride
(for cross-linking); 0.1% photoinitiator; and 93.8 or 97.9% (mol/mol)
2-methoxyethyl methacrylate (dashed or solid line, respectively). Double-
bond conversion is nearly quantitative for both samples after 20 min of
exposure. The addition of the methacrylic living radical initiator does not
produce a significant effect on the photopolymerization behavior of the
loosely cross-linked network.

the initiator or cause any molecular rearrangement. Finally,

4 and5 were exposed to UV light in the presence of DMPA.

Chem. Mater., Vol. 17, No. 19, 200593

initiator (4 or 5). A control network, which did not contain
pendant initiator functionality (i.e2 was not included in
the photopolymerizable monomer formulation) was swollen
in the grafting monomer solution as well. The grafting
reaction was carried out at 12% for 18 h. Unattached
polymer (created frord or 5 present in the graft monomer
formulation) and unreacted monomer were extracted from
the grafted and control networks. Finally, the covalently
grafted network, the control network, an ungrafted network,
and an ungrafted control network were degraded by trans-
esterification with methanol. Specifically, the anhydride
cross-links and ester linkages (between the methoxyethyl
groups or alkoxyamine initiators and the photopolymer
kinetic chains) were degraded by sulfuric acid-catalyzed
methanol addition. Complete transesterification of the cross-
links and pendant ester bonds resulted in low molecular
weight compounds and linear polymer chains. Specifically,
linear poly(methyl methacrylate) (PMMA) was formed from
the loosely cross-linked poly(2-methoxyethyl methacrylate)
(PMEMA) kinetic chains of the original network, and linear
polystyrene (PS) from the graft polymerization was cleaved
from the network backbone.

The polymeric degradation products were isolated and

Once again, changes in the chemical structures, from reactioranalyzed by GPC. Figure 3a contains GPC traces for the
with the radicals generated from the photoinitiator, were not degradation products of control networks, which did not
evident by'H NMR. Therefore, in addition to being stable contain any alkoxyamine initiato2, in their backbone kinetic
during exposure to typical photoinitiation conditions (i.e., chains. In one case (dotted line), the network was degraded
365 nm light and radicals), the living radical initiators do without performing any further steps. In the other case (solid
not attenuate the photoinitiating light to any appreciable line), before degradation, the control network was subjected

degree; thick samples with relatively high concentrations of
living radical initiators can be photopolymerized readily and
the density of living radical initiators within the network is
easy to control.

Investigation of the polymerization behavior of the comono-

mer mixture used to synthesize the substrate provides furthe

evidence that the living radical initiators do not impact the
photopolymerization step. Figure 1 contains a plot of the
conversion of methacrylic double bonds, captured by FT-

NIR spectroscopy, as a function of exposure time during the

photopolymerization of comonomer mixtures containing or
excluding 3. Although the rate of polymerization of the
sample containing 4.1% (mol/mol) 8fis slightly higher at

low conversion, both samples reach complete double-bond

conversion within 20 min. In summary, methacrylic living
radical initiators are incorporated within photopolymerized
networks without significantly changing the photopolymer-
ization step or affecting the structure and stability of the
living radical initiator.

Grafting from Pendant Initiators within Photopoly-
merized Networks. A relatively simple monomer system
was chosen to demonstrate the principle of grafting from
pendant living radical initiators within a photo-cross-linked
network. Figure 2 is a schematic of the experiment to
demonstrate controlled grafting capability within a photo-
polymerized network containing pendant living radical
initiators @ or 3). After photopolymerization of a comonomer
formulation containing MEMA, MA, 2 or 3, and the
photoinitiator, DMPA, the network was swollen in a mixture
of styrene monomer, DMF, and additional nonmethacrylic

to the grafting procedure, which involved swelling it in a
monomer solution containing and polymerization of the
solution by maintaining the swollen network at 125 for

18 h. Alternatively, Figure 3b shows GPC results for
degradation products from ungrafted (dotted) and grafted

r(solid) networks which contain the pendant alkoxyamine

initiator, 2. Each plot also contains a curve corresponding
to ca. 13 kDa PS formed from polymerization of the reaction
solution (i.e., styrene, DMF, and) in the absence of the
network (dashed line). The degradation product curves in
Figure 3a are very similar, which suggests that styrene does
not graft from the network backbone withdutFurthermore,

