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Abstract: A novel method was developed to prepare shell-cross-linked knedel-like structures (SCK’s), which are
double-layered polymer nanospheres, in a convenient three-step procedure: (1) polysiyody(ecrylic acid)

((DPy)ps = 130, (DR)paan = 120) copolymer was prepared by sequential anionic polymerization of styrene and
tert-butyl acrylate, followed by hydrolysis; (2) the amphiphilic block copolymer was allowed to self-assemble into
spherical multimolecular micelles in a water and THF solvent mixture; (3) the poly(acrylic acid), comprising the
shells of micelles, was cross-linked by amidation using several di- and multiamino linkergefbylenedioxy)-
bis(ethylamine), hexakis(ethylene glycol)diamine, hexamethylenediamine, and triethylenetetramine). The extent of
cross-linking was controlled by the relative amount of cross-link reagent used. The SCK'’s were spherieal, core
shell structures composed of polystyrene cores and cross-linked hydrogel-like shells. The sizes, shapes, and structural
differences between the polymer micelles and the SCK'’s were studied by atomic force microscopy (AFM), transmission
electron microscopy (TEM), and dynamic light scattering (DLS) in aqueous solution. The non-cross-linked polymer
micelles deformed substantially upon adsorption onto mica and became ellipsoidal upon drying on a carbon surface,
whereas the SCK’s remained as stable, spherical structures under all conditions. The polymer micelles had a number
average height of 17 nm from AFM and 26 nm diameter from TEM, while the SCK’'s prepared from
2,2-(ethylenedioxy)bis(ethylamine) cross-linkers had a number average height of 24 nm from AFM and a number
average diameter of 28 nm from TEM. The SCK shell thickness swehegHdld in water, as determined from
comparison of the number average diameter obtained by DLS (37 nm) with that by TEM. Spectroscopic methods
and thermal analysis were utilized to further characterize the SCK’s.

Introduction possess high swelling ratios and rates of swelling. The
) ) incorporation of a hydrogel surface layer into the SCK structure

Shgll-cross-hnked knedel-like macromolecular structres gjiows for a dramatic increase in the surface-to-volume ratio

(SCK’s) have been synthesized by a novel three-step approachy,y gecreasing the size of hydrogel particles, while accurately

to produce spherical, nanometer-sized, edleell particles controlling their shape and mechanical strength.

composed of a polystyrene (glass) core surrounded by an SCK’st are a new class of nanomaterials, which resemble

covalently b_ound to a shell of cross-linked_ poly(acrylic a_cid)/ polymer micelle&in their amphiphilic coreshéll morphology

polyacrylamide (hydrogel). Hydrogel materials are cross-linked but are similar to dendrimefsand arborescent polym@rin

networks of hydrophilic polymers that swell in the presence of bei lently bound and stable struct A tensi
water, to contain 2895% water, while maintaining their overall €ing covalently bound and stable structures. As an extension
of the previous work, highly water soluble units (poly(acrylic

shape. Due to the surface mobility and the high degree of ™ . . . .

swelling, which can be made environment responsive, hydrogelsac'd) and polyacrylamide) ha_v_e now been |n(_:orporated into the

are receiving considerable attention for a range of applicationsShells Of, the SCK S In add|t|on,. .the chem|§try qsed for the
preparation of SCK'’s involved addition of multifunctional cross-

in biomedicine and biotechnology The volume expansion of i~ X . e h

a hydrogel upon swelling is dependent upon the nature of the linking agents rather than radical addition polymerization of side
1 i .

hydrophilic polymer, the degree of cross-linking, and the initial 9rOUPS: The versatility of this method was demonstrated by

size and shape of the hydrogel sample. As the size (or film USing different types of linkers and varying the extent of cross-

thickness) of the hydrogel decreases, the volume expansion - -

factor increase%,and hydrogel foanfshave been found to 19&? pr r|§,1|.—|., Park, KProc. Int. Symp Controlled Release Bioadviater.
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Figure 1. lllustration of the three-step synthesis to prepare SCK’s:
(1) formation of an amphiphilic block copolymer, BSPAA; (2) self-
assembly of the block copolymer into polymer micelles; (3) cross-
linking of the shell layer by reaction of functionalities located along
the backbone of the hydrophilic segment of the block copolymer.

linking to obtain a series of SCK's with different dimensions,
compositions, and surface-layer charge densities.

Results and Discussion

As shown schematically in Figure 1, the three main steps for
the preparation of SCK'’s include: (1) synthesis of the am-
phiphilic block copolymer, containing reactive functionalities
along the hydrophilic block; (2) placement of the amphiphilic
block copolymer into a solvent system at a concentration to
allow for micellization to form spherical nanospheres, but at

Huang et al.

micellization. The THF was then removed by dialysis against
distilled water.

