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ABSTRACT

Block copolymers self-assemble in bulk, forming a number of intricate block segregation patterns. Such assembled structures can serve as
precursors to nano- or microstructures with numerous potential applications. For many applications, such as catalysis, a high surface area
to volume ratio is desirable, which requires “breaking up” copolymer solid into dispersed particles. Reported in this letter is the preparation
of water-dispersible block copolymer microspheres containing Pd nanoparticles. The Pd nanoparticles are a more efficient catalyst for alkene

hydrogenation than is the commercial Pd black catalyst.

Noble metal catalysts are used in industry mainly as
nanoparticles supported on the surfaces of zeolite, silica,
alumina, or porous carbdrVarious industrial processes exist
to prepare such dispersed catalyskdore recent academic
endeavors have included their preparation in the cores of
diblock copolymer micelle$,* cores of triblock nano-
spheres, cores of dendrimers;2 hydrophilic domains of
diblock copolymer films, matrices of homopolymer$,or
surfaces of polymer microspherésMore easily, they were
prepared from reducing metal salts in solvent using
polymef?~14 or small-molecule ligand% '8 as dispersing
agents. Here we report the preparation of Pd nanoparticles
inside a new type of porous polymeric support. The support
consists of diblock microspheres containing block-segregated
interior domains. Also reported is the performance of the
Pd particles in catalyzing the hydrogenation of methyl

methacrylate (MMA).

The diblock microspheres were prepared from an oil-in-
water emulsion process used previously to make spheres from
preformed homopolymef8:?°The diblock utilized here was
poly(t-butyl acrylate)block-poly(2-cinnamoyloxyethyl meth-

acrylate) or FBBA-b-PCEMA:
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Scheme 1. Preparation and Processing dBR-b-PCEMA
Microspheres Containing Sponge-like Nanometer-siz&AP
Domains

PrBA-b-PCEMA
in CH2Clp

PGMA-b-PCEMA
in H20

The preparation involved dissolving the diblock in dichloro-
methane (Scheme 1) first. The oil phase was then dispersed
in water using a tailor-made surfactant poly(glyceryl meth-
acrylate)block-poly(2-cinnamoyloxyethyl methacrylate) or
PGMA-b-PCEMA where PGMA is water-soluble. Solid
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Figure 1. SEM image of FBA-b-PCEMA microspheres.

spheres were obtained after &, evaporation from the oil  (b)?
droplets at 5¢°C. “Permanent” spheres were formed after
photocrosslinking the PCEMA blocks of the diblock and the
surfactant.
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Shown in Figure 1 is a scanning electron microscopic
(SEM) image of microspheres thus made at a CEMA double
bond conversion of 27%. Most of the particles are spherical
with a reasonable diameter distribution around @r5.
Shown in Figure 2a is a transmission electron microscopic
(TEM) image of a thin slice of such a microsphere. The
projections of the light unstainedBA domains appear in
the TEM image as either circles or tortuous strips. These
suggest formation of a sponge-like or a gyroid phase, with
short-range order, inside the spheres fraBA2 While more
work is required to establish the exact morphology, evidence
to be presented later suggests the continuity of ttiRAP
phase in a sphere. A continuoutBR phase at a volume
fraction of 0.37'in this case is reasonable, given that some
diblocks form the gyroid phase in bulk at the volume fraction
of ~38%2? A measure for the size of thetPA domains
can be obtained from either the width of the strips or the
diameter of the circles in Figure 2a. The values fluctuate
between 12 and 42 nm with an averag82 nm. We also
performed solid-state nuclear magnetic resonance and infra-Figure 2. TEM images of thin sections of PCEMB-PBA
red (IR) analyses of the microspheres. The results indicatedmicrospheres (a) and Pd-loaded PCEMARAA microspheres
that the spheres consisted mostly ¢BR-b-PCEMA. The containing 27% (b) and 63% (c) of Pd.
low content of surfactant in the spheres is in agreement with
the model of Scheme 1, where PGMAPCEMA is depicted in the microspheres via acid-catalyzed hydrolysis. Analysis
to occur at the water/microsphere interface only. of N, adsorption data indicated that the microspheres after

The t-butyl groups were removed quantitatively, as t-butyl group removal were porous, with a specific surface
confirmed by IR analysis, from thetBA block (Scheme 1) area of (52.7+ 1.1) nt/g and a most probable pore radius
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_ o _ Figure 4. MMA conversion as a function of time using Pd black
Figure 3. Kinetic (®) and isothermal@) curves of P&" uptake (m) and our micorspheres containing 27®) @nd 63% ¥) Pd as
by PCEMAD-PAA microspheres in water. the catalyst.

