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ABSTRACT: Soluble cross-linked nanoparticles were prepared by free radical copolymerization of styrene (ST,
M3) and ethylene glycol dimethacrylate (EGDMgMnonomers in homogeneous solution. Spherical nanoparticles
were obtained in the early stage of polymerization, and no gelation occurred up to 66% of yield. The isolated
particles are decorated with pendant vinyl groups that are target for further polymerization. The molar feed ratio
was ST/EGDM= 5/5, the monomer concentration 0.556 mol*dimd the initiator concentration 5 mol %. It was

found that as the conversion increased, the ratio of pendant vinyl groups reached a maximum value; however, the
size of nanoparticles continued to increase with the reaction time. The molecular weight distributions were
monomodal at short reaction times (30 and 60 min), however, at longer reaction times (90, 120, and 180 min)
these became multimodal. This was caused by intraparticle reactions (branching and cross-linking) and possibly
also by interparticle reactions (coupling). The reactive vinyl groups were detected by nuclear magnetic resonance
spectroscopy (NMR). The size of nanoparticles in swollen state was determined by dynamic laser light scattering
(DLS) method and in dried form by scanning electron microscopy (SEM). Molecular weight and distributions
were measured by gel permeation chromatography (GPC).

Introduction chain (Figure 1, notice Il/1). During the secondary intramo-
lecular cyclization reaction, the radical attacks double bonds
pendant on a side chain already chemically connected to the
same molecule (Figure 1, notice 11/2). The structures formed in
the intramolecular cyclization reactions are called microgfel3.

At higher conversion, the addition of Mand M, monomers

and macroradicals to pendant double bonds may become
significant as it leads to the formation of side chains (Figure 1,
'notice Ill). When the polymer concentration becomes consider-

The synthesis and application of nanoparticles have attracted
significant attention in recent years because of their potential
use as building blocks for a variety of nanotechnology applica-
tions12 Although there is a large number of techniques available
for the synthesis of nanoparticles, the preparation of more
complex, structured nanoparticles is significantly more chal-
lenging (homogeneous or inhomogeneous, inorganic or organic

func_tlongzl_lged coreshell** cross-linked; multilayer nano- ably higher, cross-linking is possible. Interparticular reaction
particles;™ etc.) can result in macromolecules with larger size and molecular
Cross-linked polymers formed by free radical polymerization \veight or an entire gel. (Figure 1, notice 1V). The possible
in homogeneous solution or in emulsion medium are used in reactions are the primary and secondary cyclization, addition
many current and emerging applications, including dental of M;, M, monomers and macroradicals to pendant double
materials}~*2 protective and decorative coatin{fs}* contact  pounds, and partly interparticular reaction that results in cross-
lenses> superabsorbent materials and hydrogels for biomate- jinked nanoparticles with pendant vinyl groups (Figure 1, notice
rials 1617 Soluble microgels isolated from vinyblivinyl reacting V).
systems and their NMR characterizations were first reported When designing a cross-linked polymer for a specific
by Dusek and Spevacék:9In solution at low conversion the  application, it is important to understand the network formation
main process is the addition of monovinyl {Mind divinyl (M) and the synthesized material properties. Bowman described the
monomers to linear radicals when the macroradicals formed mechanism of primary cyclizatioi; 27 its effect on the conver-
contain reactive pendant double bonds (Figure 1, notice I). The sjon28 and measured the differences between divinyl and trivinyl
pendant vinyl groups can take part in cycliza#ivr#? (Figure cross-linking agent® Shrinkage®®3! flexure3233 and water
1, notice a), cross-linking (Figure 1, notice b), or remain sorptior$* are additional properties that depend on the ratio of
unreacted pendant groups (Figure 1, notice c). Two types of cyclization and cross-linking reactions. Matsumoto described
cyclization are defined, primary and secondary. With primary the effect of polymer chain rigidity on intramolecular cyclization
intramolecular cyclization, the cycle is formed when the and cross-linking®
macroradical attacks the pendant vinyl groups in the same kinetic  Sherrington et al. reported soluble branched copolymers
which were synthesized by free radical copolymerization using
* Corresponding author. Phonet(36) 52-512900/22397. Fax+(36) & monovinyl and divinyl monomer, typically methyl methacry-
52-512938. E-mail: jborbely@delfin.unideb.hu. late (MMA) and ethylene glycol dimethacrylate (EGDM), and
T Department of Colloid and Environmental Chemistry, University of g thiol as chain transfer agent. In the presence of the chain