Initially, a diamino oligo(ethylene glycol), 2. Zethylene-
dioxy)bis(ethylamine) 1), was selected as the cross-linker
because of its solubility in water and the ability to perform
amidation cross-linking reactions between the acrylic acid repeat
units at room temperature in an agueous solution of thé-PS-
PAA to yield a cross-linked poly(ethylene glycelxcrylamide
shell layer. The carboxylic acids on the PAA block of BS-
PAA micelles in an aqueous solution were activated by addition
of 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide methiodide
(2).12 The linker, 1, was then added to cross-link the PAA
domain by formation of amide bonds. The extent of cross-
linking was varied, as 15% and 100%)y addition of the
appropriate amounts of the carbodiimide and the cross-linker
to give SCK’s3 and 4, respectively (Scheme 1).

The progress of the cross-linking was monitored by the rate
of disappearance of resonances due to carbodiimide methyl
protons at 1.20 ppm and appearance of the urea methyl protons
at 1.05 ppm, in RO. Interestingly, at 1:1 stoichiometry of the
acrylic acid repeat units art only one-half of the acrylic acid
units on the block copolymer reacted initially, and the reaction
proceeded further after the addition of the linking reagkent
Presumably, after one acrylic acid unit reacts wihthe
neighboring unit becomes sterically hindered. Replacing the
bulky leaving group by a linear linker allows the adjacent
unreacted acrylic acid to be activated By This facilitates a
smooth conversion from micelles to SCK’s without a sudden
change of the amphiphilic nature of the spheres. As a result,
the SCK’s inherit the globular morphology of the micelles,
avoiding possible precipitation or aggregation of the intermediate

low enough concentration to prevent intermicellar reactions, and Polymer micelles.

(3) cross-linking throughout the peripheral layer by reactions

To demonstrate the versatility of this approach and to obtain

of side groups along the hydrophilic backbone. In the present SCK’s with different compositions and properties, several other

SCK'’s, the block copolymer is polystyremepoly(acrylic acid§
(PSh-PAA) and the cross-linking is accomplished by coupling
reactions of the carboxylic acid functionalities with multifunc-
tional linkers. Polymerizations of the exterior head groups of
micelles formed from low molecular weight surfactants in
aqueous media have been reported to be diffftdlie to the
instability of the micelles and the high critical micelle concen-
tration (cmc). In contrast, amphiphilic polymers have lower
cmc’s and form micelles of greater stability, which allow for
intramicellar polymerization and cross-linking to océfir.

The PSb-PAA was prepared by sequential anionic polym-
erization of styrene and thetert-butyl acrylate, followed by
hydrolysis!* An aqueous solution of polymer micelles was
prepared by dissolving PBPAA in THF, a common solvent
for both blocks, and adding water (0.5 mL/min), which is a
good solvent for PAA and a nonsolvent for PS, to induce

(8) The micellization of block copolymers of polystyrene and poly(acrylic
acid) or poly(methacrylic acid) have been well-studied: (a) Qin, A.; Tian,
M.; Ramireddy, C.; Webber, S. E.; Munk, P.; Tuzdr,Macromolecules
1994 27, 120. (b) Khougaz, K.; Zhong, X. F.; Eisenberg, Macromol-
ecules1996 29, 3937.

(9) (a) Hamid, S.; Sherrington, . Chem Soc, Chem Commun1986
936. (b) Cochin, D.; Candau, F.; Zana,MRacromoleculed993 26, 5755.

(10) For examples of polymerization or cross-linking of the core of
polymer micelles, see: (a) Proda, K.; Baloch, M. K.; Tuzar,Z.
Makromol Chem 1979 180, 2521. (b) Ito, K.; Hashimura, K.; Itsuno, S.;
Yamada, EMacromolecule4991 24, 3977. (c) Guo, A.; Liu, G.; Tao, J.
Macromolecule€996 29, 2487. (d) Henselwood, F.; Liu, Gdacromol-
ecules1997 30, 488. (e) Saito, R.; Tanaka, S.; Ishizu, Rolymer1997,

38, 1725.

(11) The PS block was dfl, = 14 000 and PAA was oiM, = 8600
based on the ratio of protons in thel NMR spectrum and the block
copolymerM, from GPC based on polystyrene standards. Therefore, the
average numbers of styrene units and acrylic acid units in the-P&A
copolymer were determined to be 130 and 120, respectively.

linkers were employed. By cross-linking the polymer micelles
with hexakis(ethylene glycol)diamine, hexamethylenediamine,
and triethylenetetramine, under the same conditions a8 for
and4, SCK's5, 6, and7 were prepared, respectively (Scheme
1). In all cases, the SCK formation was performed at-@.B
mg/mL micelle concentration and was complete within 2 h.
Dialysis of the aqueous reaction mixture against water removed
the urea byproduct and allowed for isolation of the SCK
products. Aqueous solutions of the SCK'’s appeared clear with
a bluish tint, and they remained stable for months at room
temperature when at low concentrations.

