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ABSTRACT: We extended the self-assembly concepts of macromolecules in solutions to create a variety of
unique nanosized polymeric cetrshell nanoparticles by means which allow scale-up for industrial production.

This paper describes the synthesis methods and the mechanisms governing the design of structural features required
for a beneficial use as performance-enhancing additives in rubber vulcanizates as well as the performance of
such rubber compositions. The nanoparticles were prepared by the polymerization of block copolymers and their
self-assembly in solvents into micelles followed by a subsequent stabilization of their structure by core cross-
linking. Depending on the type and macrostructure of the block copolymers, the solvent, the concentration, and
other process parameters, a variety of eaikell nanoparticles of different shapes (spheres, hollow spheres,
ellipsoids, linear and branched strings, etc.) and sizes have been reproducibly synthesized. Most of the nanoparticles
were composed of a solid, highly cross-linked core and an elastomeric shell structure. The evolution and structure
of the nanoparticles during the different process steps involved were examined and characterized. The unique
performance of spherical nanoparticles as performance-enhancing additives and novel reinforcing agents was
explored in rubber compounds. It was also shown that the basic spherical or string type nanoparticles can be used
as templates for the design of composite structures comprising the basic polymeric nanoparticles and smaller
organic, inorganic, or metallic substructures embedded in and attached to the elastomeric shell molecules.

Introduction techniques were used by Fudké?and more recently by Zheng

et all® They too used a multistep process starting with the
synthesis of cross-linked nanosize globules by conventional
microemulsion copolymerization of polystyrene and divinyl-
benzene (DVB) and ethylvinylbenzene. In two subsequent steps

Methods that allow the preparation of polymeric nanoparticles
with varied and often complex structures and functions have
drawn much attention during the past decade. This interest is

largely based on the notion that such nanoparticles ranging in : : .
aey P gang polybutadiene of up to 17 kg/mol in molecular weight was

size from 10 nm to more than 100 nm may offer enhanced ! WS
surface grafted onto the preformed core particle by anionic

physical, chemical, or biological properties when optimally g -
designed for specific applications. Commercial uses require thatPClymerization after they were washed, dried, and subsequently
suspended in hexane. FirsBuLi and TMEDA were reacted

they be made reproducibly in relatively high volumes and at a °" o e
cost commensurate with the value of the benefit they are With the remaining DVB double bonds to generate Li live ends
expected to impart in different applications. However, the on_th_e_ surface of the p_artlc_:les, after which butadiene was added
development of robust and economically viable processes !0 initiate the polymerization of the shell structure.
capable of producing acceptable nanoparticles has been a The second approach involving the self-assembly of block
challenging endeavor. copolymers was used both in the solid state and in polymer
Polymeric core-shell nanoparticles can be synthesized by solutions*~2° Lui et al.*15for example, reported a process to
at least two different pathways: one involving a sequential make polymeric nanoparticles taking advantage of the self-
synthesis of core and shell structure and the other involving assembly of diblock copolymer in the solid state. Their approach
the self-assembly of block copolymers. was based on the synthesis of diblock copolymer with a photo-
The former approach originated from work by a number of cross-linkable block which allowed them to form an ordered
researchefs3 to produce multiarmed star polymers. One structure of either nanosized spherical or cylindrical domains.
example is the work of Tsitsilianis et &lin which a living After cross-linking the core of these self-assembled structures
polymeric precursor first formed is reacted with a bis-unsaturated and dissolving the resultant material in a solvent, they obtained
monomer such as divinylbenzene (DVB), producing a star- core—shell structured nanospheteand nanofiber$® Applying
shaped polymer with a small (DVB) core structure. Given the the same concept, Wooley et!&f!® used diblock copolymers
sequence of the synthesis steps this method is often referred tdo form amphiphilic nanoparticles of cofrshell structure. In
as the “arm first” method. Another approach, called the “core their experiments the micelles were formed in a dilute solution
first” method, was first demonstrated by Burch8fd.A bis- and subsequently stabilized by a cross-linking of the outer shell
unsaturated monomer (DVB) was first polymerized with BuLi layer. Similar results were obtained by Akashi et%af? with
in a hydrocarbon solvent at high dilution, producing a stable comb type polymers prepared by dispersion polymerization of
suspension of small gel particles. The particle surface was thena cross-linkable monomer and a macromonomer. The mac-
reacted with metal organic functions which served as an initiator romonomer prepared separately and carefully purfigdior
for the synthesis of the polystyrene shell structure. Similar to its use acted as a steric stabilizer to provide colloidal stability
to the micelles formed in a solvent, and eventually it became
* Corresponding author. E-mail: bohmgeorg@bfusa.com. part of the surface layer of particles. The spherical nanoparticles
T E-mail: wangxiaorong@bfusa.com. generated had a corshell structure with short hydrophilic

10.1021/ma0613739 CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/10/2007



500 Wang et al. Macromolecules, Vol. 40, No. 3, 2007

brushes. Many of these approaches may prove difficult to scalethe butadiene/hexane blend (22 wt % of butadiene). The batch was
up for large volume production because they require fairly com- then heated to 57C. After the temperature stabilized, polymeri-
plex multistep synthesis, purification, and assembly processes.zation was initiated by adding 5.0 mL of 1.6 Mbutyllithium in