of 15 nm, i.e., the pore size at its distribution function discontinuous and are concentrated primarily in the PAA-
maximum. The pore size distribution width at half peak lined channels. Shown in Figure 2c is a TEM image of a
height was~8 nm. This pore radius of 15 nm is in agreement thin slice containing 63% Pd. The diameters of the Pd
with the RBA domain radius of~16 nm as determined from  particles of Figure 2c are larger than those found in Figure
Figure 2a and suggests the collapsing of PAA chains on the2b, as expected, but are smaller than 30 nm, the diameter
channel walls of the dry microspheres. for the PAA-lined channels in the porous microspheres.
The PAA chains in the porous microspheres should be Figure 2c also reveals that the Pd particles are distributed
swollen in water and have affinity for inorganic metal ions. throughout the spheres. Since the transport of" Rda
lllustrated in Figure 3 are the thermodynamic and kinetic PCEMA matrix should be slow, this ubiquitous Pd produc-
data of P&" uptake by the spheres. Approximately 10 h were tion inside the spheres suggests again the connectivity of
required to establish Pt adsorption equilibrium, which is  the PAA-lined channels. The specific surface area and most
tens of times faster than the rate of metal ion uptake by thin probable pore diameter are (2982.6) n¥ g~* and 0.9 nm,
films of poly(methyl tetracyclododecenb)eck-poly(2-nor- respectively, for the sample. The decrease in pore diameter
bornene-5,6-dicarboxylic acid) containing poly(2-norbornene- is consistent with pore filling by Pd. Caution, however, is
5,6-dicarboxylic acid) cylindrical domairf8. The faster required in interpreting the specific surface area due to the
kinetics here is most probably due to the low polymer chain presence of accessible surfaces from both Pd and PAA in
segmental density in the PAA-lined channels and due to thethis case. The Pd-loaded microspheres catalyzed the clean
high specific surface area of the microspheres. At adsorptionhydrogenation of methyl methacrylate (MMA) to methyl
equilibrium, P&" uptake at sufficiently high equilibrium Pd 2-methylpropionate. Since MMA was used in much excess
concentrationsgeq, is ~151 mg per gram of microspheres. relative to Pd and the amount of MMA adsorbed by the
Assuming 100%-butyl removal, the isotherm data obtained microspheres should be negligible relative to that reacted at
could also be presented in moles ofPthken up per mole  sufficiently high conversions, we equated the disappearance
of carboxyl groups (Figure 3). The binding capacity is 0.48 of MMA from the supernatant to MMA conversion. Plotted
PPt ions per carboxyl group, which is again much higher in Figure 4 are the MMA disappearance data as a function
than that observed by Clay and CoPf&ior PP+ adsorption of time using microspheres containing 27% and 63% Pd as

by their thin films. The stoichiometric binding of Pdby catalysts. Also plotted for comparison are the kinetic data
the carboxyl groups here suggests the continuity of the PAA- of MMA hydrogenation using commercial Pd black (specific
lined channels and thus the origindBRA domains. surface area as determined by us was 4&m, which is

Reduction of P& in the PAA-lined channels was achieved slightly higher than 40 g™ provided by Aldrich) as the
using hydrazine following a literature meth®&d formation catalyst. At an equal initial MMA to Pd molar ratio of 94,
was confirmed from an electron diffraction stutdiyhermo- the Pd-loaded spheres catalyzed hydrogenation faster than
gravimetric analysis of such microspheres gave a Pd massdid Pd black. The faster catalysis may have derived from
fraction of 14.5% or a Pd loading of 156 mg per gram of the improved dispersion of the catalyst in the microspheres.
microspheres, which is in good agreement with 151 mg of In addition, the reaction environment in the channels may
P&t per gram of microspheres as obtained from Figure 3. be more favorable in the channels of the spheres.