Characterization of the entire compositions of the SCK’s by
solution NMR was not possible because the SCK’'s were
“invisible” in the solution (3O) 'H NMR spectra, despite the
appearance of solubility. However, upon addition of an excess
of THF-dg, resonances from the PS core were observed. This
indicated that the cross-linked shell was permeable and the PS
core was swelled by THBs.

Therefore, the compositions of the SCK’s were characterized
by IR, solid-state’3C NMR, and elemental analysis. Solid
samples of P®-PAA micelles and resulting SCK’'s were
obtained by lyophilizing dialyzed aqueous samples. For the
micelle sample, a broad OH band at 36@500 cnT! and G=0
stretch at 1713 cmi from the carboxylic acid groups are
observed. Upon amide formation, the carbonyl band blue shifts,
and amide | and Il bands appearca 1650 and 1560 cr.

(12) Williams, A.; Ibrahim, |. T.Chem Rev. 1981, 81, 589.

(13) The specified percentages of cross-linking are not entirely accurate.
The percentages represent the maximum amount of cross-linking that can
occur from the molar ratio of cross-linker used. For a relevant discussion,
see: Lindemann, B.; Schder, U. P.; Oppermann, WMacromolecules
1997, 30, 4073.
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Scheme 1. Formation of SCK’'s3—7 by Cross-Linking of the PAA Peripheral Layer of BSPAA Micelles
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IR absorption bands for the carboxylic acid and amide func-  The size and shape of the SCK’s were measured in the solid
tionalities are seen fd8, while only the amide | and amide Il state by atomic force microscopy (AFM) and transmission
bands are observed fat—7. In the solid-state!3C NMR electron microscopy (TEM) and in solution by dynamic light
spectrum of4, the amide carbon has a resonance centered atscattering (DLS). Interesting contrasts were found between the
162 ppm, the ethylene oxide linker carbons resonate at 70 ppm,PSHb-PAA micelles and the SCK'’s, which demonstrate the
and the resonances of the backbone and aromatic styrenyistability induced through the cross-linked shell. As shown in
carbons are observed at-380, 130, and 145 ppm. The Figure 2a, the P8-PAA micelles are dispersed upon the mica
elemental analysis also confirms the extent of cross-linking; the surface, with a corona surrounding each particle (see inset). The
percentages of C, H, and N agreed with the calculated values.number average height of micelles adsorbed on mica was 17
Differential scanning calorimetry (DSC) shows two glass nm. The SCK's form regularly-packed aggregates of spherical
transition temperaturesT{s), at 97 and 128°C, for the particles (Figure 2b), with no visible coronas, and the number
lyophilized PSb-PAA micelles, indicating phase separation into  average height ot was 24 nm. Although the difference in
domains for polystyrene and poly(acrylic acid). For each of aggregation behavior is consistent with differing surface polari-
the solid SCK samples, only offg is observed, corresponding  tjes, the difference in height between the micelles and SCK’s
to the PS core. Although singky’s for the SCK's are observed,  cannot be accounted for by the increase in volume of material
separate domains for the core and shell are supported bygue to the linker or by the change in the polarity due to the
exper[ments involving plasticization.of the shell by polar small  {ransformation from the acid to the amide. This is supported
organic molecules. In these experimefftshe shellT, for 4 by functionalization of the P®-PAA with 2-methoxyeth-
decreased to 15C, whereas the core maintained fhgof PS ylamine, a monofunctional amine analoguel dhat cannot form
(~100°C). Without platicizer present, the glass transitions for r5ss-links, which gave modified micelleB) aving a number
the shells of the SCK’s are not observed prior to the onset of average height of 17 nm under the same AFM conditions. This
thermal degrada_tion o_f the materials. The thermal s'_[abilities indicates that the non-cross-linked polymer micelles spread on
of the freeze-dried micelles and SCK's were examined by {he mica surface, whereas the SCK’s maintain spherical shape.
thermogravimetric analysis (TGA). Incorporation of the eth- Comparison of the histograms for the B&RAA micelles, non-
ylene glycol linker decreases the thermal stability; the micelles cross-linked functionalized micelle and SCK4 (Figure 3)

lost 60% of mass at 41C, whereas3, 4, and5 experienced  yemqngtrates that the shell cross-linking improves the mechan-
60% mass loss at 390, 370, and 3&5 respectively. SCK'’s ical stability of the structures.