Our work focused on means to produce polymeric nanopar- hgﬁage? AftLer ? hﬁ thle ersel?/lcmbr W"’}f_ EQOled tclfm_)and tk(‘je? (l:lhar_ged
ticles by commercially viable synthesis procese®® Given with 1.7-mL of the 1.6 Mn-butyllithium solution and following
that Weywere mainly ir):terested ?:] formingpcershell nanopar- that with a blend of 0.66 kg of styrene/hexane (33 wt % of styrene)

icl ith f well-defined si d hanical I and 50 mL of divinylbenzene. The reactor was maintained at 57
ticles with cores of well-defined size and mechanical as Well o¢ o anothe 2 h period. After that, the living polymer was

as thermal stability, we chose to make use of the thermody- terminated by dropping it into a solution of 2-propanol and BHT
namically governed drive of certain heterogeneous molecules at 3 ratio of 99/1 and then dried in vacuum.
such as block copolymers placed in certain solvents to self-  Synthesis of Flower Type NanoparticlesThe polymerization
assemble into micelles of predetermined size and structure.reactor equipped with external jacket heating and internal agitation
Living block copolymers can be produced by different synthesis was used for the preparation. The reactor was first charged with
processes such as anionic and living free radical polymerization0.52 kg of hexane and 1 kg of a butadiene/hexane blend (22 wt %
including reversible addition fragmentation transfer (RAFT) and butadiene). The batch was then heated to °&7 After the
atom transfer radical polymerization (ATRP) either in a separate {€mperature stabilized, polymerization was initiated by adding 16
process or in conjunction with the micelle-forming step. The ML of @ 0.5 M solution of the dilithium initiator in hexane. The

. . dilithium solution was made according to the procedure described
thermodynamic properties of such polymer/solvent systems

. ; . earlier. The batch temperature was maintained atG7or the
allow the formation of nanoparticles of various shapes such as 4, ation of the polymerization. After 2 h, the reactor was charged

spheres, strings, etc. Special features such as functional groupsyith 0.7 kg of a styrene/hexane blend (33 wt % of styrene). After
hydrogenation, etc., can also be introduced in the nanoparticlean additiona2 h reaction, the reactor was charged with 2.8 kg of
by additional steps undertaken either during the synthesis of hexane and then 50 mL of divinylbenzene (DVB). The temperature
the block copolymers or in one or more posttreatment steps was maintained at 57C for anothe 2 h period. The reactor was

performed on the formed nanoparticles. then discharged, and the product was dropped into a 95/5/1 blend
) . of acetone/2-propanol/BHT and subsequently dried in vacuum.
Experimental Section Synthesis of Hollow Nanoparticles.The reactor was first

Monomers, Solvents, and Synthesis EquipmenButadiene in charged with 1.134 kg of hexane and then 0.68 kg of the styrene/
hexane (about 22 wt % butadiene), styrene in hexane (about 33 wthexane blend (33 wt % styrene) and the batch heated ttC85
% styrene), pure hexane, anebutyllithium in hexane (1.6 M in After the temperature stabilized, polymerization was initiated by
hexane) were used as supplied under nitrogen from the Firestoneadding 1.6 mL of 1.6 M oligomeric oxalanylpropane in hexane
Polymer CosecButyllithium (1.4 M in cyclohexane) and triethy- ~ and 8 mL of 1.6 Mn-butyllithium in hexane. The batch temperature
lamine were obtained from Aldrich. A dilithium initiator was Wwas maintained at 85C for 20 min. Then 1.0 mL of 2-propanol
prepared in situ according to the following procedure. Equal molar was added to terminate the polymerization. This procedure was
amounts of triethylamine ansecbutyllithium were first charged ~ used to prepare the PS for first forming the globules later used as
to a clean, dry, nitrogen-purged closed bottle. Then 1,3-diisopro- templates for generating the hollow particles. After 17 min the
penylbenzene was added at a 1:2 molar ratio teéebutyllithium. reactor was charged with 0.635 kg of a butadiene/hexane blend
The bottle was heated with agitation for 1.5 h a’&0 The resultant (22 wt % of butadiene) and then 8 mL of 1.6 Moutyllithium to
product was used as the dilithium initiator. Technical grade reinitiate the polymerization. 25 min later the reactor was charged
divinylbenzene (Aldrich) containing mixture of isomers (80%) as With 0.09 kg of a styrene/hexane blend of (33 wt % styrene). This
well as isomers of ethylvinylbenzene was passed through a columnprocedure formed BD/S block copolymers having a short PS block
comprising a proprietary activated alumina based inhibitor remover to prevent the formation of separate micelles but causing the block
(Aldrich) and calcium hydride under nitrogen before use. Monomer copolymer molecules to decorate themselves around the PS
tert-butylstyrene was also obtained from Aldrich and reacted with globules. The reactor was then cooled to°@) and 20 min later
activated alumina and calcium hydride under nitrogen. Neat 100 mL of divinylbenzene was added to the reactor. The reactor
oligomeric oxalanylpropanes obtained from the Firestone Polymer temperature was then maintained at°@for another 1.5 h, after
Co. were similarly treated and used as a 1.6 M solution in hexane Which the reaction was terminated by dropping the batch into a
and stored over calcium hydride. Other solvents such as 2-propanol 95/4/ 1 blend of toluene, 2-propanol, and BHT. The solution was
acetone, toluene, and the antioxidant butylated hydroxytoluene then precipitated by adding extra hexane. Since PS is insoluble in
(BHT) were used as received. A 7.6 L reactor (Chemineer Inc.) hexane at 23°C it precipitated, while the hollow particles
equipped with a pitch blade impeller was used for most of the comprising the polybutadiene brushes remained soluble. The soluble
synthesis work. The nanoparticles of this study were all made by nanoparticles particles were then collected and dried in vacuum.
anionic polymerization in this high-pressure closed reactor. Synthesis of Linear NanostringsThe reactor was charged with

