6656 J. Am. Chem. S0d.997,119, 6656-6665

Shell Cross-Linked Knedels: A Synthetic Study of the Factors
Affecting the Dimensions and Properties of Amphiphilic
Core-Shell Nanospheres

K. Bruce Thurmond, Il, Tomasz Kowalewski, and Karen L. Wooley*

Contribution from the Department of Chemistry, Washingtonsgrrsity, One Brookings Drie,
St. Louis, Missouri 63130-4899

Receied April 3, 1997

Abstract: Shell cross-linked knedels (SCK'’s), nanometer-sized spherical particles that are composed of a core-shell
morphology, were prepared by intramicellar polymerization of side chain functionalities along the backbone of the
hydrophilic block of amphiphilic polystyrenke-poly(vinylpyridine) block copolymers organized into micellar
assemblies. Control over the size of the SCK’s was demonstrated through variation of the chemistry and processing
conditions. The solid-state SCK diameters (from atomic force microscopy) ranged from 8 to 30 nm, depending
upon the chemical composition and micellization time. The relative amount and nature of hydrophilicity in the
amphiphilic block copolymer precursor to the SCK'’s affects the propensity for aggregation, leading to differences
in the aggregation numbers of polymer chains within the micelles and to differences in the dimensions of the SCK’s.
Therefore, increased lengths of the PS (hydrophobic) block in comparison to the PVP (hydrophilic) block gave
larger aggregation numbers and larger SCK’s. Alternatively, the incorporation of more quaternized sites along the
PVP backbone (increased hydrophilicity) gave smaller SCK’s. Quaternization of the PVP using poly(ethylene oxide)
(PEO) to give water soluble side chain grafts also resulted in decreased SCK diameters and more narrow size
distributions, in comparison to the SCK with no PEO. Allowing longer times for micelle formation prior to cross-
linking gave larger SCK’s and broader size distributions, due to coalescence of the polymer micelles.

Introduction forces, has provided a powerful and simple method for the

. creation of unique structural assembltést?

The development of new poI_yme_r structures and arch|tectur§s Polymer micelles are amphiphilic particles with diameters
_has become an mtense!y gtudled field of nanotephnology. Th'sgenerally ranging from 20 to 200 nm that are formed through
is due'to both agadem|c |nterests,'and, more importantly, thethe self-assembly of block copolyme#si42021 Polymer mi-
potential that unique hanometer-sized structures have Sh_owncelles are being actively investigated for a number of potential
toward performance in a broad range of medical, mechanical, 5, jications that would take advantage of their core-shell
and electronic applicatiods? The properties of macromol-

. - structure; for example, they are showing promise as vehicles
ecules and macromolecular assemblies are af'fecteq by the|r5|ze(§Jr drug deliveryl? Micelles exist at concentrations above a
and she_lpes; thus a great deal gf e_ff_ort has been directed toward i1 micelle concentration (cmc), and the structure of the
controlling the geometries O.f |nd!V|duaI p.olymers and larger - icelie is dependent upon the nature of the solvent system. In
aggregates. Chemical functionality, physical means, and self-

bl hni hat have b d eneral, micelles are thought to have a hydrophobic core with
assembly are techniques that have been used to generate an arr hydrophilic shell, but if the solvent system is made less

of Sh?‘ped structures. _For _example, ta_kl_ng advar_ltage_of thehydrophilic, then the core and the shell may be inverted to give
selective chemical functionality and reactivity of multifunctional o\ /o ce micelles. These limitations on environment specificity

monomers allows for polymer growth through specific sites to .o, hecome problematic when working with polymer micelles.
produce dendritic or hyperbranched polymrhich are two Polymer micelles are typically spherical in shape, but several

forms of globular macromolecules. Templatitiymicromold- morphologies have been reported for at least two different block
ing,® and capillary actiohare techniques that have been used

to provide structural control in the nanofabrication of large and
complex patterns of materials through physical manipulation.
Similarly, self-organization, driven by attractive and/or repulsive
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Figure 1. Schematic representation of the formation of SCK’s.
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copolymers through variations in the block length ratios, thus
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phiphilic nature to the block copolymer and also introduces the
cross-linkable moiety. Micelle formation is then accomplished
by dissolving the quaternized block copolymer in a mixture of
water and tetrahydrofuran (THF). Finally, the resulting micelle
is cross-linked by irradiation in a Rayonet photochemical reactor
(Hg lamps) in the presence of a radical initidtoio produce

the shell cross-linked knedel (SCK) (Figure 1 and Scheme 1).
In order to improve the understanding of SCK formation, and
to generate materials of a broader range of sizes, variation in
the chemical composition of the amphiphilic block copolymers
and the reaction conditions used for SCK formation were
investigated (Table 1). Characterization of the resulting effects
upon the SCK sizes and shapes were evaluated by atomic force
microscopy (AFM).

Similar to light-scattering techniques, AFM provides mea-

making it possible to obtain a broad range of particle shapes gy rement of size and size distribution. Importantly, AFM also
and sizes? Since applications are size specific, the particle gows for visualization of three-dimensional sh#hend

size for any type of nanostructure is a crucial parameter that
must be accounted for when attempting to apply these synthetic

materials. For example, the efficiency of DNA transfection
using polyamidoamine (PAMAM) dendrimers as the delivery

agent was found to be highly dependent upon the generation

number (i.e. dendrimer sizé¥:25 The ability to complex or
encapsulate guest materials has also been shown to be relial
on the relative size of the guest and h&st.

We recently reporteéd a method for the formation of shell
cross-linked knedet8 (SCK’s) as a novel polymer micelle
structure3® which is stabilized through covalent bonds between
functionalities along the backbone of polymer chains located
in the peripheral shell. The initial SCK’s had average diameters

of ~22 nm, which is intermediate between the accessible sizes

for dendrimers and latex particles, making unique properties
and applications possible for SCK'’s. Herein, we report several

measurement of sizes in the solid state, which eliminates
perturbations due to solvent swelling. In the previous sfiidy,
AFM was used to establish that SCK's are able to form
monolayers of aggregates upon adsorption on freshly cleaved
mica, indicating that the cross-linking of the shell proceeds
through intramicellar reactions. Monolayer aggregates of SCK’s

Nexhibited uniform heights from the center to the edge, and the

heights and lateral sizes of SCK’s in those aggregates agreed
to within 10%, indicating little or no flattening of the SCK'’s
upon adsorption onto the surface of mica. These observations
validated the use of heights of isolated SCK'’s, deposited from
dilute solutions, as a measure of the unperturbed particle sizes.
As discussed below, single-particle analysis allows for the
determination of particle size distributions, providing more
adequate characterization of the materials.

parameters that affect the SCK sizes and variations in SCK Relative Block Lengths. The effects of the relative ratios

compositions, as well as the ability to control these properties.