The Pd particles formed catalyzed further Pd deposition We have also tested the activities of the recycled catalysts.
during electroless platintf.By varying the relative amounts  Figure 5 shows MMA hydrogenation data obtained using
of microspheres and Pdused, we obtained the Pd loadings recycled microspheres containing 27% Pd or recycled Pd
of 0.37 and 1.71 g per gram of microspheres for two samples.black as the catalyst. Our catalyst performs consistently better
These corresponded to the Pd mass fractions of 27% andhan Pd black, regardless of the catalyst usage time. The
63% in the Pd-loaded spheres. Shown in Figure 2b is a TEM disappointing feature was that the activity of our catalyst,
image of a thin slice of such a sphere with 27% Pd. Since like Pd black, decreased with usage, which is in contrast to
the sample was not stained, the dark regions correspond tdoehavior observed by Chen et!#l.for Pt nanoparticles
the presence of Pd. The Pd particles produced are small andmmobilized at microsphere surfaces. Since our SEM and
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Table 1: Characteristics of the Diblock and Surfactant

sample dn,/dc (mL/g) LS My (g/mol) GPC Mw/M,, NMR n/m n m
PtBA-b-PCEMA 0.095 (in CHClg) 1.59 x 10° 1.18 0.98 400 410
PGMA-b-PCEMA 0.100 (in DMF) 0.36 x 10° 1.152 55 176 32

aMeasured in THF in the PSMA-PCEMA form, where PSMA denotes poly(solketal methacrylate).

1o P e osssssooas mL of water. RBA-b-PCEMA, 250 mg, dissolved in 10 mL
> 80 ‘.\,'\ _ of CH.Cl, was mixed with the surfactant solution under
‘g 50 i magnetic stirring to yield a cloudy mixture. The mixture was
= \ sonicated (Branson 1200) for 5 min to yield an emulsion.
¥ w O\ The emulsion was added over 45 min into 100 mL of water
§ i . \'\,\ stirred at 500 rpm at 43C in a three-neck round-bottomed
= 2 . ‘\\' Pyrex flask. Organic-solvent-free diblock spheres were

0 obtained after evaporating GEl; at 50 °C for 1 h. The

0 og 200 300 400 500

o microspheres were cross-linked using UV light from a 500-W
React Timetnin

mercury lamp. PCEMA double bond conversion obtained
Figure 5. MMA conversion as a function of time using recycled from CEMA absorbance decreases at 274 nm was typically
Pd black and our microspheres containing 27% Pd as the catalyst~27%. The microspheres were separated from the superna-
Efaltf:j dbﬁggliet%:)é‘e)cggg Sn)dv!ﬁ'rred ?’?rﬁaem?:ssglcqg é?e SDZTaedt;tgPed tant by centrifugation and rinsed with distilled water and then
ird time, ively. .
by (@) and O) were obtained using the same batch of microspheres methanol_ thrice to remove s_urfactant that was not attz_iched
the second and third time, respectively. to the microspheres but existed probably as cross-linked

micelles. After vacuum drying, 241 mg of microspheres was

TEM results did not reveal any structural change for the OPtained with a yield of 96% with respect tatBA-b-
microspheres after repeated usage, the decreased activitf CEMA, suggesting a low degree of surfactant incorporation
might be associated with the gradual blockage of the PAA Into the spheres.
channels by unknown impurities. Similar results were To obtain SEM images of the microspheres, the powder
obtained using recycled microspheres containing 63% Pd asvas spread on a conductive carbon adhesive tape. The
the catalyst. spheres were sputter-coated wittv@ nm thick Au—Pt layer

In summary, we have prepared microspheres Containingand scanned using a SEI XL30 ESEM instrument operated
PAA-lined channels that are probably continuous. The at20kV. To obtain the internal structures of the microspheres
microspheres can be used as catalyst supports. While Pdising TEM, the microspheres, 5 mg, were mixed with 0.05
supported in the microspheres is a more active catalyst thanmL of a 20 wt % polystyrene (Aldrichiyl, = 20000 g mot*,
Pd black, our catalyst is not competitive in production cost Mw/Mn = 5) solution in THF. The mixture was spread on a
for such an application. Porous microspheres can also beglass plate and dried in air overnight to obtain a film that
produced more cheaply from traditional methods used for was~300um thick. The film was further dried at 7C for
macroporous resin preparati#iThe advantage of preparing 48 h and then sandwiched between two polystyrene plates
porous microspheres from block copolymers using this heated to 110C, ~3 mm thick, for microtoming (Ultracut-
approach lies in the potential for more precise pore size andE, Reichert-Jung) into 50-nm-thick slices. The slices were
geometry controf® because block segregation is a thermo- picked up with Formvar-coated copper grids and stained with
dynamically driven process and block segregation patternsOsQ; vapor for 12 h before viewing under a Hitachi-700
can be tuned by changing the copolymer composition and €lectron microscope operated at 75 kV. The Pd-loaded
structure?? Such precise catalyst positioning may be of Spheres were not stained.
critical importance in, for instance, fuel cell design, where a  We hydrolyzed thé-butyl groups of EBA by stirring the
catalytic site becomes active only if there is facilitated microspheres, 50 mg, with 4 mL of trifluoroacetic acid ¢(€F
electron, proton, and reagent transfer to and from the?site. COOH) in 20 mL of dichloromethane at room temperature

