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Highly porous poly(styrene-divinylbenzene) particles86% porosity, 8-10 cn#/g pore volume, 43.5
m?/g surface area, 70 kgfparticle density, and-600um diameter) were synthesized by copolymerization
of styrene and divinylbenzene. Conformal alumina films were grown on internal and external polymer
particle surfaces at 33C by atomic layer deposition (ALD). Analytical characterization revealed that
the pore filling mechanism was a uniform coating of the pore walls. ALD provides a controllable method
for reinforcing porous polymeric structures while modifying surface properties. Such surface function-
alization may promote cell adhesion and proliferation for tissue engineering applications.

Introduction polymers adversely impacts the mechanical properties and
Porous polymers have gained increased interest in the ﬁeldb|ocqmpat|b|l|_ty O.f porous polymers. C_eramlcs,.s_gch as
alumina and titania, have an excellent biocompatibility and

of tissue engineeriny.” This is attributed to their unique . .
: 9 g . . q bone bonding®*? A novel process to produce reinforced
physicochemical properties, such as an interconnected pore

. porous structures with an enhanced biocompatibility and
structure, large surface area, and small pore size. Ideally,: . . o L
: . ; . . improved tissue interaction is to coat the inside of the pores
tissue engineering materials should be designed to be

. ! . : . as well as the surface of the porous polymers with ultrathin
biocompatible and bioactive so that they can receive and o : S 7
A ) . . : ceramic films while maintaining the original structure and
respond to specific biological signals, which direct and ;
. ) ) . L properties of the substrates.
promote cell adhesion, proliferation, differentiation, and

tissue regeneratiohr® However, the porous structure of neat In many practical applications, porous pqu_mer/ceramm
composites are often produced via incipient wetting

method<»12-15 The solvent-based methods have the risk of
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leaving potentially toxic organic solvent residues. Depositing AIOH* + AI(CHg); — [AIOAI(CH ),]* + CH, (1)
ultrathin films inside the pores as well as on the surface of
the porous polymers by methods such as chemical vapor Al(CHZ)* + H,O — AIOH* + CH, 2)

deposition (CVD) is difficult to impossible. Typical CVD

processes require high operating temperattfrégwhich are where the asterisks denote the surface spétiésEach

much higher than the softening and melting temperatures ofreaction is self-limiting, and the completion of each reaction

the polymers. During CVD reactions, the chemical reactants provides the necessary chemical functional groups to facili-

are allowed to coexist in the gas phase, so CVD methodstate the subsequent reaction. When performed in an ABAB

are not able to effectively control the use of precursor gasesreaction sequence, these sequential reactions produce linear,

or to inherently control the location and thickness of the atomic layer controlled alumina films.

ceramic films. Films grown by CVD will block the pores of The main objective of this research was to fabricate a novel

the porous polymers. porous polymer/ceramic composite material for tissue en-
Atomic layer deposition (ALD) is a surface controlled gineering applications. In the present study, high internal

layer-by-layer proce$% 22 that is particularly well-suited for ~ phase emulsion (HIPE)-based highly porous poly(styrene-

depositing ultrathin and conformal films onto porous sub- divinyloenzene) (PSDVB) particles were synthesized by

strates. The films grown by ALD are inherently controlled the copolymerization of styrene and divinylbenzene. Ultrathin

by self-limiting sequential surface chemical reactions, so alumina films were successfully deposited in the pores of

precursors are used efficiently. The advantages of ALD highly porous PSDVB particles by ALD in a scalable

methods include low impurity content, pinhole-free deposi- fluidized bed reactor at 33C.

tion, low processing temperature, and independence of line

of sight!®*22 As a result, ultrathin films can be uniformly Experimental Procedures

formed inside the pores as well as on the surface of the Synthesis of Porous PSDVB Particles®.® A HIPE was

porous _SUb_Str{iteS' ) o formed by combining precursor oil and aqueous discontinuous
Alumina is biocompatiblé; and alumina films have been  phases while subjecting the combination to shear agitation. Once

deposited on several substrates by AEF° Alumina ALD formed, the HIPE was added to the aqueous suspension medium.
is carried out according to the following two surface The HIPE must be added to the suspension medium in an amount
reactions: and at a rate suitable for forming a suspension of HIPE micro-

droplets. As the HIPE was added, the suspension was subjected to

(15) Mathieu, L. M.; Bourban, P. E.; Manson, J. A. E. Processing of Sufficient shear agitation to form a stable suspension. Once a stable
homogeneous ceramic/polymer blends for bioresorbable composites. suspension of HIPE microdroplets was obtained, the temperature