Debrecen. ; i i ;
¥ ElizaNor Polymer LLC. transfer agent, the molecular welght of the primary chains is
§ Department of Prosthetic Dentistry, University of Debrecen. SHbStanUa"y _reduced and gelation can be suppressed, even at
'BBS Nanotechnology Ltd. high conversiort®=42 Sato et al. have performed the polymer-
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Figure 1. Reaction pathway of free radical copolymerization for formation of cross-linking nanoparticlesadiovinyl monomer; M divinyl
monomer; and°] initiator. Symbol—e represents local radicals, while the double bond with the vertical line represents pendant double bonds.

ization of divinyl adipate (DVA) as an effective cross-linker Preparation of ST-EGDM Copolymer. In a typical copolym-
with azobis(isobutyrate) (MAIB) as the initiator in a homoge- erization reaction of ST, EGDM monomers, and AIBN initiator

neous solution using a large amount of initiator as a strategy the reaction mixture was heated to ®Din homogeneous solutions
for avoiding cross-linking? under nitrogen. The concentration of the total amount of monomers

: : : . was 0.556 mol/d and the initiator concentration was 5 mol %.
The focus of this work is how to prepare reactive polymeric A typical value of initiator concentration (mol %) would be 1%,

nanqpartigles with free radi(?al polymerizatior] ina homogengous but the polymerization process is very slow at 1 mol % initiator
solution without macrogelation. Although radical polymerization  ¢oncentration in this system; thus, a higher initiator concentration
of multivinyl monomers usually proceeds with gelation to yield - was used (5 mol %). Samples were taken before the gelation process
insoluble cross-linked polymers except when the ratio of cross- and then mixed with 4-fold excess of methyl alcohol, and the
linkers and/or the length of reaction time (or to be more precise, copolymer precipitate was removed using an ultracentrifuge. The
the rate of conversion) are lo#:3° the use of a much lower  copolymers were then purified by dissolution in toluene followed
total concentration of monomers causes the resulting polymerby repeated precipitation with quadruple excess of methyl alcohol
to be soluble even if there is a much higher ratio of divinyl and and then samples were again centrifuged. This purification process
the possible polymer yield is nearly 100%. The presence of a Was then reproduced and completed by drying at ambient temper-
large amount of good solvent enhances the formation of soluble,ature In vacuum. )

partially cross-linked, nanosized polymers containing pendant , Méthods. Nuclear Magnetic Resonance Spectroscopy (NMR)

) L . . . . ™M NMR spectra were recorded on a Bruker 200 SY NMR
23
Vm{}' grotupsﬂ The ol?rj]ectl'v € Otfhthls. Wo(rjk Its .:)O tp rOWdeda;hbaSI? spectrometer at 200 MHz. Deuterated chloroform (Gp@hs used
on how 1o Infiluence the size, the size aistribution and the ralio ¢ 5 gojyent. In the case of the spectra of the samples dissolved in

of the pendant vinyl groups of the polymer nanoparticles by cpcy, the integral value of the residual CHGleak at 7.26 ppm
the concentration of monomers and the initiator, the ratio of had to be subtracted from that of the wide peak of the styrene unit
divinyl monomers, and the reaction time. of the copolymer.