the curve corresponding to the degradation products from
the ungrafted network containing (Figure 3b, dotted) is
the same as the curves in Figure 3a (corresponding to the
control networks). In contrast, the GPC trace of the degrada-
tion products for the grafted network in Figure 3b is unique.
First, for the grafted network (solid), a peak appears at ca.
28 min, which is approximately the same elution time as
the solution polymerized PS (dashed curve). Prep GPC and
NMR confirm that this peak is linear PS that was cleaved
from the kinetic chains of the photo-cross-linked network.
These cleaved chains are slightly lower in molecular weight
than the reaction solution PS because the concentration of
initiator was slightly higher in the network samples contain-
ing 2. Finally, the distinct shoulder peak (at shorter elution
time—larger hydrodynamic volumethan the kinetic chains)
results from partially degraded kinetic chains from the grafted
network. In other words, transesterification of the anhydride
cross-links has occurred, but cleavage of all ester linkages
along the backbone is not complete. Hence, PS grafted to
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Figure 2. Schematic of methodology to demonstrate graftinthin networks. The proof-of-concept experiment to demonstrate grafting from living radical
initiators within photo-cross-linked networks is accomplished in three steps. First, a formulation containing a methacrylic living radtoal@ti 3) and

other mono- and divinyl monomers is photopolymerized to form a loosely cross-linked network. Next, the network is swollen in monomer solution and the
living radical initiators are activated to produce linear polymers grown from the network backbone. Finally, to validate the grafting methbdaietyork

is degraded to linear graft chains and linear kinetic chains that are analyzed with GPC.

PMMA or PMEMA chains are observed at higher molecular —ﬂ-| NMP: 0 mol% 2 (control) | —v—-| NMP: 4.7 mol% 2

weight. g 'T@ T 't ' ]
Figures 3c and 3d, which are the control and ATRP-grafted ~ £°8

networks, respectively, are analogous to 3a and 3b. However, %0.6

shorter grafted chains of PS (ca. 7000 Da) were created by % 0.4

addition of extra “free” ATRP initiatorg). Furthermore, this g 02

less hydrophobic system allowed complete degradation of ; o

the networks. Therefore, in Figure 3d, the ratio of the low-
polydispersity peak at 29 min (corresponding to PS cleaved
from kinetic chains) to the broad peak between 22 and 28
min (corresponding to the kinetic chains from the photopo-
lymerized networks) is much larger than the same ratio of
peak areas observed in Figure 3b. For the same reason, no
shoulder peak at shorter elution time appears in Figure 3d.
Application of Methodology To Prepare Chemically

Functional Networks. g-Dicarbonyl moieties act as strong 4 ;
bidentate Iigands that coordinate with many dif_fere_nt metals 30 2'2. 2'4' >¢ ;‘8 30 20232 56 2‘3 30
and metal iong® In fact, a number of investigations on Elution Time (min.) Elution Time (min.)

1 i TaT, i - w= wmm = (dashed) unbound PS fr ft fi lati
complexation of metals with monomers contamﬁ@_car e unuses (lotiod) asrafedrotmont Jegradation products (EMMA)
bonyl functionality have been reporté343¢ These inor- (solid) grafted network degradation products (PMMA)
ganic-organic hybrid materials (e.g., polymer-supported
metal complexes) find utility in a number of applications Figure 3. GPC analysis of degradation products from grafted and control
. . ‘3034 . 5 networks. (a) The lines are GPC traces of the degradation products of
including catalysis?~3* separation; wastewater treatment, “grafted” (solid line) and ungrafted (dotted linedntrol networks. (b) GPC
and water-based coatingfs.Primarily, metal-coordinated results for grafted (solid) and ungrafted (dotted) alkoxyamine-containing
polymers are synthesized to create insoluble heterogeneouﬁetworks are shown. Each plot also contains a curve corresponding to ca.

vsi . H . in th If bl 3 kDa PS formed from polymerization of the reaction solution with neither
catalysis resins. However, recent interest in the self-assem ytype of network present (dashed line). (c) and (d) The bottom figures
represent analogous results for control and ATRP-grafted networks,

(36) Krasia, T.; Soula, R.; Borner, H. G.; Schlaad, Ghem. Commun. respectively. In this case, the linear PS trace (dashed) corresponds to ca.
2003 538-539. 7000 Da.

2022 2426 28 30
ATRP: 4.0 mol% 3

N

> o o o
SN S~ ®© =
T T T T T

RI Detector Signal (norm.)




Polymerizable Liing Free Radical Initiators

Chem. Mater., Vol. 17, No. 19, 200595

AEMAY.coe DMAA ).

DMAA
97.4 mol% DMAA 365 nm swell in DMAA n DMF
1.3 mol% PEG200DMA 20-5;)0m\yfcm2 ) ?@n . DMF Man | DMAA
1.2 mol% 2 min solution
o o ﬁ .o..c.' ainia o AEMA
0.05 wt% DMPA DMF
. DMF
[ ]
® = coordinated Fe ** . Iasoc
. 18+h
oo :
swell in
001 M
Fe(NO3);
‘.............