Synthesis of Spherical Nanoparticles. Option AThe reactor 1.19 kg of a butadiene/hexane blend (22 wt % butadiene) and heated
was first charged with 0.508 kg of hexane and then 1.043 kg of to 57°C. After the temperature had stabilized, polymerization was
the butadiene/hexane blend (22 wt % of butadiene). The batch wasinitiated with 10.2 mL of a 1.5 M butyllithium/hexane solution.
then heated to 57C. After the temperature stabilized, polymeri- The batch temperature was maintained atG7or the duration of
zation was initiated by adding 5.0 mL of 1.6 Mbutyllithium in the polymerization. After 2 h, the reactor was charged with 1.81
hexane. After 2 h, the reactor was charged with 0.66 kg of a styrene/kg of a styrene/hexane blend of (33 wt % styrene). After an
hexane blend that contained 33 wt % styrene. After an additional additiond 2 h reaction time, the reactor was charged with 55 mL
2 h reaction, the reactor was charged with 1.81 kg of hexane andof divinylbenzene. 10 min later the agitation was stopped, and the
then 50 mL of divinylbenzene. A batch temperature of’&7was temperature was maintained at 8Z for an additional 2 h. The
maintained duration the entire polymerization process. The productbatch was then discharged into a 95/4/1 blend of acetone,
was then dropped into a solution of 2-propanol and BHT and 2-propanol, and BHT and subsequently dried in vacuum.
subsequently dried in vacuum. The GPC analysis of the product Synthesis of Branched Nanostrings.The reactor was first
showed two distinct peaks. One was from the micelle nanoparticles charged with 1.814 kg hexane and 0.522 kg of a butadiene/hexane
(~95%), and the other was from some unreacted diblock copolymer solution (22 wt % butadiene) and the reactor heated ttC5¥When
(~5%). The molecular weight of the diblock was about 49.4 kg/ the batch reached 5T, 10 mL of 0.5 M dilithium solution and 1
mol. The polydispersity of the nanoparticles was 1.15. mL of 1.6 M n-butyllithium were added. After 2 h, 0.68 kg of a

Synthesis of Spherical Nanoparticles. Option BThe reactor styrene/hexane blend (33 wt % styrene) was added to the reactor.
was first charged with 0.508 kg of hexane and then 1.043 kg of A temperature peak of about 7C was observed after 20 min due
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Table 1. Characterization of Polymeric Nanoparticles

PBD shell PBD/PS DVB particle particle
Mn shell ratio in contentin particle diameter particle poly-
sample (kg/mol) Mw/Mn particle particle (%) purity (%) (nm) length (nm) dispersity
spherical nanoparticles
by option A 24.7 1.05 50/50 8 95.0 20 n/a 1.15
by option B 24.9 1.03 50/50 8 99.0 20 n/a 1.12
flower-type nanoparticles 56.7 1.04 50/50 8 82.0 25 n/a 1.10
hollow nanoparticles 26.8 1.05 42/58 46 90.0 30 n/a 1.16
nanostrings
linear structure 14.2 1.03 30/70 6 >95 20 1006-10000 n/a
branched structure n/a n/a 34/66 8 >95 20 1006-10000 n/a
nanocomposite particle 24.9 1.05 50/50 8 90.0 20 n/a 1.15

to the exothermic reaction. After another 1.5 h, 50 mL of polymerization batch and further diluted with hexane solvent to
divinylbenzene (DVB) was added, and the solution was allowed about 104wt % of the polymer solid. A drop of the diluted solution
to react for an additional 1.5 h The batch was then dropped into a was then deposited on a carbon-coated microgrid. After the solvent
95/4/1 blend of acetone, 2-propanol, and BHT. The polymeric was evaporated, the grid was stained with @a@d examined by
product was then filtered through a cheese cloth and dried in electron microscopy.
vacuum. Atomic force microscopic (AFM) observation was carried out
Synthesis of NanocompositesA 2000 mL three-neck round-  with a Dimension 3000 microscope made by Digital Instruments.
bottom flask was used for the synthesis. The middle neck was usedThe AFM was used in tapping mode with an etched silicon tips. A
for mechanical stirring. The left neck was used for charging the small drop of the diluted solution~10* wt %) was placed on a
various materials and the right neck for nitrogen purging and newly cleaved graphite surface of about £010 mm size. The
temperature measurements. 70 g of diisopropyl azocarboxylateexamination commenced when the solvent had completely evapo-
(from Aldrich) and 1200 g of a toluene/nanoparticle solution rated.