Results and Discussion

As shown schematically in Figure 1, the SCK’s are prepared
by cross-linking of functionalities located in the shell domain
of polymer micelles. The first example of an SCK was

of hydrophobic and hydrophilic block lengths upon the resulting
SCK'’s were determined from block copolymers having three
different PS:PVP contents. The block copolymers used for this
study were prepared by anionic polymerization and contained
PS:PVP ratios of 1:2.0, 1:1.2, and 1.9:1 givifhg2, and 3,
respectively (Scheme 1). Quaternization o#5% of the
available pyridyl groups o1—3 with p-(chloromethyl)styrene

composed of a hydrophobic polystyrene (PS) core and agdave the amphiphilic block copolymers-6. Each of the

hydrophilic cross-linked poly(vinylpyridine) (PVP) shell, which
was prepared by a three-step process. Initially, a block
copolymer consisting of polystyrene and poly(vinylpyridine) is
synthesized through anionic “living” polymerization (Scheme

guaternized block copolyme#—6, was soluble in the pO:
THF, 2.5:1 solvent mixture, which provided an environment
for self-assembly into spherical micellar aggregates at block
copolymer concentrations of107> M. Irradiation of the

1). Secondly, quaternization of a percentage of the available polymer micelle solutions o#i—6 containing 4,4azobis(4-

pyridyl groups withp-(chloromethyl)styrene imparts an am-
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4897.
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Chemical Society: Washington, DC, 1996; pp $2915.
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D. A. F. J.; de Brabander-van den Berg, E. M. M.; Meijer, E. WAmM.
Chem. Soc1996 118 7398.

(28) Thurmond, K. B., Il; Kowalewski, T.; Wooley, K. L1. Am. Chem.
Soc.1996 118 7239.

(29) Note: knedel is a Polish word to describe a food of meat surrounded
by a dough layer; pronouncedred 'l.

(30) A discussion of the comparison of SCK’s to dendrimers, hyper-

cyanovaleric acid} formed the SCK’'s7—9, respectively, as
demonstrated by the elimination of a detectable cmc by pyrene
excitation spectroscopi}:28

The first apparent difference between the SCK’s9, was
observed as differing qualitative degrees of solubility. The SCK
composed of 1:2.0 PS:PVH, remained suspended in the
agueous solution for an indefinite period of time even after
removal of THF, while8 began to precipitate after a month
under the same conditions. Furtherm®&eawhich is composed
of the highest hydrophobic content, with a 1.9:1 ratio of PS:
PVP, was visually a more turbid solution than eitfreor 8
immediately following cross-linking.

(31) The formation of radicals from 4;4zobis(4-cyanovaleric acid) and
subsequent polymerization of the styrenyl groups to effect SCK formation
appears to occur by a combination of heat and light. The temperature within
the Rayonet photochemical reactor waS0 °C, at which 4,4azobis(4-
cyanovaleric acid) has a half-life 100 h. Heating the reaction solution at

branched polymers, and arborescent polymers (or dendrigrafts) can be founds0 °C did not result in SCK formation, neither did irradiation at room

in Wooley, K. L. Chemistry--A European Journah press.

temperature.
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Scheme 1.General Synthetic Approach for the Formation of IRBVP 1—3, Quaternization of a Fraction of the Pyridyl Groups
with p-(Chloromethyl)styrene To Yield—6 and 13—16, and Polymerization of the Styrenyl Side Groups To Give
Cross-Linking of the PVP Domains within the Block Copolymer Micelles, Resulting in the Formation of Shell Cross-Linked
Knedels (SCK’s)7—12, and17—20
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Differences in the diameters of the SCK’s were measured and9, respectively. Therefore, the variation in size of the SCK'’s
by AFM. As seen in Table 1, with increasing PS percentages, is due to the differences in the block copolymer aggregation
increases in the average SCK diameters are observed, fomumbers during micelle formation, as well as to the slight
example, 9, 15, and 23 nm f@ 8, and9, respectively. When  variations in molecular weights of the block copolymers.
the content of the block copolymer is 1:2.0 PS:PVP, the smallest

SCK is obtained,7. An increase in the hydrophobic block SCK generated from the 1:2.0 PS:PVP block copolymer. Each

length to PS:PVP, 1:1.2, gives an intermediately sized SCK, , . . .
possessing an intermediate rate of sedimentation or precipitation.Of the SCK’s shown in Figure 2 was prepared by first allowing

Block copolymer6, with the greatest polystyrene content, the micelles to form over at least a 12 h period of time, followed

produces the largest micellar aggregates and results in the largedty 2ddition of the radical initiator and irradiation. It is clear
SCK, 9, which most readily precipitates from solution. that this is not an optimal method for obtaining uniform particle

Approximate numbers of polymer chains composing each of a5 The pT— . FPS (
) ; 32) The densities were approximated from known densities of PS (1.05
the SCK’s can be calculated from the AFM diameters, block g/mL) and PVP (1.14 g/mL) and from percentages of PS and PVP in each

copolymer molecular weights, and approximate densities, Sck Densities fo, 8, and9 were calculated to be 1.11, 1.10, and 1.08
giving 12, 79, and 290 as the aggregation numbers7f@, g/mL, respectively.

In Figure 2a, a breadth of particle sizes is apparent for the
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Table 1. Data for the SCK’s the quaternization percentages and quaternization species were
polymer percent PEO micelle  particle studied. The large number of pyridyl groups along each of the
PS:PVP molecular quaterni- quaterni- formation diamete? block copolymers provides numerous sites for the introduction
SCK_ ratio  weights zation zation? time(h) (nm) of multiple species to alter the physical and chemical properties
Variation in PS:PVP Block Length Ratios of the SCK’s. Initially, the effect of the percent of pyridyl salts
7 120 20700 46 NO 17 93 : :
8 112 14600 47 NO 125 152 present in the block copolymerd;—6 and 13—16 upon their
9 191 14400 43 NO 19 23 4 micellization and SCK formation was studied. Further alteration
Variation in Micelle Formation Time of the SCK was made by the incorporation of PEO through
10 1:2.0 20700 46 NO 25 %2 guaternization of the polymer backbone with monofunctional
7 120 20700 46 NO 17 23 PEO prior to cross-linking.
11 112 14600 47 NO 25 142 . : N
8 112 14600 47 NO 125 152 Differences in the quaternization percentages of polygher
12 191 13800 32 NO 1.75 19 4 were investigated with the formation of block copolymé®;
19 191 13800 32 NO 12 2Z5 14, and 5, which gave SCK's17, 18, and 8, containing
Variation in Percent Quaternization respectively 15, 21, and 47% of the pyridyl groups quaternized.
17 112 11900 15 NO 135 183 During the formation ofl7, a precipitate formed, whil&8 was
12 ﬁg 1421288 ‘21% Hg ig 5 ﬁg soluble during irradiation, but then began to form precipitate
19 191 13800 32 NO 12 >75 after~10 days. These observations, along with the fact&hat
20 191 14100 38 NO 16 292 was soluble for a month, indicate that increasing the quater-
9 191 14400 43 NO 19 234 nization percentage leads to increasing water solubility for the
Addition of PEO SCK'’s. Further substantiation of this conclusion is seen in
24 120 20708 46 YES 18 12+ 2 comparison o with 19 and20. The SCK’s19 and 20 had
7 120 20700 46 NO 17 93 o o T .
23 112 14600 47 YES 165 12+ 2 similar solubility characteristics, in which they both were less
s 112 14600 47 NO 125 15 2 soluble tharB, and both seemed to begin to precipitate during
22 1.9:1 13808 30 YES 18 22+ 4 the SCK formation with even more material settling out of
19 191 13800 32 NO 12 2E5 solution over time (23 months). This demonstrated that lower
aNumber average patrticle heights from measurement of-200 amounts of Charged sites along the PVP chain decreases the