with other linkers also exhibited lower thermal stabiliti6gnd . . .
. . Evaluation of the diameters of micelles and SCK'’s by TEM
7 d 60% I t 380 and 3B tively. . . ; 4
experience o Mmass foss & an Prespectively agreed with the AFM heights and with the conclusion of

(14) The plasticizer was 1-(3-(dimethylamino)propyl)-3-ethylurea meth- deformation of the micelles. Figure 4 contains TEM images

iodide, a byproduct which remains present within the SCK's unless removed : a4
by dialysis. For comparative purposes, cross-linking experiments involving ,Of the micelles and SCK'¢—7 on a carbon surface. The surface

homoPAA were performed at similar concentration to that used in the interactions with the carbon film are different from those of
prepa:_atli(or& of glled SCK&S- As e?]pected, tﬁfﬁof ho?‘?(PAA a(fjter: being the polar mica surface used for AFM, causing the micelles and
cross-linked withl depends upon the extent of cross-linking and the presence fa " ;

of the plasticizing urea byproduct. In experiments with PAA,(= 5000 7 (containing positive charges from protonated am|n9 groups)
amu) at 0.5 mg/mL, reaction of 15% of the acrylic acid groups Ritimd to aggregate on the.carbon, whereas the neut.ral SCK S are moré
then1 gave a product that exhibitedTg = 83 °C prior to dialysis andy dispersed. The micelles are somewhat ellipsoidal, and size
= 120°C after removal of the urea byproduct; conversion of 100% of the dictribiti i

homoPAA acid functionalities resulted in a tacky material with= 17 dllqsmbunon a.nalySIS (from meda:SUI’emen'[f of both the lonﬁ an.d
°C prior to dialysis, and following removal of the urea by dialysis, Tao short axes) gives an average diameter of 26 nm. From the size

was observable below 16C. of the micellar particles and the contents of PS and PAA, the
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Figure 2. Tapping-mode AFM images of (a) RBPAA micelles and
(b) 4, deposited on freshly cleaved mica. The lateral sizes of the
particles are distorted due to the finite size of the AFM probe tip;
therefore, the particle diameters were measured from the particle heights.
The enlargement in a shows a typical corona aroun8-P8A micelles
observed in error signal (cantilever amplitude) mode.

o
nH

number of P$B-PAA chains in each micelle is calculated as
270. The average diameter fbxvas found to be 28 nm, which

is expected upon the basis of the increase in volume from the
addition of1. From comparison of Figure 4a with Figure-4b

e, it is clearly seen that the SCK’s maintain a spherical shape.
The average diameters 67 were determined by TEM as
36, 29, and 26 nm.

Considering the solid-state diameter of 28 nm (obtained from Figure 3. Histograms of fractions of particles particle heights (nm)
TEM) for 4, along with its composition and spherical shape, ©f (8) PSb-PAA micelles, (b) micelle3, and (c) SCK4, measured by
the core diameter and shell thickness can be calculated to be\™™- ) . . o
22 and 3 nm, respectively. The diameterdoin an aqueous done to chemically modify the micellé$. The combination of
solution from DLS measurements was determined to be 3%nm, Nydrogel properties and polymer micelle architecture has
which corresponds to swelling of the shell to 7.5-nm thickness, 9enerated materials that have great potential for applications
or a 2-3-fold increase in hydrogel layer thickness. The extent such as specific binding and molecular recognition, controlled

of swelling of4 was also evident by comparison of AFM images E;%lzt?r?es()fciz:lrtljtgasnt&:g%g\tglerczg?nstiss: gﬁgi;ggﬁsy&r\r’yﬁerﬁﬁég
of a dried thin film of4 with the same film covered with water gs, p ' ysiS, ! 9 )

(Figure 5). AFM imaging was performed under water im- The properties of SCK’s can be modified by varying the block

. . - . lymer composition, cross-link r nt, an rf func-
mediately after wetting and after 1 h, with little change. This cOpolymer composition, cross eagent, and surface func

o . . > tionality to produce a broad range of nanoparticles with different
indicates that thg hydrogel layer associated with the SCK'’s sizes and charges from the same micellar precursor simply by
absorbs water quickly.

using different types of linkers. Although the amount of linker

incorporated can be easily determined, the actual extent of cross-

linking is not known. Evidence for cross-linking is clearly seen

. ., in the enhanced stabilities of the SCK’s in comparison to the
Although polymer micellar systems have been studied o mer micelle precursor, and quantification of the cross-link

extensively for their physical properties, little work has been ensity is being studied by selective isotopic labeling combined

(15) DLS measurements upoh detected two particle distributions with sophisticated solid-state NMR experiments.

centered at 37 and 93 nm, which gave ratios of 99:1 by number, 90:10 by  (16) Scholz, C.; lijima, M.; Nagasaki, Y.; Kataoka, Klacromolecules
volume, and 43:57 by intensity, for the 37 and 93 nm patrticles, respectively. 1995 28, 7295.