containing 8 wt % spherical nanoparticles prepared by option B preparation of Rubber Compounds.Rubber compositions were
described earlier were a” added in'[O the f|aS|(. The ﬂask was then prepared using common|y accepted proceduresl A master ba’[ch was
placed into a silicon oil bath, heated to 110, and held at that formulated with 100 phr polymer, varied amounts-{ phr) of
temperature for 7 h. When the reaction product was dropped into N343 carbon black, varied amounts—®@5 phr) of polymeric
hexane, a light-yellow product precipitated from the solution. After nanoparticles, and different processing aids including 3 phr zinc
redissolving it in toluene and reprecipitating the solution in hexane oxide, 2 phr hydrocarbon resin tackifier, 0.95 phr antioxidant (Santo
five consecutive times, the product was ered in vacub@ NMR flex 13), 2 phr stearic acid, and 1 phr wax. The unit “phr” refers to
comparison of the carbonyl and aromatic groups showe_(_j that theupanS per hundred rubber”. Mixing was performed in a 300 g
product contained about 85 parts of chemical bonded diisopropyl Brabender mixer using a mixing speed of 60 rpm. At time zero,
azodicarboxylate based on 100 parts (by weight) of the original the polymer was charged to the mixer, preheated to an initial
polymer. The product was soluble in methanol, ethanol, 2-propanol, temperature of 116C. The remaining ingredients were added at
THF, chloroform, and toluene but not soluble in hexane and = g5 min. The batch was removed &t= 5 min when the

cyclohexane. The azo-dicarboxylated nanoparticles were thentemperature of the stock approached 160The master batch was
redissolved in toluene and further diluted to about a 3% concentra- |ater mixed with curatives in the Brabender mixer at 60 rpm to
tion. Then 10 parts of a Cd(AgMeOH solution (3 wt % Cd(A¢) form a final stock. The curatives used were 2.1 phr sulfur, 1.4 phr
were charged to 100 parts of the solution. The solution was cyclohexylbenzothiazole sulfenamide (accelerator), and 0.2 phr
transparent and colorless,$1gas was then bubbled through the  diphenylguanidine (accelerator). The master batch was added to
solution to fully convert the Cd ions to CdS. The solution was then  the mixer held at 75C at time zero, the curatives were then charged
purged with nitrogen to remove excesgHThe resulting solution  att = 0.5 min, and the final batch was removed from the mixer at
was yellow, but no macroscopic precipitation of CdS occurred from t = 1.3 min when the temperature of the stock reach@® °C.

the solution. The product was then placed in a vacuum oven at 50 The final stock was sheeted on a two-roll mill at 8D and cured

°C, yielding a film of polymeric nanocomposite particles. The film iy molds at 165°C for 15 min.

was yellow gnd.transparent to I',ght' ) Measurement of Physical and Rheological PropertieMea-
Characterization of Nanoparticles. Molecular weights were surement of dynamic moduli@ and G") of rubber compounds
determined by gel permeation chromatography (GPC) using Waterseinforced with nanoparticles were carried out at different strain
HSGPC equipment and tetrahydrofuran (THF) as solvent. Solid 4mpjitudes using a Rheometrics ARES strain-controlled rheometer
samples were weighed, dissolved in THF, and filtered before oqipped with dual 200 and 2000 g cm force rebalance transducers
injection into the GPC column. The column was calibrated using anq controlled using RSI Orchestrator V6.56 software. Strain
polystyrene standards, and the averaged molecular weight of thesweeps were done at 5 Hz and 30. The test specimen was a
sample was estimated on the basis of these standards and a u”iverséi/linder 9.5 mm in diameter and 15 mm in length. It was glued to

calibration curve. _ a pair of parallel plates using superglue and then mounted in the
The polymer microstructure such as vinyl and styrene content jnstryment. For temperature sweeps the test specimen was a strip
was determined bjH NMR measurement. A Varian Gemini 300 30 mm in length and 15 mm wide mounted between a pair of strip
NMR spectrometer was used. The polymers were dissolved in afixtyres. The testing conditions were 5 Hz at 2% strain amplitude.
deuterated solvent (CDgland filtered before being transferred  Tensile strength measurements were carried under conditions
them into a NMR tube for measurement. described in ASTM-D 412 at 22C using a ring, 25.4 mm in
A DSC 2910 differential scanning calorimeter was used to diameter and having a thickness and width of 1.9 and 1.27 mm,
determine theTy of the polymer. The temperature at which the respectively.
inflection point of heat capacityG, = f (T)) occurs was used as a
measure ofTg. The temperature and the heat flow signals were Results and Discussion
calibrated with indium. The temperature scan rate wasClnin. ] ) )
Electron microscopic observations were carried out with a  Synthesis and Structure of Nanoparticlesin the following
Phillips CM-12 transmission electron microscope (TEM) and a We Wwill describe the detailed process steps involved in the
Hitachi S-4800 scanning electron microscope in STEM mode. synthesis of some of these above referred to polymeric nano-
About 10 mL of the polymer solution was taken from a final particle based on the use of styrene/butadiene block copolymers,
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Figure 1. (a) Synthesis of spherical nanoparticles. Option A: core monomer conversions during the core formation.
cross-linking by addition of divinylbenzene to living PBD/PS diblock
aggregates. Option B: core cross-linking by copolymerization of styrene .. i . .
and divinylbenzene. (b) GPC spectrum of the final product according highly Cr,OSS linked reglon in the polystyrene core of the
to the process shown in option A. nanoparticle. Rheological measurements performed on the