particles by tapping mode AFM of SCK's adsorbed onto mica. hydrophilicity and electrostatic effects, thereby decreasing the
Uncertainties are calculated as standard deviations of average particlgygter solubility. It should be noted that increasing amounts of
et ; eV F .
z'faﬁé :;ngrr?g 'S‘Euolamggmiszgggnquatem'zat'on percentag ' guaternization byo-(phIoromethyl)styren.e also gives increa§ing
numbers of cross-linkable groups, which could lead to higher
sizes, so the effect of micelle formation time upon the particle cross-link densities and further modification of the properties
size and size distribution was studied. (e.g. shell penetrability, rigidity, stability, etc.) of the SCK’s.

Micelle Formation Time. The particle size distribution plots Larger average particle diameters were observed by AFM
for 10, 11, and12 prepared with~2 h micelle formation time - ith ower quaternization percentages. S@kad an average
from 1:2.0, 1:1.2, and 1.9:1 PS:PVP are shown in Figure 3, giameter of 23 4 nm, but slight changes in the quaternization
with the average SCK sizes being 7, 14, and 19 nm, respectively. o centage resulted in only slight changes in the diameters: 27
As the time allowed for micelle formation is increased, 1 g and 29+ 2 nm for SCK’s19 and20. respectively. These
se_condary micelles of mpreased Sizes are forme_d, with both, 51 es are within the measured margin of error, thus seemingly
primary and secondary micelles being observed (Figure 4). Theindicating no real change in the particle diameter. However,

!ncreased sizes for Fhe SCK's can result from a (_:omblnatlon of comparison of the particle size distribution analyses indicates
increased aggregation numbers of polymer chains and coales-

; . that the SCK’s are quite different. As shown in Figure 5 and
cence of micelles. Coalescence of the positively charged sheIIsFi ure 4c. the average SCK diameter ®ois 23 nm andl9 is
seems unfavorable; however, the presence of the relatively Iarge17%/ lar érwith the h? hest number of SCK’s having a diameter
hydrophobic styrenyl unit used for quaternization along the PVP of 207 r?m These SgCK samoles were pre are?j with lon
backbone may decrease the electrostatic repulsions and allow. "~ .~ . pies prep - 9
for surface tension effects and van der Waals interactions equilibration t!mes, so the aggregatlon behavior can be discerned
between the surfaces to dominate. Due to the apparent bimodafromh(.:or:n parison of thg p(;llman{[ andfs;g:;ndary sizes dOf teach,
size distributions with discrete size increases, coalescence!! WhICh an incréase in diameter o o corresponas 1o an
appears to be the predominant growth mechanism. approximate doubling of the volume. The increase in size upon

The 1:2.0 PS:PVP system gave the largest percentage increas@oWth from the primary micelles to the secondary micelles for
in diameter (100%) between the primary and secondary micelles,® 18 ~30%, indicating combination of two micelles during
which corresponds to ar8-fold volume increase. In this case, coalescence to give the thermodynamically favored micelles.
the relatively short hydrophobic PS block length may form a In contrast, the diameter of the polymer micelles in the formation
smaller and less stable PS core. For the 1.9:1 PS:PVP systemOf 19increases by 45% from the primary micelles of 19 nm to
significant populations of primary and secondary micelles were the secondary structures of 27 nm dla_meter. _ThlS Increase
also observed, with av50% diameter increase, corresponding corresponds to coalescenceasf. three primary micelles and
to an ~3-fold volume increase. The 1:1.2 PS:PVP system suggests that the block copolymer used for the construction of
formed polymer micelles that did not significantly change in 19 has a stronger drive to aggregate than that used for the
size over time. For the remainder of the studies of composition preparation ob. In addition, the size distribution analysis plot
vs SCK sizes, longer micelle formation times were used to of 19 contains a tail extending toward larger particles, resulting
evaluate both the primary and secondary micelle sizes and tofrom even higher aggregation. SCI® was prepared frort5,
provide comparison of the propensity for aggregation between with 32% quaternization of the pyridyl groups, a®dwas
differing systems. prepared fron® with 43% quaternization. Therefore, the lower

Quaternization Effects. To broaden the types of SCK's that  hydrophilicity of 15 results in a higher propensity for aggrega-
can be prepared from a single block copolymer, variation in tion and the production of larger SCK’s, in comparison6to
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Figure 2. Tapping mode AFM images and height profiles of SCK’s adsorbed on freshly cleaved mica (a, t@p (leftjop right)8, (c, bottom)
9; prepared from 1:2.0, 1:1.2, and 1.9:1 PS:PVP block copolymers, respectively, eack4gih of the pyridyl nitrogen atoms quaternized by
p-(chloromethyl)styrene. The lateral sizes of the particles are distorted due to the finite size of the AFM tip; therefore, the particle diameters were
measured from the particle heights. Profiles of individual particles are consistent with spheres of diameters corresponding to the heights of the
images “convoluted” with a tip of+15 nm radius (typical radius of silicon tips used throughout this study).

Another method to alter the properties of the SCK'’s involved lacking PEO. For example, upon completion of cross-linking,
incorporation of poly(ethylene oxide) (PEO) into the hydrophilic the aqueous solution &2 appeared to be significantly less
shell. PEO has been shown to increase the blood circulationturbid than for the corresponding nonfunctionalized SCX
time and cause body distribution differences for polymer The same approach was used in the formatio28pfrom block
micelles! which could also prove to be important for potential copolymer5 and21. In this case23 remained in solution for
applications of SCK’s. Thereford5 was treated with mono-  up to 3 months while the non-PEO 1:1.2 PS:PVP SgHKegan
methyl ether bromo(polyethylene oxidéyl = 1950),21, and to precipitate after 1 month. Importantly, the incorporation of
the micellar aggregate of the resulting bleakaft copolymer PEO facilitated the resolubilization of freeze-dried SCK samples,
was polymerizedin situ. The PEO-functionalized SCK's in contrast to SCK’s with no PEO, for which dried samples
displayed improved water solubility, in comparison to the SCK’s could not be resolubilized.
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Figure 3. Histograms of fractions of particles particle heights (nm) to illustrate the size distributions of the SCK’sL(a)b) 11, (c) 12, each
prepared with short~2 h) micelle formation times prior to cross-linking.
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Figure 4. Histograms of fractions of particless particle heights (nm) to illustrate the size distributions of the SCK’s7(g}p) 8, (c) 19, each
prepared with longX12 h) micelle formation times prior to cross-linking.