0 3 6 9 121518 21 24 27 30 33 36 39 42
Particle height (nm)

Conclusion
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Figure 4. Negatively-stained transmission electron microscopy images at 300 K magnification of (alpR&-micelles, (b)4, (c) 5, (d) 6, and
(e) 7, prepared by dropping aqueous solutions, containing the SCK sample and uranyl acetate, upon a carbon-coated copper grid and allowing it to

dry.

Experimental Section in series, in order of increasing pore size (500 A, mixed bed E), were
used. The eluent was THF distilled over GaH

disk btained Matt lari : ter NMR Glass transition temperatures were measured by differential scanning
ISKS were oblained on a Mallson po'aris Spectrometer. calorimetry on a Perkin-Elmer DSC-4 differential scanning calorimeter.

spectra were recorded on a Varian Gemini 300 MHZ. sp_ectrome_ter with Heating rates were 1/min, andTy was taken as the midpoint of the
the solvent peak used as a reference. Cross-polarization magic-angle:

S . inflection tangent, upon the third or subsequent heating scan. Ther-
spinning *C NMR spectra were obtained at room temperature on a mogravimetric analyses were done on a Perkin-Elmer TGS-2 thermo-
DNP CPMAS spectrometer built around a horizontal 6-in. bore Oxford 9 Y

superconducting solenoid operating at a proton Larmor frequency of %r;\r'gge;gfs svr;?gier' ra'czizrd \t/)v?tt: Ir?s?rimaenr?t ; Geﬁiarir:fs Plﬁ(r:k'?AE{?;g;
60 MHz, 15.1 MHz for carbons. Lyophilized samples.(200 mg) P9 p T ’

were spun at 1859 Hz, and experiments began with 1-ms matched spin-”‘) temperat.ure program interface PE, and data were a}cquwed and
lock cross-polarization transfers from protons at 50 kHz followed by 2nalyzed using TA-PC software v. 2.11 (Instrument Specialists, Inc.).
proton decoupling at 90 kHz. The sequence repetition time for all ~ Samples for transmission electron microscopy (TEM) imaging were
experiments was 1 s. prepared by placing a8k drop of aqueous solution containing micelles
Size exclusion chromatography was conducted on a Hewlett Packard®’ SCK’s €a 0.1 mg/mL) and an equal volume of 2.5 wt % of uranyl
series 1050 HPLC with a Hewlett Packard 1047A refractive index acetate (a negative stain) on a carbon-coated copper grid and allowing
detector, Wyatt MiniDawn low-angle laser light scattering detector, it t dry in the air for 1 min before blotting off extra solution. TEM
and a Viscotek model 110 differential viscometer: data analysis was imaging was performed on a Hitachi H-600 TEM.
done by Viscotek (Houston, TX) Trisec GPC Software, v. 2.70. Two Samples for atomic force microscopy (AFM) imaging were prepared
5-um Polymer Laboratories PL gel columns (3R07.7 mm) connected by placing a 2«L drop of suspension of micelles or SCK'’s (typical

Measurements. IR spectra of samples in the solid state as KBr
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Figure 5. AFM evidence for swelling of SCK in water, based on a
comparison of tapping-mode images of a thick film deposited on glass
and imaged (a, top) in air and subsequently (b, bottom) under water.

concentration about 0.1 mg/mL) on freshly cleaved mica (Ruby clear
mica, New York Mica Co.) and allowing it to dry in the air. The

samples thus prepared were imaged immediately after deposition as
well as after several days without noticeable changes in appearance

and average dimensions. Thick films of SCK’s for comparison of dry
and fully hydrated SCK’s were prepared by placind00 uL of
concentrated agueous solution of SCKsl(mg/mL) on glass slides
followed by overnight drying in air. AFM imaging was performed
using a Nanoscope |lI-M system (Digital Instruments, Santa Barbara,

CA) equipped with a J-type vertical engage piezoelectric scanner and

operated in tapping mode in &rand under wate® 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 to intermittent contacts is used as a control signal for a
feedback loop to track the surface topography. Throughout this study

the typical values of the set point (ratio of dampened to free oscillation
amplitude) were between 0.90 and 0.95. High-resolution imaging in
air was performed in tapping mode with the aid of standard etched
silicon probes I(= 120 um; spring constant~50 N/m; resonance
frequency~300 kHz). A typical raw signal corresponding to cantilever
oscillation was~1.0 V. Comparison of dry and fully hydrated SCK'’s
was carried out in tapping mode with 1061 long, wide-legged silicon
nitride cantilevers (nominal spring constantp.58 N/m; resonance
frequency,~45 kHz) mounted in a fluid-tapping glass cell equipped
with a piezoelectric actuator. Due to their low spring constants, silicon

(17) Zhong, Q.; Inniss, D.; Kjoller, K.; Elings, V. BSurf Sci 1993
290, L688.