nanoparticles showed the existence of a hysteresis peak at about

since the extension to other systems is then straightforward. The80 °C, which indicates that the cross-linked, DVB-rich core
composition and structure information on the nanoparticles region did not intermix completely with the styrene-rich part
produced are summarized in Table 1. of the core. Nevertheless, the cross-linking of the nanoparticle

a. Spherical Nanoparticle. A diblock copolymer with a core permanently stabilizes the shape of the self-assembled
molecular weight of 50 kg/mol and a 50/50 BD/styrene weight micelle structure.
ratio was synthesized using lithium-initiated living anionic The synthesis process involving these steps produces nano-
polymerization by a sequential addition of first butadiene and particles of a narrow size distribution with the data listed in
then styrene after all the butadiene has been polymerized, asTable 1. The GPC spectrum of the final product shows two
shown in Figure 1, option A. In a hexane solution of about 12% distinct peaks (see Figure 2b). The larger one is from the micelle
solid, this living diblock aggregate forms spherical micelles, nanoparticles {95%) and the other from unreacted diblock
with the styrene block directed toward the center of the micelle copolymer (-5%) which did not get incorporated in the micelle
and the butadiene block as tail extending therefrom. This occursstructures due to impurities introduced by the sequential charging
because the polystyrene blocks of the copolymer are largely of solvent and monomers during anionic polymerization. The
insoluble in hexane whereas the polybutadiene blocks are verypolydispersity of the micelle nanoparticles is about 1.15, and
soluble in this solvent. the molecular weight distributiol,,/M,, of the original diblock

After forming the micelles, 8 wt % (of the diblock polymer)  copolymer is 1.05.
divinylbenzene (DVB) was added. The divinylbenzene, having  Alternatively, the cross-linking of the core can also be
a strong affinity for styrene, is diffusing to the center of the accomplished by copolymerizing styrene and divinylbenzene
micelles where it reacts with the living anions on the polystyrene instead of just styrene during the formation of the block
chain ends to polymerize a poly(divinybenzene) adduct which copolymer as shown in Figure 1, option B. This option provides
subsequently undergoes inter- and intramolecular cross-linkingan opportunity to achieve a more uniform cross-link distribution
via the slower reacting second double bonds, thus forming a in the core region and to meet specific application needs by the
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Figure 4. Phase diagram of PS/PBD diblock copolymers in hexane.
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Figure 5. Nanoparticles of different shape and structure produced in
a batch process using our technology.

the temperature of the experiment and micelles will begin to
form. Our studies show that micelles form relatively quickly
perhaps aided by clusters of living BD shell molecules held
together in the solvent by ionic attraction between the anions
located at the chain ends. These clusters are likely preserved
during the early growth of the S/DVB adducts and strengthened
by the additional BuLi we added &t= 0. However, given the
small diffusion coefficient of high molecular weight copolymers,
we anticipated that the time required to reach equilibrium in
micelle formation would take a longer time. The concentrations
: : of styrene, DVB, and BuLi in the micelle core region will tend
- : AN to be higher than in the solvent and be governedifgore)=
Figure 3. TEM photographs of polymeric spherical nanoparticles: (a) i(solvent), the thermodynamic equilibrium.

PS/PBD core-shell nanoparticles; (b) hydrogenated PS/PBD nanopar-  The DVB we use is technical grade from Aldrich (product

ticles. no. 414565) and contains four componentsEVB (~10%),
appropriate selection of the monomers, their addition sequence,p'EVB (~9%), mDVB (~57%), andp-DVB (~24%). As the

the presence or absence of additional BuLi, and certain proces4€Ndths of the S/DVB adducts continue to grow, the micelles
parameters. In the case of the BD/S/DVB-based nanoparticlesWill 9row in size and perfection. As shown in the monomer
we were able to vary the cofi from about from 100 to above ~ CONnversion graph of Figure 2ip-DVB copolymerizes more
280°C. As stated, the dynamics of core formation has significant GUickly owing to its larger reaction constengnd hence the
bearing on the structure, thermal stability, and ultimately the POlymer segments starting to form @t= 0 are very rich in
performance of the nanoparticles, and we thus investigated theDVB. As p-DVB is being consumedn-DVB and the ethylvi-
consumption of styrene and DVB including its isomers and Nylbenzene isomers are being copolymerized as well. Inter- and
impurities contained in technical grade DVB during the core intramolecular cross-linking of the core structure through the
formation phase. second double bonds of the copolymerized DVB will also take

Figure 2 shows the results obtained and the proposedplace, albeit at a slower rate. The size and distribution of the
sequence of events taking place. The BD shell molecules core segments relative to each other change disibgsed on
polymerized during; are fully soluble in hexane, but shortly the thermodynamics of the changing system and the process
after S/IDVB segments of a certain length have grown onto the kinetics taking into account the growing chains, the monomers
shell molecules starting @ = 0 the concentration of block  and BuLi concentration in the core phase, and the cross-linking
copolymer formed exceeds the critical micelle concentration at of the chain segments.
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Figure 6. (a) Synthesis of hollow nanoparticles showing process steps. (b) TEM images of hollow particles produced.