0350 removal of the water, even using mixtures of solvents and
0.300 -] sonication. Therefore, the SCK’'s behave as cross-linked
materials. An exception to this behavior was found with the
incorporation of PEO. The PEO-functionalized SCK’s could

be freeze-dried and resuspended directly into water.

An interesting finding was that addition of THiiz-to a DO
solution of SCK results in observable styrenyl aromatic and
5000. aliphatic’H resonance® This demonstrates that even though
0 & 12 18 24 30 36 42 the SCK shell is several nanometers thick and cross-linked, the
Particle height [nm)] THF can migrate into the core of the structure and solvate the
Figure 5. Histograms of fractions of particles vs particle heights (nm) PS chains. Whe_n alomL SOI_Ut'Or_] of PEO-funCthnallzed SCK
to illustrate the size distributions of the SCX from 1.9:1 PS:PvP,  23was freeze-dried, the resulting film was soluble in a 20D
43% quaternization, and prepared with long (19 h) micelle formation THF-dg, and gave afH NMR spectrum that showed resonances
time prior to cross-linking. indicative of the protons of the PEO chains, as well as some
aliphatic protons and the aromatic protons of the non-cross-
The PEO increased the hydrophilic nature of the block linked PS core. The shell penetrability was also noted by the
copolymers to aid in their water solubility, which also decreased inclusion of pyrene which gave excitation spectra corresponding
the aggregation numbers of the micelles, to yield SCK’s of to the hydrophobic core environment of the SCK; there was no
smaller diameters. Comparisons®fvith 23 and 19 with 22 evidence of a cmc upon dilution of SCK solutions to1oM
show slight decreases in size upon the addition of PEO. In (concentration based upon polymer chains).
addition, the size distributions narrowed with the addition of Due to the insolubility of the cross-linked shells, solid state
the PEO. NMR proved invaluable in the overall SCK characterization.
Characterization. The'H NMR spectra of the quaternized  Solid state'3C NMR spectra displayed broad resonances in the
block copolymers displayed resonances for each of the differentfrequency ranges expected for the SCK composition. Infrared
protons within the structures. Qualitatively, the intensities of spectroscopy was also useful, in the confirmation of the
the resonances agreed with the compositions of the block composition of the entire SCK.
copolymers. However, due to incomplete solvation of the entire  static sessile drop contact angle measurerdafsH,0 on
amphiphilic block copolymers, the integration values of the the surfaces of the SCK’s and homopolymer samples of the
protons did not allow for accurate calculation of the amount of pjock copolymer components were performed to determine the
quaternization. Therefore, quaternization values were obtainedsyface characteristics and compositions of the SCK's. A
by elemental analysis. contact angle of 63was measured for 40 upon PVP (MW=
Characterization of the SCK'’s by solution state NMR was 50 000), whilep-(chloromethyl)styrene-quaternized PVP {25
complicated by further solubility problems. Although the SCK’s = 609) gave values of 5356°, and the contact angle of,B on
appear to be dissolved in water, existing as transparent lightps (Mw = 45 000) was found to be 92 Contact angle
yellow-colored solutions, no resonances are observable in themeasurements for SCK'3 8, and9 gave values of 46 49,

solution statéH NMR spectra of SCK’s in BO. Once filtered and 40 (+4°). Comparison of the SCK contact angles with
and diluted, the SCK’s remain suspended within an aqueous

solution, but it was not possible to resolubilize the SCK’s after  (33) Good, R. JSurface Colloid Sci1979 11, 1.

0.250 +
0.200
0.150
0.100
0.050
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Table 2. Tg's (°C) of the PS and PVP blocks &f6, Obtained
from DSC Scans with Heating Rates of 10/min over the
Temperature Range from 50 to 220.

time allowed for micelle formation. Differences in the relative
block lengths were found to have the most dramatic effect upon
the aggregation numbers of the polymer micelles and, therefore,

DSC 5 6 13 upon the diameters of the resulting SCK’s. In addition, the core
heating diameter and shell thick Iso affected by the relati
scan no. Tors (Torve (Tors (Torve (Tors (Tarve (Tors (Tomvr iameter and shell thickness are also affected by the relative

block molecular weights of the block copolymers. The reactiv-

second 80 183 93 a 98 148 . . . T
third 83 187 94 193 97 b 103 158 ity of the pyridyl units toward quaternization was used both to
fourth 82 191 92 197 96 b 102 154 attach functionality and to alter the properties of the SCK’s.
fifth 78 199 92 200 96 b 100 157 Variation in the extent of incorporation of cross-linkable

functionalities leads to differences in the cross-link density of
the SCK shell; however, under all cases studied, the shell
remained penetrable.

those of PS, PVP, and quaternized PVP indicated that quater- Further modification of the chemical compositions and
nized PVP was indeed composing the shell and that at leastcharacterization of the structures of the SCK’s are in progress.
some of the quaternized sites were near the SCK surface,We are currently taking advantage of the unique SCK core
resumng in a positive|y Charged and hydroph|||c nanosphere_ environment for encapsulation and also the shell reactivity for
The hydrophilic nature of the PEO-functionalized SCK’s gave surface interactions to investigate the ability for SCK'’s to serve
even lower contact angle values; however, the measurement§ls mimics of biological delivery agents. Important character-
were complicated by dissolution of these SCK’s into the water. istics of the SCK's resemble those of polymer micelles,
Differential Scanning Ca|0rimetry (DSC) and thermogra\/i_ including their core-shell morphology, controllable nanometer-
metric ana|ysis (TGA) were used for the thermal ana|ysis of size range, narrow size distribution, water SOlUbi”ty, and ease
the quaternized block copolymers and the SCK’s. For the block Of synthesis. However, the significant improvement is that the
C0p0|ymer5, g|ass transition temperatur@@ @Vere observed SCK'’s are stable structures, which are not deStroyed by dilution
for both the PS and the PVP domains (Table 2). TheTps (may be important foiin vivo applications), and they resist
depended upon the molecular weight of the PS block, the ratio deformation under shear forces. The SCK's are expected to be
of the PS:PVP block lengths, and the percent quaternization of superior materials for applications targeted for non-cross-linked
the PVP. As expected, th&, increased with increasing polymer micelles, as well as those for liposomes, and dendrim-
molecular weight, in whiclé exhibits a highefl, than4 and5. ers, such as gene therapy, drug delivery, coatings, etc., in which
Interestingly,4 displays a lowefT, than5, even though their the surface can be employed for binding and recognition while
molecular weights area equal (/s of 4700 and 4900, the core composition can be tailored for encapsulation and
respectively), which suggests that smaller PS domainé rieay release.
result in lowerTg's. Comparison of thely's for 4 and 13 ) )
indicates that phase separation differs with extent of Pvp Experimental Section

a A broad endotherm was observed from 120 to 180° A broad
endotherm was observed from 120 to 220

quaternization, resulting in differin@gy's for the PS phase. In
addition, the Ty of the PVP phase is lower with lower
percentages of quaternization. Battand5 have significant