Procedures. The precursors to tBA-b-PCEMA® and for 1 h. The quantitative removal of theébutyl groups was
PGMA-b-PCEMA? were prepared by anionic polymeriza- confirmed by the disappearance of thieutyl rocking peak
tion. The preparation and purification procedures are similar at 846 cm®. To obtain the kinetic data of Pd uptake by
to those used previousk?®and are thus not repeated here. thet-butyl-removed microspheres, the microspheres, 10.0 mg,
Light scattering, NMR, and gel permeation chromatography were mixed with 10.0 mL of a 100-ppm aqueous?Pd
(GPC) were used to characterizéBR-b-PCEMA and solution derived from Pd(Ngy. At different times, the
PSMAH-PCEMA, where PSMA denotes poly(solketal meth- microspheres were separated from the supernatant by cen-
acrylate) that hydrolyzes readily in slightly acidic medium trifugation followed by filtration through 0.4&m filters. The
to yield PGMA. The characterization results for the polymers resultant solution was analyzed spectrophotometrically for
are given in Table 1. P concentration at 250 nm. The final and initial #*d

To prepare the microspheres, 250 mg of PGRMRCEMA concentrations were compared to calculate the amount of
was dissolved in 2.0 mL of methanol and then added to 48 PcP* uptake by the microspheres. To obtain thé'Reptake
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isotherm, the microspheres, 10 mg, were equilibrated with References

Pd(NG), solutions at different initial concentrations for 24
h and the supernatants were then analyzed fér Fidal
concentrationsc).

The adsorbed Pd was reduced inside the PAA-lined
channels using hydrazine undeg Atmosphere. To reduce
P&t in 100 mg of microspheres dispersed in 100 mL of
water, the microsphere dispersion was mixed with 5.0 mL
of an aqueous hydrazine solution, 0.50 mg/mL, and then
stirred for 3 h. Microspheres were separated from the
supernatant by centrifugation, rinsed with water thrice, and

dried under reduced pressure. More Pd was incorporated into

the microspheres by electroless plating. To obtain 27% Pd,
100 mg of microspheres with 13.5% Pd were dispersed in
5.0 mL of a solution of PdGI(3.9 gL %), NEDTA (67.2
gL™1), and NHOH (350 gL?) in water. Then 0.030 mL of
hydrazine in 2.0 mL of water was added over 0.5 h under
stirring. The mixture was further stirred for 1.5 h before the
microspheres were separated by centrifugation, rinsed with
water thrice, and dried in a vacuum. A quantity of 111 mg
of microspheres was obtained. Spheres with 63% Pd were
obtained after plating 50 mg of microspheres containing
13.5% Pd with 25.0 mL of the plating solution.

The setup and procedure used for MMA hydrogenation
have been described previouslior all reactions, the initial
MMA concentration, stirring speed, and hydrogen bubbling
rate were kept constant, as was the initial MMA to Pd molar
ratio of 94:1. As an example, 23.4 mg of microspheres
containing 27% Pd were dispersed in 20 mL of methanol.
Hydrogen was bubbled through the solution for 1.5 h at a
rate of 0.50 mL min* to reduce oxides formed on Pd
surfaces. MMA, 0.60 mL and density at 0.936 g miLlwas
then added with a syringe. The sample was centrifuged at
different times to settle the microspheres, and 0.10 mL was
taken from the supernatant for composition analysis by gas
chromatography. Pd black was purchased from Aldrich.

Catalysts were recovered after hydrogenation experiments

by centrifugation. The catalyst recovered was then rinsed
with methanol and separated from methanol again by
centrifugation. Methanol rinsing was repeated thrice. The
catalysts were then dried under vacuum before testing for
activity. Within the error of gravimetric analysis, the recovery
efficiency of Pd black and Pd-containing microspheres was
100%.

The procedure and formula used to obtain the Pd content
by thermogravimetric analysis are reported previo@$tpre
parameters and surface areas were determined frem N
adsorption isotherms at 77 K on an Advanced Scientific
Designs RXM 100 instrument. The samples were pretreated
for 1—2 h at 323 K under vacuum to remove adsorbed gases.
The surface areas were determined using the BET (Brunauer
Emmett-Teller) method. Mesopore size distribution was
determined using the method of BJH (Barrett, Joyner, and
Halenda)®
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