* graft solution: 21 mol% AEMA; 78 mol% DMAA; 4 mol% 4
AEMA.: 2-(acetoacetoxy)ethyl methacrylate
DMAA: N,N-dimethylacrylamide

A
ﬁL\ "’JT\”

Figure 4. Demonstration of metal-coordinating networks. A cross-linked poly(dimethylacrylamide) (PDMAA) network was synthesized via photopolymerizati
and internally grafted with 2-(acetoacetoxy)ethyl methacrylate (i.e., a ketoester-containing monomer) via nitroxide-mediated polymireatieswollen
hydrogel was placed in aqueous 0.01 M Fe@y@or less than 2 min. The resulting red network (bottom) is due to coordination of the iron to ketoester
moieties grafted within the network. The light-colored network (top) is a PDMAA hydrogel control (i.e., without grafted metal-coordinatiran&lityti

that has been swollen in the same 0.01 M Fef¥®olution for more than 24 h without eliciting any color change.

Table 2. Comparison of Iron-Coordinating Hydrogelst

Sample Composition C/H/N Analysis Iron Analysis
conc. graft AEMA Elem. .
of2 | length | (mol% in “‘;lwc:‘o!,a)tfd Analysis | N ;ﬁ;}) Picture
mol%) | (M,) | grafts) ’ (Wt%) ° °
C:582 | C:59.06 .
@ | 30 7500 58 H:7.8 H: 8.66 43 4.1
N:66 | N:7.50 | N "
C:590 | C:58.97 ] ,
®) | 10 8000 59 H: 83 H: 8.37 2.9 2.9
N: 89 N: 9.31
C:592 | C:59.88
© 1 30 5600 30 H: 8.4 H: 9.08 2.5 2.2
N:9.6 N:11.19 A
C:59.7 | C:59.47 ‘ :
®| 10 5200 32 H: 8.7 H: 8.39 1.5 13 ||
N:11.1 | N:12.15 ' B

a(*) The expected mass fractions of C, H, and N are computed from the network and graft compositions. (**) The maximum iron content corresponds
to the total mass fraction of iron if each ¥ebinds to three AEMA units.

of block copolymers has prompted synthesis of controlled

The method described in this contribution (i.e., living

architecture polymers that contain metal-coordinating pendantradical grafting within photopolymerized networks) is ideally

functionality3¢ Finally, water-based coatings have been suited for preparation of polymer-supported metal catalysts
designed from linear polymers containingrdicarbonyl
groups because they react with primary amines (i.e., di- results to demonstrate this application. First, a water-
amines) to create a cross-linked fif¥’

(37) Esser, R. J.; Devona, J. E.; Setzke, D. E.; Wagemaridg. Org.
Coat. 1999, 36, 45-52.

and separation media. Figure 4 contains the approach and

swellable network (i.e., hydrogel) was created by photopo-
lymerization ofN,N-dimethylacrylamide an& cross-linked

with poly(ethyleneglycol) dimethacrylate. Then, comonomer
solutions, containing ca. 20% (mol/mol) 2-(acetoacetoxy)-
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ethyl methacrylate and ca. 80%,N-dimethylacrylamide does not affect the living radical initiator; and (2) functional
were grafted via NMP. The functional gel pictured on the monomers are tethered to the network via a linear chain to
bottom in Figure 4 is a metal-coordinating hydrogel after afford maximum mobility and activity while still covalently
swelling in a 0.01 M Fe(Ng); solution for approximately 2  attached to the highly swollen gel.