Measurements. IR spectra were obtained on a Mattspalaris
spectrometer as KBr pellets’H NMR spectra were recorded as
solutions on either a Varian Unity 300 MHz spectrometer or a Varian

PVP content and similar percentages of quaternization, resultingGemini 300 MHz spectrometer with the solvent proton signal as

in comparableTy's for the PVP phase, which are higher than
that of 13. In contrastg exhibits only a broad endotherm from
~120 to 200°C. Increases in th&y's for the PVP blocks were

observed over successive runs, probably due to the occurrenc

of cross-linking at elevated temperatufés.
Each of the SCK’s gave similar results by DSC, in which no
explicit transitions were evident for the PS or for the PVP

standard. *3C NMR spectra were recorded at 75.4 MHz as solutions
on either a Varian Unity 300 spectrometer or on a Varian Gemini 300
spectrometer with the solvent carbon signal as standard. Cross-

é)olarization magic-angle spinnifgC NMR spectra were obtained at

foom temperature on a DNP CPMAS spectroniétbuilt around a
horizontal 6-in. bore Oxford superconducting solenoid operating at a
proton Larmor frequency of 60 MHz, 15.1 MHz for carbons. Lyoph-
ilized samples (206300 mg) were spun at 1859 Hz, and experiments

domains, but a broad endotherm was detected in each runbegan with 1-ms matched spin-lock cross-polarization transfers from

ranging from~100 to 180°C, followed by a broad exotherm
above 200°C. The exotherm corresponded to decomposition
onset exhibited in the TGA scans. The TGA runs typically
showed onset of decomposition-at80-200°C, with 2—10%
mass loss, followed by 4070% mass loss from 250 to 425
°C.

Conclusions

protons at 50 kHz followed by proton decoupling at 90 kHz. The
sequence repetition time for all experiments was 1 s.

Gel permeation chromatography (GPC) was conducted on a Hewlett-
Packard series 1050 HPLC with a Hewlett-Packard 1047A refractive
index detector: data analysis was done by Viscotek (Houston, TX)
Trisec GPC Software, v. 2.70. TwoBn Polymer Laboratories PL
gel columns (300« 7.7 mm) connected in series, in order of increasing
pore size (500 A, mixed bed E), were used with THF distilled from
CaH, as solvent. Glass transition temperatures were measured by

Amphiphilic core-shell nanometer sized spheres have beendifferential scanning calorimetry on a Perkin-Elmer DSC-4 differential
prepared as single shell cross-linked macromolecular assemblies$canning calorimeter. Heating rates were©min, andT, was taken

by the organization of amphiphilic block copolymers into

micellar assemblies followed by stabilization of the structures
through cross-linking of the outer shell of the spherical polymer
micelles.
compositions are accurately controlled by variation in the
hydrophobic/hydrophilic block length ratios, the nature of the

Due to the method of production, the sizes and

as the midpoint of the inflection tangent upon the third heating scan.
The Perkin-Elmer instrument was upgraded with Instrument Specialists,
Inc. (Antioch, IL) temperature program interface-PE, and data were
acquired and analyzed using TA-PC software version v. 2.11 (Instru-
ment Specialists, Inc.). Irradiation was carried out in a Rayonet
photochemical reactor containing Hg lamps. Contact angles were
measured as static contact angles with the sessile drop tectniging

hydrophilic block (e.g. the properties of the quaternizing species a Tantec CAM-micro contact angle meter and the half-angle measuring
and the extent of quaternization for the PVP material), and the method. The samples were prepared by solution casting of the materials

(34) Hale, A.; Macosko, C. W.; Bair, H. Blacromoleculesl 991, 24
(9), 2610.

(35) Afeworki, M.; McKay, R. A.; Schaefer, Macromoleculesl992
25, 4084.
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onto a microscope slide to produce films 0.5 mm thickness. PVP M, values were determined by comparison of the unique aromatic
Contact angles of water drops f4.) on the films were measured 30  proton resonances of pyridyl (8-B.5 ppm) and styrenyl (6-26.7 ppm)
s after drop application, and an average of five measurements is given.repeat units.

Samples for AFM imaging were prepared by placing al2drop Polystyreneb-poly(vinylpyridine) (1). A total of 28.9 g was
of suspension of SCK'’s (typical concentration abouuM) on freshly isolated. The PS used in this block copolymer had,a= 4700 with
cleaved mica (Ruby clear mica, New York Mica Co.) and allowing it a polydispersity of 1.17Mw/M,). The molecular weight of the PVP
to dry freely. Such prepared samples were imaged immediately after block was 9600, which gives a total molecular weight of 14 300 for
deposition as well as after several days without noticeable changes inthe block copolymer.

appearance and average dimensions. AFI_VI_imaging was performed  polystyreneb-poly(vinylpyridine) (2). A total of 42.25 g was
with the aid of Nanoscope III-M system (Digital Instruments, Santa jsolated. The PS used in this block copolymer had,a= 4900 with
Barbara, CA) operating in tapping mode and equipped with a J-type g polydispersity of 1.14M./My,). The molecular weight of the PVP

vertical engage piezoelectric scanner. Standard etched silicon probegyjock was 5800, which gives a total molecular weight of 10 700 for
(I = 120 um, spring constant-50 N/m, resonance frequeney300 the block copolymer.

kHz) were used throughout the study. Typical scan frequencies were
between 1.5 and 5 Hz, depending on scan fields, which varied from 4
um x 4 um to 500 nmx 500 nm. In tapping mode imaging, the
cantilever is oscillated above the surface at a frequency close to its
resonance frequency and touches it intermittently at the peak of each
oscillation cycle. The decrease of cantilever oscillation amplitude due o
to intermittent contacts is used as a control signal for a feedback loop G€neral Procedure for Quaterization of Polystyreneb-poly-

for tracking the surface topography. Throughout this study, tapping (V'”Y'F’Y”d'”e) with p-_(ChIoromethyI)styrene. These reactlons_were
mode imaging was carried-out with cantilever oscillation amplitudes C&rried out on quantities varying from 2 to 6 g. To a flame-dried 100
of about 10 nm. The typical value of a ratio of “tapping” amplitude to ML round bottom flask was added REPVP (1 equiv) and THF (26
“free” cantilever oscillation amplitude was equal to 0.95. The SCK 22 ML). After ~2 h of stirring under a Nflow, p-(chloromethyl)-
diameters were taken as the heights of the SCK’s, which were measurecyrene (15-100 equiv based upon polymer chains) was added. A pale
with the aid of bearing analysis procedure, using Nanoscope Ill software yellow color was almost immediately evident. The flask was covered

package. Distributions of heights of the SCK's were obtained from With aluminum foil and stirred for 1617 h, and then MeOH (2625
individual measurements performed on *@DO particles. mL) was added. A more intense yellow became evident over the next