(18) (a) Putman, C. A. J.; Van Der Werf, K. O.; De Grooth, B. G.; Van
Hulst, N. F.; Greve,). Appl. Phys Lett 1994 64, 2454. (b) Hansma, P.
K.; Cleveland, J. P.; Radmacher, M.; Walters, D. A.; Hillner, PABpl.
Phys Lett 1994 64, 1738.

Huang et al.

nitride cantilevers tend to be easily trapped by the attractive forces on
the sample surface and thus are not routinely used for tapping mode
operation in air. We have determined however that stable imaging
was possible when the cantilever was oscillated at a high amplitude
(typical raw signal> 8 V) close to its resonance frequency. Tapping
mode imaging in water was performed at frequencies b® kHz with

the raw signal of cantilever oscillation amplitude of about 0.5V and a
set point corresponding to 9®5% of the “free” oscillation amplitude.
Typical scan frequencies were between 1.5 and 5 Hz, depending on
scan areas, which varied from>d4 um to 500x 500 nm. The SCK
diameters were estimated by the heights of the SCK'’s, which were
measured with the aid of a bearing analysis procedure, using the
Nanoscope |l software package. Distributions of heights of the SCK'’s
were obtained from individual measurements performectan300
particles.

The size distribution for SCK’s in solution was determined by
dynamic light scattering (DLS). The DLS instrumentation was a
Brookhaven Instruments Co. (Holtsville, NY) system consisting of a
model BI-200SM goniometer, a model EMI-9865 photomultiplier, and
a model BI-9000AT digital correlator. Incident light was provided by
a model 95-2 Ar ion laser (Lexel Corp., Palo Alto, CA) operated at
514.5 nm. All measurements were made at#6l °C. Prior to
analysis, solutions were centrifuged in a model 5414 microfuge
(Brinkman Inst. Co., Westbury, NY) for 6 min to sediment dust
particles.

Scattered light was collected at a fixed angle of.90he digital
correlator was operated with 200 channels, a dual sampling time of
100 ns, a %s ratio channel spacing, and a duration of 5 min. A
photomultiplier aperture of 20@m was used, and the incident laser
intensity was adjusted to obtain a photon counting rate of 83 kcps.
Only measurements in which measured and calculated baselines of the
intensity autocorrelation function agreed to within 0.1% were used to
calculate particle size. The calculation of particle size distribution and
distribution averages was performed with the ISDA software package
(Brookhaven Instruments Co., Holtsville, NY) which employed single-
exponential fitting, cumulants analysis, and non-negatively constrained
least-squares particle size distribution analysis roufifies.

Materials. THF (Aldrich) was dried over calcium hydride and
distilled from potassium/benzophenone ketyl. Styrene was purified by
distillation over calcium hydride and then distilled from dibutylmag-
nesium under vacuum. 1,1-Diphenylethylene (DPE) was degassed three
times by freeze-thaw, s-BuLi was then added until a cherry red color
was obtained, the solution was allowed to stir for 30 min, and then the
DPE was distilled under vacuumert-Butyl acrylate (tBuA) was dried
y distillation over calcium hydride, Algivas then added until a green-
yellow color persisted, and then the tBuA was distilled under vacuum
prior to polymerization.secButyllithium (Acros, 1.3 M in cyclohexane/
hexane) was used as received. The concentrati@e@butyllithium
was determined by titration with 2,5-dimethoxybenzyl alcohol in dry,
freshly-distilled THF. 2,2(Ethylenedioxy)bis(ethylamine)l), 1-(3-
(dimethylamino)propyl)-3-ethylcarbodimide methiodid@),( hexa-
methylenediamine (98%), and triethylenetetramine hydrate (98%) were
purchased from Aldrich Co. Hexakis(ethylene glycol)diamine (99%)
was purchased from Shearwater Polymers, Inc. These chemicals were
used in the cross-linking reaction without further purification. Spectra/
Por Membrane (MWCO: 12 00014 000) used for dialysis was
obtained from Spectrum Medical Industries, Inc. (Laguna Hills, CA).