Given this process sequence, we have to assume that the outellepends on the volume fractions of the componefits & 1,
core region of the polymer produced in this experiment is more 2), the miscibility of the components as expressed byyiing
densely cross-linked than the core center due to the DVB parameters, wherg is the interaction parameter aidis the
concentration gradient. We also have to conclude that at somedegree of polymerization, and on the shell to core volume
time in the process when significant cross-linking has occurred fraction. To explore this, we carried out experiments in which
in the outer core region the polymerization of nanoparticles the molecular weight of the block copolymers was varied as
slows down and eventually stops as core cross-linking restrictswell as the block copolymer concentration in hexane while
core growth even if unreacted monomer (S, DVB, etc.) is present keeping the polymerization temperature and the core-to-shell
in the solvent. weight ratio of the block copolymers constant with the results
The shape and size of the nanoparticles can be seen in theshown in Figure 4. As one can see, for a block copolymer with
TEM micrograph of Figure 3. This analysis involved a hexane a molecular weight of about 60 kg/mol and a BD/S ratio of
solution of the final product at about a Towt % concentration.  1/2, spherical nanoparticles are formed at relatively low polymer
A drop of the diluted hexane solution was coated onto a carbon- concentrations, e.g., gt < 12 vol %. As the concentratiog
coated copper microgrid. After the solvent was vaporized, the jncreased to about 12 but still below 20 vol %, the preferred
sample was stained with Ry@nd examined by TEM. As can  morphology was found to be ellipsoids. At still higher concen-
be seen, the nanoparticles are spherical and about 20 nm inration of about 22 vol %, the morphology changed to cylinders.
diameter (Figure 3a). If the product is hydrogenated, an even apove 30 vol % only complex gels were observed. Molecular
sharper image is obtained (Figure 3b). weight also affected particle characteristics but to a lesser degree
The micellization of diblock copolymers is an enthalpically  than . At block copolymer concentration of about 15 vol %,
driven process with the negative Gibbs free energy of e 1 gpherical nanoparticles are mostly formed if the molecular
o o weight of the diblock copolymer is smaller than 40 kg/mol. As
AG’= AH® = TAS’ @) the molecular weight increases to above 60 kg/mol but still
dominated by the negativeH?, which is the result of a stronger be.Iow.120 kg/mol, thg system changes its morphology to
polymer/polymer interaction in the micelle cores as compared ellipsoids _and short cylinders. _Above .120 kg/mol, the system
forms cylinders. In general, increasing the temperature or

to polymer/solvent and solvent/solvent interaction in the absence, X :
of micelles. The change in entropy is also negative and thus increasing the shell block length favors the formation of spheres.

unfavorable to the formation of micelles, bTAS is much Increasing the core block length or the concentration favors the

smaller thanAHe. By changing the thermodynamic conditions formation of cylinders. On the basis of th_is informatiop as well
governing the self-assembly of BD/S block copolymers, one &S Process changes, we prepared a variety of spherical as well
would thus expect that micelles of different structures be &S nonspherical nanoparticles shown schematically in Figure 5
generated. The results of theoretical efforts to predict micelle @nd discussed in the following.
structure from the characteristics of the block copolymers have b. Flower Type Nanoparticle.In order to avoid the presence
been reviewed by several authéfs! of end groups in the brush structure of spherical particles, a
The formation of various micelle shapes which can be micelle can also be formed from a living S/BD/S triblock
produced from BD/S block copolymers in a given solvent polymer which will form a flower-like nanoparticle with looped
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a Variables:
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Figure 7. (a) Synthesis of linear and branched string type nanoparticles. (b) Microscopic images of ellipsoids, cylinders, and linear and branched
nanostrings.