. . . few h . A 2. , MeOH (7 mL iti |
Materials. Argon (99.9995%) was used for all manipulations and ew hours. After 2.5 days, MeOH (7 mL) was added and an additiona

° . . L . portion of MeOH (7 mL) was added 12 h later. Samples were taken
storage of materials. Styrene (Aldrich) and 4-vinylpyridine (Aldrich) L P . . S
were distilled from Caklthree times each and stored in the freezer. periodically and precipitated into hexane, filtered, and dried Hf

Prior t | ati 1 ferred vi . foll d NMR indicated incomplete quaternization (presence of sharp vinyl
rior to polymerization, styrepe was transierred via syringe foliowe peaks), then an additional amount of MeOH7(mL) was added. This
by addition of dibutylmagnesium (Aldrich) until a pale yellow color

. . ! . r was r t very 12 h. Over this time, the reaction mixtur
was evident. The mixture was then allowed to stir for 30 min. The process was repeated every Over this time, the reactio ure

luti d d three ti d distilled. Al ior t color changed to a blue/green. The total stirring time of the reaction
soution was degassed three imes and vacuum distiied. - AISo prior to ranged from 100 to 190 h. The reaction mixture was then precipitated
polymerization, 4-vinylpyridine was added to Cakhd the mixture

" d 1o stir for L2 h. Th luti d dth i d into hexane and allowed to settle for8 h. The hexane was decanted
Z. C:YI\IIed olsler_orh | .th | € solution WZS egaj_se t tr;]ee I'Itmzi an off, and the green solid was driéd vacuofor 1-2 days: IR (KBr)
istiled. 1,1-Uiphenylethylene, prépared according 1o the Ierture 3954 5950 2936-2800, 1950, 1870, 1810, 1640, 1600, 1560, 1490,

procedure, was degassed three tinsegBuLi was then added until a 1450. 1420 13801320. 1230. 1160. 1080. 1040. 1010. 910. 840 770
deep cherry red color was obtained. The solution was allowed to stir 710 cnt®; 3H NMR (CD:OD:CDCh, 2:1) & 1.1-2.0 (br m, G4, and

for 30 min, was degassed an additional three times, and was vacuum- _ —

distilled. Dry THF (distilled from purple potassium/benzophenone CH_Of backbone), 5&5'__2 (br d,J =10 Hz, rans CH=CHPM)yren,
Ketv] : terred Vi la 0 a flask tainina Na/b h 5.3-5.8 (br m, ¢€is CH=CHPh)syrene and PyrNCH,Styrene), 6.2
etyl) was transferred via cannula to a flask containing enzophe- o' (br m, (2 ortho AH)ps (2 ArH)eve, geMCHz—=CHPh)syrend, 6.7—

none, degassed three times, and vacuum-distilled directly into the -
reaction flask. seeButyllithium (Acros, 1.3 M in cyclohexane/hexane), ;fd(kz;mA“gz)SEtg A; gﬂg gaE?)rN:q)PS();AlH)Z '\?P)(b;n;’_ézsAa)rq”% PV(PZ
yrends 1. . ) , 8. . s

p-(chloromethyl)styrene (Aldrich, 97%), 4;4zobis(4-cyanovaleric ArH) 3 ppm
acid) (Acros 97%), and water (Sigma-Aldrich HPLC Grade) were used auat. PV ) ) .
Polystyreneb-poly(vinylpyridine) —N-(chloromethyl)styrene (4).

as received. The concentration of thecbutyllithium initiator was .

determined by titration with 2,5-dimethoxybenzyl alcohol in dry, freshly 1S was prepared from PSPVP 1 (5.30 g, 0.371 mmol) and
distilled THE p-(chloromethyl)styrene (5.29 g, 35 mmol) with total quaternization

' I N time being 170 h to givél as a green solid. The fraction of pyridyl
General Procedure of the Anionic Polymerization of 3. Al groups that were quaternized was found to be 46%, based upon the

purification of reagents and solvents (as described above) and IOOIy'elemental analysis data for the percentages of Cl and N: yield 7.64 g
merizations were done on a double manifold connected to a high (99%); (T)es = 83 °C, (T)eve = 187 °C. Anal. Calcd for
’ g, - 1 [¢) - . .

vacuum line (108 mmHg) and argon (99.9995%). Styrene in THF at . . . .
—75 °C under Ar was initiated with the addition skcbutyllithium (’::1375]41_376\191(:'42 (20 700)', c. 79'92' H, 871 N, 6.17; Cl, 7.21.
. ; o L ound: C, 72.27; H, 6.74; N, 5.82; Cl, 6.82.

via syringe. In the polymerizations dfand?2 the living polystyrene

was capped with 1 equiv of 1,1-diphenylethylene afte?0 min of

polymerization. In all cases, a small portion of the living PS was

removed and quenched in degassed methanol to allow for the

determination of the PS block molecular weight by GPC. 4-Vinylpy-

ridine was transferred via cannula into the polymerization mixture and

allowed to stir for 1.5 h. The living block copolymer was then

guenched with degassed methanol. Removateothalf of the THF

was performedh vacug followed by precipitation of the polymer into C, 81.60; H, 6.85; N, 5.26; Cl, 6.29. Found: C, 77.35; H, 7.12; N,

at least a 10-fold excess of hexane. Subsequent filtering and drying 4.92; Cl, 5.84.

yielded a white powder. Because approximate amounts of the Polystyreneb-poly(vinylpyridine) —N-(chloromethyl)styrene (6).

monomers were used, the percent yields of polymers were not This was prepared from PSPVP 3 (2.94 g, 0.249 mmol) and

calculated. The P$l,, My, andM./M, values were determined from  P-(chloromethyl)styrene (1.90 g, 12.4 mmol) with total quaternization

GPC based upon calibration with PS standards. The PVP ar# PS- time being 185 h to givé as a green solid. The fraction of pyridy!
groups that were quaternized was 43%, based upon the elemental

(36) Allen, C. F. H.; Converse, Sirganic SyntheseyViley: New York, analysis data for the percentages of Clto N: yield 3.27 g (91%g)s{
1941; Collect. Vol. |, p 226. = 97 °C, (Tg)eve = Not observed. Anal. Calcd forigdH101dN39Cli7

Polystyreneb-poly(vinylpyridine) (3). A total of 19.46 g was
isolated. The PS used in this block copolymer had,a= 7700 with
a polydispersity of 1.10Mw/M,). The molecular weight of the PVP
block was 4100, which gives a total molecular weight of 11 800 for
the block copolymer.

Polystyreneb-poly(vinylpyridine) —N-(chloromethyl)styrene (5).
This was prepared from P$PVP 2 (4.65 g, 0.435 mmol) and
p-(chloromethyl)styrene (3.96 g, 26 mmol) with total quaternization
time being 120 h to givé as a green solid. The fraction of pyridyl
groups that were quaternized was 47%, based upon the elemental
analysis data for the percentages of Cl to N: yield 6.20 g (98¥g)e
=94°C, (Tg)pvp = 193°C. Anal. Calcd for GogHoedNs:Clos (14 600):
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(14 400): C, 84.90; H, 7.12; N, 3.79; Cl, 4.18. Found: C, 82.99; H,
7.53; N, 3.54; Cl, 3.85.