Polystyreneblock-poly(acrylic acid). The diblock copolymer of
styrene andtert-butyl acrylate was prepared by sequential anionic
polymerization in THF at-78 °C usingsecbutyllithium as the initiator.

The procedure summarized here is similar to that reported elseifhere
with slight alterations. The polymerization was done on a double
manifold connected to high-vacuum line (0mmHg) and argon
(99.9995%).

To the purified THF (350 mL) was added lithium chloride (1.6 g,
38 mmol) and initiatorsecbutyllithium (1.4 mL of 1.25 M hexane
solution, 1.75 mmol). The purified styrene (28 mL, 25 g, 0.24 mol)
was added to the initiator solution. An aliquot of the reaction mixture
was taken after the formation of the polystyrene block and quenched

(19) Stock, R. S.; Ray, WI. Polym Sci, Polym Phys 1985 23, 1393.
(20) Hautekeer, J.-P.; Varshney, S. K.; Fayt, R.; Jacobs, tbmig R.;
Teyssie Ph. Macromolecules99Q 23, 3893.
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in degassed methanol for the determination of its molecular weight DSC: dialyzed samplely = 101 °C; undialyzed sample which
and molecular weight distribution by GPC. To every living polystyryl contained 1-(3-(dimethylamino)propyl)-3-ethylurea methiodiig: (=
anion was added a stoichiometric amount of diphenylethylene (1.75 15 °C, (Tg), = 102°C. TGA: 10% weight loss below 28TC; 60%
mmol) to modify its reactivity. To the polymerization mixture was weight loss 286-380°C; 30% weight loss 386480°C. An average
then added slowlyert-butyl acrylate (18 mL, 16 g, 0.12 mol) in THF  diameter of 28 nm was obtained by TEM.

(20 mL) to form the second block. Degassed methanol was added to 5k 5. To a stock solution of P8-PAA aqueous micellar solution

terminate the polymerization. The block copolymer, polystyrgioek (0.50 mg/mL, 60 mL, 0.15 mmol of acrylic acid unit) was added
poly(tert—butyl acrylate) was precipitated from the THF reaction mixture  ~5rhodiimide ?) (45.8 mg, 0.154 mmol, 100% of the total amount of
into a 8:2 methanol/water mixture. The pdiut-butyl acrylate) block — a¢pyjic acid units). The mixture was allowed to stir for 10 min before
was hydrolyzed in toluene at €, usingp-toluenesulfonic acid (5%)  the cross-linking reagent hexakis(ethylene glycol)diamine (21.6 mg,
as the catalyst. After the solvent was evaporatedicug the product o 977 mmol) was added. The reaction mixture was stirre®fb at

was dissolved in THF and purified by precipitation into hexane. oom temperature and then transferred to a dialysis bag and dialyzed

Subsequent filtering and drying yielded polystyrdnleekpoly(acrylic 5qainst distilled water for 24 h to remove small byproducts. A solid

acid) as a white powder. This block copolymer had a polydispersity sample of the SCKH) was obtained by lyophilization. IR: 3560

index Mw/Mp) ca. 1.4, which was determined by GPC. The numbers 3200. 3026. 2924. 1637. 1560, 1491. 1452 698%cnmAnal. Calcd:

of styrene units and acrylic acid units were 130 and 120, respectively. ~o, 69 88: H% 8.03: N% 4.43. Found: C%. 68.18: H%. 7.84° N%
Formation of Micelles. The polymer micelle size has been reported 4 70 pgc: Tg —104°C. TGA: 10% v-veight’ loss below ZSCC’; '

to depend on the preparation histéff! Direct dissolution of the 60% weight loss 250390 °C; 15% weight loss 399500 °C. An
diblock polymer into THF/HO gave a combination of nanometer-sized average diameter of 36 nm \;vas obtained by TEM '

particles of different shapes, including spherical, cylindrical, and . . .

ellipsoidal. However, formation of micelles by first dissolving the block SCK 6. To a stock solution of P8-PAA aqueous mlc_ellar solution

polymer in a good solvent (THF) for both blocks and then gradually (0-50 mg/mL, 60 mL, 0.154 mmol acrylic acid unit) was added
carbodiimide 2) (45.8 mg, 0.154 mmol, 100% of the total amount of

adding a nonsolvent (@) for PS block to induce micellizatidh - . ; . : .
acrylic acid units). The mixture was allowed to stir for 10 min before

worked well for the PS-PAA system. Spherical micelles of narrow . N
size distribution were obtained by this method. A typical procedure the cross-linking reagent hexamethylenediamine (9.0 mg, 0.077 mmol)