polybutadiene chains such as shown schematically in picture b Upon phase separation of the outer blocks induced by an
of Figure 5. The triblock copolymer is formed by living anionic  appropriate selection of a solvent system and assuming that the
polymerization initiated by a dilithium catalyst, in which styrene core diameter is much smaller than the shell length, two
monomer is added to a completely polymerized polybutadiene situations can be anticipated. The first can be expected when
section, positioning the live ends on both styrene blocks. the phase separation is incomplete, in which case a spinodel
Because the middle block is soluble in hexane and the two living type phase separation may occur at the particle surface. The
end blocks are less soluble in hexane, the polymer chainssecond one is more interesting and should occur when the phase
aggregate in hexane solution to form micelles of flower-like separation is complete. Then a Janus-like surface morphology
structures. The micelle core of this polymeric nanoparticle can should form with two surface regions having different properties,
also be cross-linked by the means described earlier involving as schematically shown in picture c of Figure 5. Complete phase
either a copolymerization of styrene and divinylbenzene during separation can be achieved by converting the polybutadiene
the micelle formation step or an addition of divinylbenzene after block into more polar structures by steps undertaken either
the micelles have formed. during the synthesis of the block copolymers or in one or more
c¢. Janus Type NanopatrticlesThe shell structure of spherical  posttreatment steps performed on the formed nanopatrticles (e.g.,
nanopatrticles can also be designed to have two different brushesby the posttreatment described in section f). We are carrying
For example, one may be polybutadiene and the other poly- out additional measurements on these Janus type particles and
(tert-butylstyrene). The process then involves separately poly- expect to publish the results when completed.
merizing alkylbenzene monomers (such as styrene tartd d. Hollow Type Nanoparticle. The synthesis of a hollow
butylstyrene) and conjugated diene monomers (such as butadienejanoparticle was achieved by a modified procedure that
in hexane solvent to form two types of block copolymers, such comprises forming nanosized polystyrene globules in hexane
as the polystyrenb-polybutadiene and polystyrerepoly(tert- in which the globules are essentially insoluble. Then styrene
butylstyrene). In both cases the living species are located at thebutadiene diblock copolymers with an anionic living end on
end of the PS block. Combining the two block copolymers in the styrene block are added where they assemble as micelles
hexane causes micelle-like structures to form with the PS block surrounding the preformed polystyrene globules, as shown in
directed toward the center of the micelles and the hexane-solubleFigure 6a. The enlarged micelle is then comprised of an outer
blocks as tails extending therefrom. After forming the micelles, shell made of polybutadiene brush, an inner polystyrene shell
a cross-linking agent (such as divinylbenzene) is added to thecontaining the Li, and the globular core made of polystyrene.
system to stabilize the nanoparticles by a link up and subsequentThe anionic live ends in the inner shell may then be cross-
cross-linking of the core segments. linked by divinylbenzene as described earlier. In the final step
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a Another potentially more promising and technically more useful
Diisopropyl approach is to use a mixture of di- and triblock copolymers in
azodicarboxylate the micelle formation process. We found that by varying the

7" ratio of triblock to diblock copolymers as well as the molecular
'Tolu:w g weight of the BD center block in the triblock copolymer, we
il could form nonspherical particles varying in shape from
1) Cd™ ellipsoids to long linear or branched strings and to larger
2) H,S dendritic structures, as shown in Figure 7. Linear as well as
branched strings having a diameter of about 30 nm and a length
cds of up to 10um can be produced. We believe that the shape
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changes are induced by a bridging between micelles by triblock
copolymers. The polystyrene cores of the nanostrings formed
are directed toward the center of the micelles with the butadiene
brush structure extending therefrom, as shown schematically
in picture d of Figure 5. These particles too can be stabilized
by core cross-linking involving divinylbenzene and the Li anions
located on the ends of the polystyrene blocks as has been
discussed earlier. The AFM micrographs were prepared by first
redispersing the nanostrings in a very dilute toluene solution
and then spin-casting a drop on a newly cleaved graphite surface.
f. Nanocomposites: Nanoparticles as Templates for Or-
ganic, Inorganic, or Metallic Substructures. For the design
of nanoscale composite particles, we chose spherical nanopar-
ticles of the type described earlier as a primary building blocks
or templates and then introducing appropriate functional groups
in the shell structure to initiate reactions which permit inorganic
or metallic structures to be added. Depending on the functional
group and whether it is desired to have it at chain ends or
randomly located on the elastomeric shell structure, this can be
it : o R done either during the synthesis of the diblock copolymers or
] as part of a posttreatment following the making of the nano-
50 nm particles. To illustrate this method, we reacted shape-stabilized
Figure 8. (a) Formation of nanoparticle composites using polymeric spherical nanoparticles of Figure 1 with diisopropylazo dicar-

nanoparticles as templates in initial process step. (b) TEM image of hoxylate (DIAD) while the particles were suspended in toluene.
composite nanoparticles. In the image, only CdS crystals are observableAS shown schematically in Figure 8, the azo groups of DIAD
as small dark spots since the polymer part of the particles was not ’