Polystyreneb-poly(vinylpyridine) —N-(chloromethyl)styrene (13).
This was prepared from P$PVP 2 (3.08 g, 0.288 mmol) and
p-(chloromethyl)styrene (0.66 g, 4.35 mmol) with total quaternization
time being 117 h to givd3 as a green solid. The fraction of pyridyl

Thurmond et al.

on available styrenyl groups), and the reaction mixture was allowed to
stir for 0.5 h prior to irradiation for 24 h. During irradiation, the solution
changed color from very light green to bright yellow. An average
diameter of 15+ 2 nm was obtained from AFM.

SCK 9. This was prepared frorf (0.23 g, 0.016 mmol) in THF
(60 mL), and HO (150 mL) and allowed to stir for 17.75 h. 4,4

groups that were quaternized was 15%, based upon the elementalAzobis(4-cyanovaleric acid) (0.05 g, 0.18 mmol) was added (61 mol

analysis data for the percentages of Clto N: yield 3.25 g (95%g)e{
= 103°C, (Tg)rvp= 158°C. Anal. Calcd for GszHs3NssCls (11 900):

C, 84.09; H, 7.06; N, 6.47; Cl, 2.38. Found: C, 81.99; H, 6.99; N,
6.21; Cl, 2.37.

Polystyreneb-poly(vinylpyridine) —N-(chloromethyl)styrene (14).
This was prepared from PSPVP 2 (3.06 g, 0.286 mmol) and
p-(chloromethyl)styrene (1.20 g, 7.85 mmol) with total quaternization
time being 117 h to givd4 as a green solid. The fraction of pyridyl

% based on available styrenyl groups), and the reaction mixture was
allowed to stir for 1.25 h prior to irradiation for 24 h. During irradiation,
the solution changed color from very light green to yellow with an
oil-like precipitate forming on the sides of the flask. An average
diameter of 23t 4 nm was obtained from AFM.

SCK 10. This was prepared from (0.24 g, 0.012 mmol) in THF
(70 mL), and HO (180 mL) and allowed to stir for 2 h. 4;#zobis-
(4-cyanovaleric acid) (0.11 g, 0.40 mmol) was added (64 mol % based

groups that were quaternized was 21%, based upon the elementabn available styrenyl groups), and the reaction mixture was allowed to

analysis data for the percentages of Cl to N: yield 3.29 g (92Wg)s<{

= 98 °C, (Tg)eve = not observed. Anal. Calcd forggsHgedNssClio
(12500): C, 86.38; H, 7.25; N, 6.38; Cl, 3.52. Found: C, 81.15; H,
7.45; N, 6.01; Cl, 3.24.

Polystyreneb-poly(vinylpyridine) —N-(chloromethyl)styrene (15).
This was prepared from P$PVP 3 (4.54 g, 0.385 mmol) and
p-(chloromethyl)styrene (2.32 g, 15.2 mmol) with total quaternization
time being 132 h to givd5 as a green solid. The fraction of pyridyl

stir for 0.5 h prior to irradiation for 24 h. During irradiation, the solution
changed color from very light green to a light yellow. An average
diameter of 7+ 2 nm was obtained from AFM.

SCK 11. This was prepared froré (0.21 g, 0.014 mmol) in THF
(70 mL), and HO (180 mL) and allowed to stir for 2 h. 4;Azobis-
(4-cyanovaleric acid) (0.08 g, 0.29 mmol) was added (63 mol % based
on available styrenyl groups), and the reaction mixture was allowed to
stir for 0.5 h prior to irradiation for 24 h. During irradiation, the solution

groups that were quaternized was 32%, based upon the elementachanged color from very light green to light yellow. An average

analysis data for the percentages of Clto N: yield 5.29 g (99%)k{

= 101 OC, (Tg)pvp = 176 °C. Anal. Calcd for 632H932N39C|13
(13800): C, 85.52; H, 7.18; N, 3.96; Cl, 3.34. Found: C, 83.60; H,
7.07; N, 3.97; Cl, 3.25.

Polystyreneb-poly(vinylpyridine) —N-(chloromethyl)styrene (16).
This was prepared from Pi$PVP 3 (2.86 g, 0.242 mmol) and
p-(chloromethyl)styrene (1.40 g, 9.15 mmol) with total quaternization
time being 185 h to givd6 as a green solid. The fraction of pyridyl

diameter of 14t 2 nm was obtained from AFM.

SCK 12. This was prepared frorh5 (0.24 g, 0.017 mmol) in THF
(80 mL), and HO (170 mL) and allowed to stir for 1.5 h. 4;Azobis-
(4-cyanovaleric acid) (0.05 g, 0.19 mmol) was added (85 mol % based
on available styrenyl groups), and the reaction mixture was allowed to
stir for 0.25 h prior to irradiation for 24 h. During irradiation, the
solution changed color from very light green to a light yellow and was
turbid with formation of a white precipitate on the sides and bottom of

groups that were quaternized was 38%, based upon the elementathe flask. An average diameter of $94 nm was obtained from AFM.

analysis data for the percentages of Clto N: yield 3.30 g (97%)e{
= 101 °C, (Tg)pvp = 175 °C. Anal. Calcd for GoodH100dN39Clis
(14 100): C, 85.20; H, 7.15; N, 3.88; Cl, 3.77. Found: C, 83.39; H,
7.27; N, 3.60; Cl, 3.50.

General Procedure for Micellization and Cross-Linking of
Polystyreneb-poly(vinylpyridine) —N-(chloromethyl)styrene To Form

SCK’s. To a 250 mL quartz reaction vessel was added polystyrene-

b-poly(vinylpyridine)-N-(chloromethyl)styrene and appropriate vol-
umes of THF and then 4® to give a solution concentration from>
105t0 9 x 1075 M and a THF:HO ratio of approximately 1:2.5. A

SCK 17. This was prepared froh3 (0.20 g, 0.017 mmol) in THF
(60 mL), and HO (150 mL) and allowed to stir for 12.75 h. 4,4
Azobis(4-cyanovaleric acid) (0.02 g, 0.075 mmol) was added (55 mol
% based on available styrenyl groups), and the reaction mixture was
allowed to stir for 0.75 h prior to irradiation for 24 h. During irradiation,
the solution changed color from very light green to yellow and was
slightly turbid with some precipitate floating in the solution. After a
week, precipitate appeared on the bottom of the storage flask. An
average diameter of 1& 3 nm was obtained from AFM.