(16) Compos. Sci. Techndl006 86 (11712), 1806 1614 @ ige ©Of the adueous suspension medium was increased above ambient
coatiné oH niéjkel ssubs’trafé b)l/J méta{l oféanic cshser’nic.al vgpor geposition. temperature, and polyme_rlzatlon was 'n't'at_ed' Th,e p0|ymenzap0n
Surf. Coat. TechnoR003 173 (1), 74-80. step converted a HIPE microdroplet to a solid particle. This particle

(17) Richards, V. N.; Vohs, J. K.; Fahlman, B. D.; Wiliams, G. L. Low  was generally washed to remove any residual unpolymerized

temperature chemical vapor deposition of aluminosilicate thin films components of the HIPE or the suspension medium
on carbon fibersJ. Am. Ceram. SoQ005 88 (7), 1973-1976. P . ; P o
(18) Nishino, J.: Nosaka, Y. Preparation of ZnO by a nearby vaporizing ~ FOr a typical run, an oil phase was prepared by combining 11.37

chemical vapor deposition methaH.Mater. Res2003 18 (9), 2029~ g of styrene-based monomer, 11.25 g of DVB, 8.00 g of span 80,

2032. ) . . - 0.27 g of azobisisobutyronitrile (AIBN), and 15.00 g of dodecane
(19) Suntola, T. Atomic layer epitaxylhin Solid Films1992 216 (1), . . . .

84—89. with stirring at room temperature. An aqueous discontinuous phase
(20) George, S. M.; Ott, A. W.; Klaus, J. W. Surface chemistry for atomic Was prepared by adding 0.78 g potassium persulfate to 94.3 mL of
1) IS')Iller gervE/:th'g)'ttng?/v CC\?M%%D 1%0 (31), 183161—513%31- hemist distilled water. The oil phase was stirred at approximately 1400

non, A. C.; , AL WL Way, J. D, George, . M. surface chemistry H :

of Al,Os deposition using Al(CH)s and KO in a binary reaction rpm, and then the aqueous dISCOH.tIHUOUS phasg was added to the

sequenceSurf. Sci.1995 322 (1-3), 230-242. oil phase at a flow rate of 20 mL/min. The combined phases were
(22) ott, A. W.; Klaus, J. W.; Johnson, J. M.; George, S. MuGilthin stirred at 1400 rpm for approximately-30 min to form a stable

film growth on Si(100) using binary reaction sequence chemiStrin HIPE. An aqueous suspension medium was prepared by combining

Solid Films1997, 292 (1-2), 135-144. . e 2
(23) Wank, J. R.: George, S. M.; Weimer, A. W. Coating fine nickel 2 g of potassium persulfate and 30 g of gelatinwiitL of distilled

particles with ApOs utilizing an atomic layer deposition-fluidized bed ~ water. The mixture was stirred at 250 rpm. The HIPE was added
reactor (ALD-FBR).J. Am. Ceram. So004 87 (4), 762-765. to the aqueous suspension mediumai 2 L reactor. To form

24) Wank, J. R.; George, S. M.; Weimer, A. W. Nanocoating individual . . . i
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Technol.2004 142 (1), 59-69. to 60°C overnight (approximately 18 h) while stirring at 250 rpm.
(25) Hakim, L. F.; Blackson, J.; George, S. M.; Weimer, A. W. Nanocoating The resultant particles were washed 5 times with water, extracted

individual silica nanoparticles by atomic layer deposition in a fluidized \,ith acetone using a Soxhlet extractor, and air-dried
bed reactorChem. Vap. DepositioB005 11 (10), 420-425. - . P )
(26) Hakim, L. F.; George,pS. M.K;]Weimer,?o\. W.( C())nforma| nanocoating Alumina ALD on Porous Particles. A fluidized bed reactor

of zirconia nanoparticles by atomic layer deposition in a fluidized bed was used to deposit alumina films on highly porous—B&B

@) ﬁ;‘zi‘g-’Eag‘?t&%@gr'%?g?%;ﬁ; épa’myggs'lWeimer Aw.Lip. Particles. This system has been described previously in détail

George, S. M. Surface modification of titania nanoparticles using

ultrathin ceramic filmsJ. Am. Ceram. So006 89 (10), 3076~ (30) Hakim, L. F.; Vaughn, C. L.; Dunsheath, H. J.; Carney, C. S.; Liang,