In this study the polymerization of the monofunctional styrene  Gel Permeation Chromatography (GPC).These analyses were
(ST) and the bifunctional ethylene glycol dimethacrylate carried out using a Waters chromatograph equipped 4C3bith
(EGDM) in a homogeneous solution is investigated at a four gel columns (7.8 mnx 300 mm, Styragel HR3, HR4, HR5,
comonomer feed of 5/5. The reaction conditions of the prepara-and HR6), a Waters 600 HPLC pump, and with Waters 490E UV
tion of soluble, reactive polymeric nanoparticles are described. and Waters 410 refractive index detectors. Calibration was achieved
The main properties were investigated as molecular weight, USing polystyrene standards with peak molecular weightty (n

: . . . . . the range 5817 520 000 g/mol in solution of THF (tetrahydrofuran;
polydlgper5|ty, the size of particles in the dissolved state and ¢ = 0.5%m/m). The determined molecular weights are not absolute
the dried form, and pendant content of the copolymeric

values but “polystyrene equivalents”. At the measuring of the

nanoparticles. average molecular weight of styrene cross-linked with ethylene
) glycol dimethacrylate, there is a limitation due to the branched and
Materials and Methods intramolecular cross-linked structure of the copolymer. At low

Materials. A series of ST/EGDM copolymers were obtained by molecular weight, the deviations are not significant because mainly
free radical copolymerization of monomers in the presence of linear polymers are formed at low conversion.
azoisobutyronitrile (AIBN). The stabilizers of the monomers, Dynamic Laser Light Scattering (DLS). Determination of size
namely, 4tert-butylcatechol for ST and hydroquinone monomethyl and distribution of nanoparticles was carried out by a BI-200SM
ether for EGDM were removed by extraction with 10% NaOH Brookhaven Research laser light scattering photometer equipped
solution followed by extraction with distilled water. Then the styrene with a NdyAg solid-state laser at an operating wavelength of
was distilled at low pressure, and ethylene glycol dimethacrylate 532 nm. In the application of DLS for particle sizing and size
was purified via column chromatography over,®4. AIBN distribution, the autocorrelation functions were at @@gle and at
obtained from Fluka was purified by recrystallization from methanol 25°C. The macromolecular concentration in a toluene solution was
(MeOH). Solvent, toluene was used after distillation. 0.01-0.4 mg/cn.
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Figure 2. *H NMR spectrum together with the structural assignments of a ST/EGDM copolymer sample ig @@@bmer feed 5/5, [monomer]
= 0.556 mol/drd, reaction time 120 min, [I= 5 mol %).
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Table 1.*H NMR Shift Values and Assignments decreased mobility of protons of highly intramolecularly cross-
chemical shift linked structures.
values (ppm) assignment The percent of pendant vinyl groups was calculated according
6.6-7.4 d: aromatic protons of ST monomer to eq 1. The pendant ratidP%) is the pendant content of
5.3-5.7and 5.8-6.2 I mfagneéicat”y_nolnequivalent protons nanoparticles related to the total vinyl content of EGDM in the
ol pendent vin : . .
3952 h Cﬂzof EGDM%g;%‘#q’; feed. The ratio was calculated on the basis of NMR integral
20.3-3.2 a.b, c, e, and f aliphatic protons of values of pendant vinyl group (2 protons) and methylene groups
ST and EGDM monomers of EGDM side chain (4 protons). Because of the broad signals
from polymers, the pendant ratio was measured and calculated
Scanning Electron Microscopy (SEM). The morphological on the basis of the integral values of pendant vinyl groups. With

characterization of the copolymer particles was carried out with a assessment of the typical error, the spectra of the copolymer
Hitachi 3000N scanning electron microscope. Drops of copolymer were integrated three times. The typical error was within 5%.
solution (10:1 mixture of chloroform and methanol) were placed The probability of the cross-linking reactions increases with the
on a carbon film coated on a copper grid and then were dried at conyersion and reaction time and it is reflected into the pendant
room temperature. Observation was done at an accelerating voltagglinw content, at 60 min (19.50% conversion), 44.4%; at 120
of 30 kv. min (36.94% conversion), 62.2%; at 180 min (55.99%

. . conversion), 45.0%; and at 240 min (66.35% conversion),
Results and Discussion