to prepare an aqueous solution of micelles is outlined below. The pS-Was added. The reaction mixture was stirred @ h at room
b-PAA was first dissolved in THF (1 mg/mL). An equal volume of te.m.perature and then transferred to a dialysis bag and dlalyzed against
water was added dropwise (0.5 mL/min) to induce micellization. distilled water for 24 h.to remove small pyproducts. A solid sample
Micellization occurred when the water content exceeded 10%, and the Of the SCK 6) was obtained by lyophilization. IR: 356®200, 3100,
solution had a bluish tint at this time. An extra amount of water was 3075, 3050, 2950, 1649, 1560, 1492, 1452, 1096, 698 cSC: Ty

then added to the micellar solution to obtain the desired concentration, = 105°C. TGA: 10% weight loss below 275C; 55% weight loss
The THF was removed by dialysis against distilled water. 275-400°C; 20% weight loss 408500°C. An average diameter of
SCK 3 (15% Cross-Linked). To a stock solution of P8-PAA 29 nm was obtained by TEM.
aqueous micellar solution (0.50 mg/mL, 100 mL, 0.26 mmol acrylic SCK 7. To a stock solution of P8-PAA aqueous micellar solution
acid unit) was added carbodiimid®)(11.5 mg, 0.038 mmol, 15% of (0.50 mg/mL, 60 mL, 0.15 mmol acrylic acid unit) was added
the total amount of acrylic acid units). The mixture was allowed to carbodiimide) 2) (45.8 mg, 0.154 mmol, 100% of the total amount of
stir for 30 min before the cross-linking reagent'2&thylenedioxy)- acrylic acid units). The mixture was allowed to stir for 10 min before
bis(ethylamine) 1) (2.8 mg, 0.019 mmol, 7.5% of the total amount of the cross-linking reagent triethylenetetramine (11.3 mg, 0.077 mmol)
acrylic acid units) was added. The reaction mixture was stirred for 2 was added. The reaction mixture was stirred f h at room
h at room temperature and then transferred to a dialysis bag and dialyzedemperature and then transferred to a dialysis bag and dialyzed against
against distilled water for 24 h to remove small byproducts. A solid distilled water for 24 h to remove small byproducts. A solid sample
sample of the SCK3) was obtained by lyophilization. IR: 3560 of the SCK {) was obtained by lyophilization. IR: 3568200, 3026,
2500, 3050, 2950, 1717, 1601, 1560, 1492, 1452, 1280, 780, 690 cm 2927, 1650, 1560, 1491, 1452, 1406, 699 ¢émDSC: Ty =110°C.
13C NMR (solid state):6 30—50 (aliphatic C’s of PS and PAA), 70 TGA: 20% weight loss below 308C; 50% weight loss 300375°C;
(ethylene oxide), 130, 145 (styrene Ar C's), 1580 of amide), 175 15% weight loss 375500 °C. An average diameter of 26 nm was
(C=0 of carboxylic acid). Anal. Calcd: C%, 75.52; H%, 6.96; N%, obtained by TEM.

1.08. Found: C%, 75.47; H%, 7.07; N%, 0.90. DSGg= 102°C. Micelle 8. To a stock solution of P8-PAA aqueous micellar

TGA: 10% weight loss below 28tC; 70% weight loss 280400°C; solution (0.50 mg/mL, 10 mL, 0.026 mmol of acrylic acid unit) was

20% weight loss 406420 °C. _ added carbodiimideg} (7.6 mg, 0.026 mmol, 100% of the total amount
SCK 4 (100% Cross-Linked). To a stock solution of P8-PAA of acrylic acid units). The mixture was allowed to stir for 10 min

aqueous micellar solution (0.50 mg/mL, 100 mL, 0.26 mmol acrylic petqre monofunctional amine 2-methoxyethylamine (2.0 mg, 0.026
acid unit) was added carbodiimidg)((76.0 mg, 0.256 mmol, 100% mmol) was added. The reaction mixture was stirredZd atroom

Of.the total a_mount of acrylic amd_un_lts). The mllxture was a!lowed to temperature and then transferred to a dialysis bag and dialyzed against
stir for 30 min before the cross-linking reagent'@hylenedioxy)-  gigtilled water for 24 h to remove small byproducts. A solid sample
bis(ethylamine) 1) (19.0 mg, 0.128 mmol) was added. The reaction of the micelle 8) was obtained by lyophilization. IR: 3568200,

mixture was stirred fo2 h atroom temperature, and then an aliquot of 3100, 3050. 2950 1649. 1560 1492 1452. 1096. 696LcrDSC:
solution was transferred to a dialysis bag and dialyzed against distilled (T _ g5°C (Tg); Z100°C. ' ' ' '

water for 24 h to remove small byproducts. A solid sample of the

SCK (@) was obtained by lyophilization. IR: 3568200, 3050, 2950, . . .
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