3075. X. H.; Li, P.; Weimer, A. W. Synthesis of oxidation-resistant metal
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Figure 1. Pressure drop across the fluidized bed vs superficial gas velocity g
for porous polymer particles at 3& and reduced pressure. ' 500/ um

fluidized bed reactor has the main advantages of excellent gas/
particle contact and thermal efficiency and easy control due to stable
operating conditions. For a typical run, abdwy of porous particles

was loaded into the reactor. The minimum pressure inside the
reactor was about 50 mTorr, and the minimum fluidization
superficial gas velocity was determined by measuring the pressure
drop across the bed versus theuperficial gas velocity. To obtain

a baseline pressure profile, the pressure drop values were obtained
without powder in the reactor. These values were then subtracted
from the pressure drop values obtained for the reactor with powder.
This provides the pressure drop resulting from the powder bed
alone, as shown in Figure 1. Precursors, trimethylaluminum (TMA)
obtained from Sigma Aldrich and deionized,® were fed
separately through the distributor of the reactor using the driving
force of their vapor pressures. The flow rates of TMA argDH
were adjusted using needle valves to ensure that the precursor
pressure {3 Torr) was high enough for particle fluidization. A
constant pressure of the precursor vapors was maintained during
all the reactions.

Although the polymer substrate was highly porous, the reactor
system was kept at high vacuumy%0 mTorr) before TMA and
H,O exposures. The vapors3 Torr) of TMA and HO can quickly
diffuse into the pores of the particles and quickly complete the
reaction. Therefore, the inside diffusion effect of the precursors
can be neglected. The reaction temperature wasC33which is
much lower than the softening/melting point of the porous polymer
particles. Before the reaction, the particles were outgassed at room
temperature for 24 h. During each coating cycle, the precursors
were fed for enough time so that saturation of all active sites
occurred for every dose. A typical coating cycle used the following
sequence: dose TMA, purge;Nevacuate; dose 4@, purge N,
evacuate. In this manner, there was no overlap between the two
reactants, and no undesirable CVD reactions occurred.

Analysis. The specific surface area of the PBVB particles
was obtained using a Quantachrome Autosorb-1. The composition
of the alumina films was confirmed using a PHI 5600 physical
electronics X-ray photoelectron spectroscope with a high-energy
resolution analyzer. The cross-sectional surface of the porous
particles was observed with a JEOL JSM-7401F field emission
scanning electron microscope equipped with an EDAXS detector
unit for elemental analysis while imaging. The alumina films on
the particle surface were visualized with energy dispersive spec-
troscopy (EDS) mappin@-contrast imaging of the coated samples
was performed using a JEOL 2010F 200 kV Schottky field emission
transmission electron microscope operating in the scanning trans-

200 nm

(33) Liang, X. H.; Hakim, L. F.; Zhan, G. D.; McCormick, J. A.; George,
S. M.; Welmer AW, Spencer J. A Buechler K. J,; Blackson J.;
Wood, C. J.; Dorgan, J. R. Novel processing to produce polymer/ Figure 2. FESEM images of porous PVB particles: (a) particles at
ceramic nanocomposnes by atomic layer depositlborAm. Ceram. low magnification, (b) particle surface at high magnification, and (c and d)
Soc.2007, 90 (1), 57-63. cross-sectional surface at high magnification.
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Figure 3. Size distribution of pores in porous polymer particles.
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Figure 4. XPS spectra of (a) uncoated and (b)®@4 coated porous polymer
particles after 50 cycles.

mission electron microscopy (STEM) mode with an electron probe Figure 5. FESEM and EDS images of ADs coated porous polymer
size of 0.2 nm. Inductively coupled plasma atomic emission particle: (a) FESEM image of cross-sectional surface gDAtoated porous

} . : polymer particle after 25 cycles and (b) aluminum EDS signal of the same
spectrosc_opy (ICP-AES) was performed using an Applied Reseamhcross-sectional surface.
Laboratories ICP-AES 3410