39.0%.
Copolymerization. The conversion of monomers and the
formation of nanoparticles were strongly influenced by the ICHZ:
concentration of monomers and the initiator. At higher comono- >
mer concentration at a low conversion, the entire reaction P% =—x 100 (1)
mixture turns to gelation. It was found that the optimum I*(CHz)z*
monomer concentration to avoid the gelation and to get 4

reasonable high yield was 0.556 molAirim these experiments
the yield related to different reaction times was in the range of

. : . . The change of the pendant ratio related to conversion is shown
30 min, 10%; 60 min, 19.5%; 90 min, 27.1%; 120 min, 37%;

! . . in Figure 3. It was observed that at low conversion, the ratio of
180 min, 56%; 240 min, 66.4% (based on the total weight of nangant vinyl groups increases and the maximum value at 37%
monomers) at [monj= 0.556 mol/drd and [I] =5 mol % qqyersion is 62%. The reason is that in the growing nanopar-
without gelation. The isolated nanoparticles were soluble in ic|es the sterical hindrance of pendants increases. However, at
toluene or chloroform for further experiments. prolonged reaction times, further reaction occurs causing a
Structure Determination by NMR Spectroscopy.The H decline of the ratio of pendant double bonds.
NMR spectrum of polymeric nanoparticles and the structural  petermination of Particle Size. GPC and DLS Analysis.
assignments are shown in Figure 2. The samples were dissolvedrhe molecular weight of copolymeric nanoparticles was deter-
in chloroformd, ar_ld tht_a chemical shift values_ and the assign- mined by the GPC method using polystyrene standards. Figure
ment are summarized in Table 1. On the basis of the spectrum.4 shows a representative set of gel-permeation chromatograms
the ratio of pendant groups was determined. (GPC) for reaction products isolated at different reaction times
Landin and Macoscé$ attempted to measure the pendant up to the vicinity of the gelation point. According to GPC
double bonds in methyl-methacrylate/EGDM copolymers by the measurements, the molecular weight,) showed an increase
IH NMR technique. They obtained linear pendant conversion with reaction time. As the polymerization time for copolymer-
versus monomer conversion relations in a series of experimentsization increases, the polydispersity (PDI) ratios grow and the
with varying amounts of EGDM and monomer concentration. distribution curves change from single peaks to wider, bimodal
Later, Dotson et &’ reported thatH NMR measurements result  distributions and are extended, shifted toward smaller elution
in negative pendant conversion values for a number of highly time. It can be observed thist, and PDI increase with reaction
branched copolymers. They explained these anomalies with thetime.
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70 — Table 2. Changes of Molecular Weight and Polydispersity with
Reaction Time for ST/EGDM Copolymers (ST/EGDM = 5/5, 5 mol
60 - +‘ % AIBN)
a ol . reaction My by Muw,p by GPC curve
S 0T V‘" + time (min) GPQ&(Da) GPC(Da) PDIbyGPC shapé
L . T e ; 30 21 600 17 000 15 mo
g 60 74100 61 000 1.6 as
E 30 90 134 900 94 400 29 sh
2 120 151 000 147 000 3.2 sh
8 20 180 1243 000 3120000 11.0 mu
A~
aMw,p was determined using polystyrene calibration; results are not
10 — absolute values, but “polystyrene equivalenis’< peak).? Explanation:
mo = monomodal, symmetric; as= monomodal, asymmetric; sk
0 } f f { shoulder; mu= multimodal.
0 19,5 36,94 55,99 66,35
Conversion (%) 100 28 nm
Figure 3. Relation of conversion on the relative content of pendant
vinyl groups for ST/EGDM copolymers ([monome¥] 0.556 mol/dr, 90 +
[I] = 5 mol %).
80 +
Reaction time: 70 +
2 60+
g 82 nm
30’ ‘E 50 +
= A0 +
30 +
60’ 20 |
10 + 3Onm 416
R }
90 —/\ 18 28 44 70 112 240 381 603 1299

Diameter (nm)

Figure 5. Intensity-size distributions obtained by DLS@t= 90°, 1o
120° = 532 nm at 25°C, calculated by NNLS ([monomerF 0.556 mol/

dm?®, [I] = 5 mol %, reaction time= 120 min).
lSOj\\_ The swelling ratio depended on the density of cross-linking which

was influenced by the reaction time at a constant monomer ratio

and initiator and monomer concentrations. At longer reaction

and high monomer concentration, a large number of individual
. . . macroradicals starts to grow in the solution.