min. The red color indicates the complexation of Faith Perhaps most importantly, this technology is not limited
the grafted acetoacetoxy (i.e., ketoester) moieties. A picturetg metal-coordinating grafts and/or networks formed with
of a control network, which contained no ketoester func- gpecific chemistry. Nitroxide-mediated polymerization and
tionality, is also shown in Figure 4. The control gel has a ATRP have been implemented in the synthesis of complex
yellow tint due to swelling in the light yellow Fe(N{ macromolecules with low polydispersity from a large variety
solution. of different monomers as well as well-defined block and graft
Table 2 contains the results of a comparison between fourarchitecturé314 Furthermore, sequential activation of ni-
networks containing 1 or 3 mol % @fand internally grafted  troxide and ATRP polymerizations within the same linear
with random copolymers containing ca. 30 or 60% AEMA. polymer system has been demonstrated. Therefore, by
Pictures of the swollen, metal-coordinated hydrogels (after incorporating both 2 and 3 within a photo-cross-linked
removing unbound metal) indicate that the red color intensity, network, two distinct grafts could be prepared in a straight-
which corresponds to iron complexation with three ketoester forward manner. The ability to control both graft density
groups, differs for each hydrogel network. NMR analysis of and length may be very important for networks where grafted
unbound chains grown during the graft copolymerization chain interactions provide specific function or properffes.
provides information about molecular weight and composi- Additionally, exchange of nitroxide initiator-terminated chain
tion of the grafted chains. This information, in conjunction ends with functional TEMPO derivatives offers a method
with the compositions of the photopolymerized networks, for tethering specific functionality within a network that
translates into specific mass fractions of the atomic speciescould be very useful for a multitude of applications in
C, H, and N in the grafted network. Results from elemental sensors, functional gels, and other advanced cross-linked
analysis of the dried networks confirm that the mass fractions materials’®*#? Finally, further development of initiating
of C, H, and N calculated from the NMR results and network systems for water-soluble monom®&r¥ facilitates more
compositions are reasonably accurate. Discrepancies betweerobust application of this methodology to various biomate-
the composition information and the elemental analysis rials and biosensors.
results can be attributed to the uncertainty in the composition

information from the FTIR and NMR measurements required Conclusions
to calculate the conversion of the photopolymerized network
and grafted chains, respectively. A methacrylic alkoxyamine initiator and a methacrylic

The maximum iron content was computed by assuming tertiary bromide initiator were synthesized and t_he _Iiving
that every bound iron cation coordinates with three ketoesterradical initiators were stable during photopolymerization of
groups. Thermal gravimetric analysis (TGA) on the dried, comonomer formulations containing them and other mono-
iron-coordinated networks provides a quantitative experi- and divinyl monomers. After incorporation into loosely cross-
mental measure of the iron mass fraction. The amounts oflinked networks and upon subsequent activation of the living
iron in the dried networks correspond very well to the radical initiators, linear polymer chains were covalently
maximum amounts of iron possible in each gel if every'Fe ~ 9grafted throughout the network. This concept was demon-
coordinates with three ketoester groups. In fact, each networkStrated by grafting polystyrene within a network cross-linked
contains 84% or more of the maximum expected iron content, With methacrylic anhydride, degradation of the grafted
This result indicates that the efficiency of iron binding is Network to soluble, linear polymers (i.e., polystyrene chains
very high in the grafted networks. Interestingly, the iron and poly(methyl methacrylate) kinetic chains), and analysis
binding occurs at a higher efficiency in the A and B of the degradauon prOdl.JC'FS by gel permeat|on.c.hromatog—
networks, which were grafted with longer copolymer chains "aphy. Linear grafts within the network exhibited low
(ca. 8000 Da) and a higher concentration of ketoester groupsPolydispersity and well-controlled molecular weight (based
(ca. 60% of the repeat units). Finally, the qualitative trend ©n the ratio of monomer to Iivipg radical initigtor). Fmally,
in red color intensity matches the quantitative TGA results. & network with different chemical and physical properties

The example shown in Figure 4 and the comparison of was synthesized and grafted in the same manner. Specifically,

networks in Table 2 are simply demonstrations. In fact, one

can imagine incorporating any of a large number of (38) f;ilfgqtgg A. B.; Klier, J.; Aronson, C. ACS Symp. Sel.992, 480,
coordinated metals or metal ions within a network optimized (39) Ballesteros, O. G.: Maretti, L.: Sastre, R.; Scaiano, M&romol-

for specific chemical and mechanical properties, including ecules2001, 34, 6184-6187.

swelling and mesh size. Furthermore, facile control of the ) ;Oagtlh'?’i';g';‘g‘gfggecz'l; Fan, W.; Waymouth, R.Bmcromolecules
concentration and architecture of the grafted chains, as well(41) Hawker, C. J.; Barclay, G. G.; Dao, J. L. Am. Chem. S0d.996
i i i 118 11467-11471.
r
_as the Concentratlo.n. of the quIred func.tlon.al graft monome ' (42) Rodlert, M.; Harth, E.; Rees, |.; Hawker, CJJPolym. Sci., Part A:
is afforded by the living radical polymerization process. The Polym. Chem200Q 38, 4749-4763.

metal-coordinating network highlights a number of desirable Eﬁg marx, IE Sassa:, ﬁg;trahegron Le:é%%ozzsg_ 2é33133—2614.

H . H arx, L., rRassat, em. Commu .
featgres of thls tech_nOIOgy' (1) the network is photopoly- (45) Benoit, D.; Chaplinski, V.; Braslau, R.; Hawker, CJJAm. Chem.
merized, which facilitates spatial and temporal control but So0c.1999 121, 3904-3920.
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