alumina films conformally cover the entire porous polymer
particle surface. However, the carbon XPS signal cannot be
Porous PS-DVB Particle Characterization. The aver-  completely attenuated as some of the carbon signal corre-
age size of the synthesized PBVB particles was 60@m. sponds to surface carbon. Photoelectrons from the alumina
The highly porous structure of the particles was observed coated particles are observed at 118.7 eV (Al, 2s), 73.9 eV
by field emission scanning electron microscopy (FESEM), (Al, 2p), and 530.7 eV (O, 1s). There is only a single peak
as shown in Figure 2. On the basis of the FESEM images, centered at 73.9 eV, which corresponds to the @lbonds
the size distribution of the pores in the porous polymer of alumina. The absence of a shoulder region around 72.5
particles is shown in Figure 3. The porosity of the porous eV, which corresponds to AlAl bonds, clearly confirms
particles was~85%, and the pore volume was in the range that the aluminum metal is not present in the ALD filg5
of 8—10 cn¥/g. The surface area of the particles was 43.5 Thus, the XPS results verify the composition of deposited
+ 1.2 n?/g, and the freely settled bulk density of the particles alumina on the porous polymer particles.
was 70 kg/m. As long as the pores in the polymer substrate are larger
Test for Composition and Conformality of ALD Films. than the ALD precursor molecules, the gases will diffuse
XPS measurements were obtained for uncoated and aluminanto the pores and then deposit a uniform film. To ensure
coated porous PSDVB particles after 50 ALD cycles. The  the deposition of alumina inside the pore structure and the
analysis was performed using an aluminum source, passdistribution of alumina, the morphology of the coated porous
energy of 187.85 eV, and energy step of 0.8 eV. In Figure particles was characterized by FESEM and EDS measure-
4, the spectrum for the uncoated porous polymer particles ments. FESEM specimens were prepared by cutting the
shows a strong C 1s photoelectron peak at 284.7 eV andcoated particles using a Super Gillette blue blade. As shown
weak N 1s, O 1s, and Na 1s peaks at 400, 530.7, and 1070
eV, respectively, which indicates that there are trace amounts(34) Jung, Y. C.; Miura, H.; Ohtani, K.; Ishida, M. High-quality silicon/
of trapped solvent from the polymer synthesis process. In g‘;ﬁ{thOngtg,ﬁgeg;Tﬁ‘?@',jéi_“%?{ﬁiﬁigggdl%E?fezfeur'%re?eam Py
contrast, the carbon spectrum for coated particles reveals ass) vang, w. s.; Kim, Y. K.; Yang, S. Y.; Choi, J. H.; Park, H. S.: Lee,
much weaker photoelectron intensity at 284.7 eV, and the S. I.; Yoo, J. B. Effect of Si@ intermediate layer on ADy/SiO,/
peaks of Na and N have been completely attenuated. This n(+)-poly Si interface deposited using atomic layer deposition (ALD)

) ’ . - for deep submicron device applicatior8urf. Coat. Technol200Q
reduction of the C, N, and Na signals is expected if the 131(1-3), 79-83.

Results and Discussion




5392 Chem. Mater., Vol. 19, No. 22, 2007 Liang et al.

100 nm 200 nm

in Figure 5, an aluminum EDS mapping signal illustrates

the presence of alumina throughout the inner surface of the
porous particles. Alumina films were formed inside the pores

of the porous polymer and distributed homogeneously on
the polymer surface.

The alumina coated porous polymer particles were ana-
lyzed by atomic resolutiorZ-contrast imaging. Because of
the difference in the atomic weight of the alumina and
polymer,Z-contrast imaging is ideal in this case for analyzing
the deposition of alumina films on polymer surfaces. TEM
samples were prepared by placing the crushed porous
particles on holey-carbon films supported on Cu grids.
RepresentativeZ-contrast images of the alumina coated
polymer particles after 25 and 50 coating cycles are shown
in Figure 6. The regions with a brighter contrast (i.e., regions
with heavierZ) in Figure 6a,b were determined to be mostly . o A s )
alumina films by elemental nanoanalysis using EDS. The Figure 7. Cross-sectional TEM image of &Ds coated porous polymer
alumina films appear to be very uniform and smooth. The Pparticles after 25 cycles.
thickness of the alumina films is abouts8 2 and 15+ 2 .
nm for coated particles after 25 cycles and 50 cycles, hydrogen bonded 0 molecules on the alumina surfa€e.
respectively, which represents a growth rate of about 0.3 nm T his higher growth rate may be explained by the presence
per coating cycle at this experimental condition. of hydrogen bonded 4. This HO can react with TMA to

Cross-sectional TEM imaging allows precise observation _deposn additional alumina by CVB.Another reason is the

at the edge interface of the polymer and alumina films. Cross- crease in the surface coverage of reactants at lower

) . temperature®3” Although the reaction kinetics is slower
sectional TEM samples were prepared by cutting an epoxy . .