Elution Time (min) g

Fi 4 GPCt ¢ I nol solated at different i SEM Micrographs. For demonstration of particle size
ijgure 4. racess of pregel polymers isolated at dirrerent reaction  y: <4, H ;

times of ST/EGDM copolymerization ([monomes] 0.556 mol/dm, distribution, one sample _Was analyzed and_ Figure 6 (pafSh

[l = 5 mol %). represents the SEM micrographs and histograms of the ST/

EGDM copolymer sample prepared at 120 min reaction time
with [mon] = 0.556 mol/dm and [I] = 5 mol % AIBN. In
order to obtain accurate images of separated polymer particles
the sample was dissolved and diluted in chloroform then mixed
with 10 v/v% amount of MeOH until the solution turned
opalescent. Subsequent to this, a 0.08 mol/@DS solution
was added to the polymer solution, and after drying it was coated

20 25 30 35 40 45

At 30 min reaction time, the peak refers to 17 000 Da and it
is a symmetrical, monomodal polymer. However, at 90 and 120
min reaction time, the GPC trace shows a bimodal form with a
new maximum at 147 000 Da. It means that small particles are
still present, and new larger particles are formed, respectively.

At 180 min reaction time, very large polymers were detected | . : . ) X
with a peak at 3120000 Da molecular weight. Data are with a thin gold fllm.. The images were obtained at 25 and 30

) . kV voltage and at different magnification factors.
summarized in Table 2.

Hydrodynamic diameters of RPNPs isolated at 30, 60, and [N order to observe larger particles in the range 0f-30600
120 min reaction time were measured by DLS. At 30 min nm and smaller ones in the range of 30 nm, images were
reaction time, the average hydrodynamic diameter of swollen taken at different magnifications of the same sample (Figure
nanoparticles is in a range of4.1 nm, at 60 min reaction time ~ 6A.B). It was found that a high number of small particles were
ranges from 17 to 60 nm, and at 120 min reaction time, the aggregated in other areas of the image taken of the same sample.
size of the distribution is broad (see Figure 5). Large spherical particles were disclosed, which show an

The results show that the size of nanoparticles increases andndividual form on the carbon layer of the copper grid (Figure
the distribution curves shift toward the large particle size region. 6A). Necessarily the smaller particles can also be found on the
As it is expected, the cross-linked nanopatrticles swell in toluene. picture (not contrast points). However, size and quantity of these
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Figure 6. (A—C) SEM micrographs and size distributions of ST/EGDM copolymer ([monomed]556 mol/dr, [I] = 5 mol %, reaction time
= 120 min).
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particles are still dissolved particles are also nanoparticles

* Dissolved small-sized precipitated
particles
Figure 7. Schematic representation of the “fractional precipitation and aggregation” copolymer sample during preparation of the SEM

sample.

particles cannot be determined at this magnification; thus, it completely different picture from that above (Figure 6C). These
was not presented on this histogram. agglomerates are very similar in conformation and typically
The small particles (36300 nm) are also in individual forms  consist of polymer particles in the range of 50 to 150 nm.
on the carbon layer of the copper grid at higher magnification Formation of agglomerates is presented in Figure 7, which
of Figure 6A (see Figure 6B). shows a fractional precipitation and it was caused by a different
However, in the same sample in the hole of the grid, the speed of evaporation of solvents (mixtures of chloroform and
particles are stacked to the carbon layer which shows a methyl alcohol).
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The SEM images also support the results of GPC and (9) Braga, R. R.; Ferracane, J. Crit. Rev. Oral Biol. Med. 2004 15,
DLS, according to which copolymers produced at 120 min or 176-184.