SCK 18. This was prepared frorh4 (0.21 g, 0.017 mmol) in THF

septum was placed in the flask, and the reaction mixture was stirred (60 mL), and HO (160 mL) and allowed to stir for 17 h. 4;Azobis-

under a N flow for 1.75-19 h, depending upon the experiment. The
initiator 4,4-azobis(4-cyanovaleric acid) was then added and allowed
to stir for up to 2 h. Irradiation was then performed on the open flask
for 24 h within a Rayonet photochemical reactor, which resulted in a
decrease in volume due to loss ©60% of the THF from the heat
generated by the lamp during irradiation. All samples were filtered
through a 0.45um PTFE filter, and AFM was performed. Spectro-
scopic characterization for each of the SCK's included the following
data: IR (KBr) 3536-3100, 3060, 3030, 3000, 2940-2820, 1740-1680,
1650, 1600, 1560, 1480, 1470, 1450370, 1280, 12461170, 1106
1040, 780, 710 cmt; solution statetH NMR (D,O:THF-dg, 3:1) 6
1-2.8 (aliphatic protons of polymer backbone and initiator), &3
(aromatic protons of PS) ppm; solid stat€ NMR 6 10-50 (PS and
PVP aliphatic backbone, initiator methyl and methylene carbons), 50
75 (benzylic methylenes gi-(chloromethyl)styrene-quaternized PVP
and initiator methine), 116150 (PS and PVP aromatic carbons), 50
165 (initiator carboxylic acid carbonyl) ppm.

SCK 7. This was prepared from (0.35 g, 0.017 mmol) in THF
(70 mL), and HO (170 mL) and allowed to stir for 16 h. 4;Azobis-

(4-cyanovaleric acid) (0.10 g, 0.36 mmol) was added (178 mol % based
on available styrenyl groups), and the reaction mixture was allowed to
stir for 2 h prior to irradiation for 24 h. During irradiation, the solution
changed color from very light green to bright yellow with no evidence
of precipitate. After~10 days some precipitate had formed in the
bottom of the storage flask. An average diameter oftl8 nm was
obtained from AFM.

SCK 19. This was prepared fror5 (0.23 g, 0.017 mmol) in THF
(70 mL), and HO (180 mL) and allowed to stir for 11.5 h. 4.Azobis-
(4-cyanovaleric acid) (0.05 g, 0.19 mmol) was added (85 mol % based
on available styrenyl groups), and the reaction mixture was allowed to
stir for 0.5 h prior to irradiation for 24 h. During irradiation, the solution
changed color from very light green to light yellow and was turbid
with white solid precipitate on the sides of the flask and floating in the
solution. An average diameter of 275 nm was obtained from AFM.

SCK 20. This was prepared fror6 (0.24 g, 0.017 mmol) in THF
(70 mL), and HO (170 mL) and allowed to stir for 15.5 h. 4,Azobis-
(4-cyanovaleric acid) (0.05 g, 0.18 mmol) was added (67 mol % based
on available styrenyl groups), and the reaction mixture was allowed to

(4-cyanovaleric acid) (0.17 g, 0.59 mmol) was added (63 mol % based stir for 0.5 h prior to irradiation for 24 h. During irradiation, the solution
on available styrenyl groups), and the reaction mixture was allowed to changed color from very light green to light yellow and was turbid

stir for 1 h prior to irradiation for 24 h. During irradiation, the solution
changed color from very light green to bright yellow. An average
diameter of 9.0t 3.0 nm was obtained from AFM.

SCK 8. This was prepared frorh (0.21 g, 0.014 mmol) in THF
(70 mL), and HO (180 mL) and allowed to stir for 12 h. 4;Azobis-

with white solid precipitate on the sides of the flask. An average
diameter of 29+ 2 nm was obtained from AFM.

Bromopoly(ethylene oxide) (1950) Monomethyl Ether (21).
Polyethylene glycol monomethyl ether (20.7 g, 0.011 mol, Scientific
Polymer Products, MW 1900) was dissolved in THF (35 mL) with

(4-cyanovaleric acid) (0.08 g, 0.29 mmol) was added (63 mol % based application of heat, and then carbon tetrabromide (8.37 g, 0.025 mol)
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and triphenylphosphine (6.54 g, 0.025 mol) were added. Aftet(®
min of stirring under a K flow, a cloudy white precipitate began to
form. The solution was allowed to stir for 0.5 h, and then the THF
was removedn vacua The product was purified by flash column
chromatography eluting with Gi€1, and increasing the polarity to 10%
MeOH/CHCI, to give 21 as a white solid: yield 18.6 g (88%)H
NMR (CDCl) 6 3.30 (s, O®3), 3.40 (t,J = 8 Hz, BrCH,CH), 3.58

(br m, OH,CH:0), 3.74 (tJ = 8 Hz, BrGH,CH,) ppm. Anal. Calcd
for CgsH171BrO42 (1950): C, 52.49; H, 8.86; Br, 4.11. Found: C, 51.90;
H, 8.56; Br, 4.42.

General Procedure for the Quaternization of Polystyreneb-poly-
(vinylpyridine) —N-(chloromethyl)styrene with 21 and Then Cross-
Linking To Form the SCK’s. To a 250 mL quartz reaction vessel
was added polystyrerngpoly(vinylpyridine)~N-(chloromethyl)styrene
and an appropriate volume of THF and thegOHo give a solution
concentration betweens 10°°and 7x 1075 M in a THF:H,0 solvent
mixture with a ratio of approximately 1:2.5. The reaction mixture was
allowed to stir for 4-6.5 h under a Nflow. The functionalized PEO
21 was added, and the mixture was allowed to stir for an additional
11-13 h before 4,4azobis(4-cyanovaleric acid) was added (80

mol % based available styrenyl groups), and the reaction mixture was

allowed to stir for up to 1 h. Irradiation on the open flask was then
performed for 24 h within a Rayonet photochemical reactor, which
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PEO-Functionalized SCK 23. To a quartz reaction vessel were
added5 (0.20 g, 0.014 mmol), THF (70 mL), andz8 (180 mL). The
reaction mixture was stirred f@t h under a Mflow, 21 (0.21 g, 0.11
mmol, 7.9 equiv) was added, and stirring was continued for 12 k. 4,4
Azobis(4-cyanovaleric acid) (0.06 g, 0.22 mmol) was added (50 mol
% based on available styrenyl groups), the reaction mixture was allowed
to stir for 0.5 h, and the reaction vessel was then irradiated for 20.5 h.
The SCK solution was a golden yellow color. An average diameter of
12 + 2 nm was obtained from AFM.

PEO-Functionalized SCK 24. To a quartz reaction vessel were
added4 (0.25 g, 0.012 mmol), THF (70 mL), and:8 (180 mL). The
reaction mixture was stirred for 5.25 h under a fddw, 21 (0.19 g,

0.10 mmol, 7.9 equiv) was added, and stirring was continued for 12.25
h. 4,4-Azobis(4-cyanovaleric acid) (0.10 g, 0.36 mmol) was added
(54 mol % based on available styrenyl groups), the reaction mixture
as allowed to stir for 0.5 h, and the reaction vessel was then irradiated
for 24 h. The SCK solution was a golden yellow color. An average
diameter of 12+ 2 nm was obtained from AFM.
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