stained and is therefore not visible. will react at random with the unsaturations of the PBD brush.
The pending carboxyl and amine functionalities can then be
the polystyrene core molecules are extracted in a suitableused in subsequent reactions to form organic, inorganic, or
hydrocarbon solvent such as toluene with the result that a hollow metallic inclusions located within the preformed nanoparticle.
nanoparticle such as shown schematically in picture f of Figure In the case displayed in Figure 8 the carboxyl and amine groups
5 is formed. The overall size and the void space in the particle are further reacted with Cd and then HS to form CdS crystals
can be tailored by the solvent, the molecular weight of the ~5—10 nm in diameter within the outer layer of the nanopar-
polystyrene used for the formation of the original globules, the ticle. Since CdS can be readily excited giving off fluorescent
macrostructure of the diblock copolymers, and a number of other light, we created a composite nanoparticle which could be used
process parameters. as a tracer in the biomedical field to name one possible
The particles formed are uniform in shape, have a narrow application. A TEM micrograph of a relatively thin layer made
size distribution, and cover a wide size range. The processup of these composite nanoparticles can be seen in Figure 8b
permits additional particle design features such as a modificationwhere only the CdS crystals are observable as small dark spots.
of the outer or inner surfaces by functional groups, the use of The polymer part of the particle was not stained and is therefore
monomers other than butadiene and styrene, etc. A TEM picturenot visible.
of a hollow nanoparticle prepared by this method is also shown  Reinforcement and Performance Tuning of Rubber Com-
in Figure 6b. It involved applying a drop of a dilute hexane pounds by Core—Shell Nanoparticles.Rubber compounds are
suspension of the nanoparticles on a carbon-coated coppetraditionally reinforced with carbon black or silica. As the hard
microgrid and the subsequent staining of the particles. The cores of the earlier described spherical nanoparticles are about
donut-like appearance, similar to those seen with red blood the same size or smaller than the primary carbon black particles,
cells, is consistent with the image of a collapsed hollow sphere we were keenly interested in exploring the reinforcing capability
on a flat surface. The size of the particles in the image is of these new materials. This was done by comparing the stress
30—40 nm. strain properties of two sulfur vulcanized rubber compounds:
e. Nanostrings.The forming of nanostrings has been of great one reinforced with carbon black (N343) (compound A) and
interest to us as one can anticipate many useful applications ofthe other with spherical polymeric nanoparticles (compound B).
such structures as reinforcing particles for rubber compounds, Polybutadiene (PBD) with a molecular weight &, = 150
etc. They can be synthesized by two different routes. The first kg/mol (Mw/M, = 1.1) identical in microstructure (cis/trans/
involves the use of relatively high molecular weight diblock vinyl = 33/56/11%) to the PBD brush segments of the
copolymers of high S/BD ratio at relatively high solute nanoparticles was used as the host polymer, and the composition
concentration, as suggested by the phase diagram of Figure 4of the two rubber compounds is shown in the table inserted in

(~5 nm)
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Figure 10. Application of polymeric nanoparticles as additive to sulfur-
;1(%2\_ cured rubber compounds for the tuning of dynamic physical proper-
/)ré%_ ties: (a) strain sweep plot and (b) temperature sweep plot.
q P aggregates-180 nm in size are made up of several 25 nm sized

- primary particles permanently fused together during the manu-
>\ nm facturing process. Moreover, many aggregates clump together

) . . into micrometer-sized agglomerates which are gradually broken
Figure 9. (a) Stressstrain performance comparison of two sulfur . . .
vulcanized polybutadiene rubber compounds: one reinforced with UP into aggregates during the mixing of the compound, yet some
carbon black (N343) and the other with spherical PBD/PS nanoparticles, aggregates typically survive the mixing step. In contrast, the
both comprising an identical volume fraction of reinforcing filler. (b)  polymeric nanoparticles are easily dispersed in the host rubber.
An interpretation regarding the reinforcement mechanism. Given that the reinforcing carbon black aggregates are signifi-
cantly larger in diameter than the cores of the nanoparticles used,
the average distance (see Figure 9b) between carbon black
aggregates of compound A is about 125 nm compared to 50

Figure 9a. 35 phr of PBDM,, = 40 kg/mol) was added to
compound A to match the PBD brush molecules of the
polymenc nqnopartlcles in compound B. The nanqpartlcles usednm for the nanoparticle cores.
in this experiment had a polystyrene/DVB core diameter of 35 : i . )

nm, an overall diameter of 50 nm, and an equal molar As to filler/network linkages there is no evidence for covalent
concentration of PBD and polystyrene. As a result, the volume linkage between nonfunctional rubber molecules and carbon
fraction of carbon black in compound A (16 vol %) was nearly Plack aggregates other than van der Waals bonding which

equal to that of the reinforcing core portion of the nanoparticles induces some “bound rubber” formation. However, in the case
in compound B. of the polymeric nanoparticles each shell molecule is attached

As shown in Figure 9, the compound reinforced with to the hard reinforcing core of the particle at one end. The rest

polymeric nanoparticles has a significantly higher modulus at of the molecule becomes entangled with the host polymer and
low strains and superior failure properties such as equal tensileultimately is covalently linked to the rubber network during the
strength, higher elongation at break, and higher tensile breakvulcanization step. Thus, all the shell molecules become load
energy (tensile strength multiplied by the elongation to break) holding chains if their molecular weight significantly exceeds
compared to those of the carbon-filled compound. the entanglement molecular weight. The observed greater

An interpretation of this result requires recognition of the reinforcement and superior failure properties of the nanoparticle
differences between the two reinforcing fillers used in com- containing compound are most likely the result of both the
pounds A and B, particularly as related to their structure, greater number (smaller size) of reinforcing particles and the
dispersion, and linkage to the rubber network they are embeddedstrong covalent bonding between the host rubber and the
in. With regard to structure and dispersion N343 carbon black reinforcing nanoparticle cores.
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Given the highly reinforcing nature of the nanoparticles, we analysis of samples used in this study and thank Bridgestone
also investigated their use as an additive for tire compounds Firestone for the permission to publish some of the results of
such as treads to increase the low strain modulus without this research study.
increasing the low strain hysteresis. This is demonstrated in
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