. . . . 10) Kleverlaan, C. J.; Feilzer, A. Dent. Mater.2005 21, 1150-1157.
longer reaction times show a great extent of polydispersity. Ellg Kim, J. G.: Chung, C. MBiomaterials2003 24, 3845-3851.

(12) Uveges, A.; Bukovinszki, K.; Szaloki, M.; Hegedus, C.; Borbely, J.

Conclusion IADR Pan European Federation, Dublin, Ireland, September 13-16,
; : 2006; 56.
Styrer_1e was copolymerized with a large amount of ethylene (13) Raquois, C.: Tassin, J. F.: Rezaiguia, S.: Gindre, APKAg. Org.
glycol dimethacrylate (monomer feed: ST/EGDM5/5) by Coat 1995 26, 239-250.

free radical copolymerization in homogeneous solution. The (14) Uveges, A.; Hartmann, J. F.; BorbelyPhlym. Prepr2004 45, 164
samples were analyzed with GPC, DLS, NMR, and SEM 165. _

methods. Cross-linking reactions were generated up to high T o g M Radke, C. J.; Prausnitz, JPblymer2005
conversion rates, and polymerization yielded soluble nanopar- ) wichterle, O.: Lim, DNature 1960 185, 117-118.

ticulate products. As a result of the copolymerization process, (17) Erdodi, G.; Kennedy, J. ®rog. Polym. Sci2006 31, 1—18.

a conversion of up to 66% was obtained at 0.556 mol/thtal (18) Dusek, K.; Spevacek, Polymer198Q 21, 750-756.

amounts of monomers and the GPC and DLS results showed(19) Spevacek, J.; Dusek, K. Polym. Sci., Polym. Phys. E#98Q 18,
monomodal molepular weight and monqmodal size dist.ribution 20) Dusék, K.: llavsky, MJ. Polym. Sci., Part C: Polym. Sympo75
of polymer particles at low conversions and multimodal 53, 57-73.

molecular weight distributions at higher conversions. The (21) Dusek, K.; Galina, H.; Mikes, Rolym. Bull 198Q 3, 19-25.
polydispersity of the particle size confirmed by SEM micro- (22) Tobita, H.; Hamielec, A. EPolymer199Q 31, 1546-1552.
graphs represented that individual spherical nanoparticles were(23) %gham' N. BMacromol. Chem., Macromol. Sym995 93, 293~
formed. At a longer reaction time, the size of particles increased (24) Elliott, J. E.: Lovell, L. G.: Bowman, C. NDent. Mater 2001 17,
and submicrometer sized particles were obtained. The measure- = 221-229.

ment of pendant double bonds showed an increased reactivg25) Elliott, J. E.; Bowman, C. NJ. Phys. Chem. 2002 106, 2843~

; ; ; 2847.
g:8;gec(:jo\r/]v(i:tflngr%t\llvoi?]ga::(;[rt:\?ef::)r:] of the reaction, which then (26) Elliot, J. E.; Bowman, C. NMacromolecule®002 35, 7125-7131.

(27) Anseth, K. V.; Wang, C. M.; Bowman, C. WMacromolecule4994

We found that there are very promising methods of the 27, 650-655.
application of examined reactive copolymer nanoparticles in the (28) Lovell, L. G.; Newmann, S. M.; Donaldson, M. M.; Bowman, C. N.
production of coatings or restoration materials. Dent. Mater 2003 19, 458-465.

(29) Elliott, J. E.; Bowman, C. N\Macromoleculef001, 34, 4642-4649.

30) Chung, C. M.; Kim, J. G.; Kim, M. S.; Kim, K. M.; Kim, K. NDent.
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The a”thoLS Wg.L"d hkpel to tt.hagk Zsolt Dudas for taking the SEM - o) ' o0 A S nuieci, J. MBiomaterials2003 24, 28812888,
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