! o at lower temperatures, the growth rate is determined by the
resin cured porous polymer at a temperature-a00 °C

. 3 X
using a diamond knife. The cross-sectional TEM image of higher surface coverag®:" Also, the growth rate of films

porous PS-DVB patrticles after 25 cycles is shown in Figure ma% Vargr(\)/\g;h tgle rrzr]e?rpztr)tlic():?gs Ofrétzsssuetésizzt;' r::;vrir;[hea
7. The black threads in the image are alumina films, which gny p poly P P 9

appear to be very uniform and smooth. Obviously, on the surface area of 43.5 %y, more active sites on the surfaces

T ; were exposed to the gas phase reactants. The different initial
wall of some pores, there are no alumina films, which may

have been peeled off during the cutting process. On the basissurfaces may be partly explained by the discrepancy between

of the TEM image, approximately Z 2 nm thick alumina 2::‘2;?69;%\:\2 :]srjltaes?rg?e;he porous-PI3VB particles and
films were coated on the wall of the pores of the polymer . o .
particle. This thickness also represents a growth rate of about Pore F|I_I|ng Mecha_nlsm. On the bas_ls OT STEM and
0.3 nm per coating cycle at this experimental condition, cross-sectional TEM images, the alumina films were very
which corroborates the film thickness observed by STEM.

(36) Klaus, J. W.; Sneh, O.; George, S. M. Growth of Si& room

The alumina film growth rate is much higher than the 0.11 temperature with the use of catalyzed sequential half-reacmience
to 0.13 nm per cycle of an ALD process reported in the - (C\;Nashm?vtlorgS DFC,bU.S-’l997, %7%(5?515), 1J93\7\719636. S ML
. 22 . roner, M. D.; Fabreguette, F. H.; Elam, J. W.; George, S. M. Low-
Ilterature._ Recent FTIR measurer_ner_1ts of alumina ALD on temperature A, atomic layer depositionChem. Mater2004 16
low-density polyethylene (LDPE) indicated the presence of (4), 639-645.
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Figure 8. Surface area of porous polymer particles vs (a) precursor dose Figure 9. Aluminum concentration on porous polymer particles vs (a)
time (25 coating cycles) and (b) number of coating cycles (60 s dose time). precursor dose time (25 coating cycles) and (b) number of coating cycles
(60 s dose time).

uniform and smooth, which may indicate that a pore filling

mechanism of a conformal alumina growth process results. yqgitional surface area decrease, which verifies that the
However, there is a variety of other pore filling mechanisms, - mina ALD on the polymer is self-limiting andterminat-
including a gradual filling of the pores analogous to filling jng Figure 8b shows the surface area of the samples versus
a pipe with water and a covering of the pore entraf®8®  yhe coating cycles. The surface area decreases greatly from
verify that the primary pore filling mechanism is a conformal 43 5 g 394 g after the first coating cycle and then
coating of the pore walls under ALD growth, but not another yecreases linearly as a function of coating cycles before 30
filling mechanism, two series of experiments were carried cycles, indicating a constant growth rate per AB cycle and
out by varying the dose time of the precursors and the 5 conformal alumina growth process. The surface area
number of coating cycles. In the first series of experiments, oqyction is due to the pore volume reduction as the pore
the vapor pressures of the precursors, TMA an@Hvere g0 decreases with increasing alumina films deposited on
kept the same, the samples were exposed to 25 coatingpe pore walls. Once the nanoscale pores are filled with
cycles, and the dose time of the precursors varied. In the 5imina, the surface area decreases less sharply. For example,
second series of experiments, the vapor pressures of the.om 50 cycles to 100 cycles, the reduction of surface area

precursors, TMA and kO, were also kept the same, and a5 only about 2.5 Afg, indicating that some nanoscale
the dose time was 60 s, but the samples were exposed tcbores were inaccessible.

different coating cycles. The surface area of the porous  |cp_AES provides the concentration in parts per million
polymer/alumina composite material was analyzed by N (ppm) by the mass of aluminum in relation to the porous
adsorption isotherms, and the concentration of aluminum on particles. Analysis by ICP-AES was performed by placing
the porous polymer particles was analyzed by ICP-AES.  he coated porous PEDVB particles in a strong base
The surface area of the porous material is mainly from gqtion (NaOH) for at least 24 h to dissolve the alumina
the internal surface area, and if the pores are filled with other films from the porous polymer substrate. The ICP-AES
materials, the internal surface area will decrease drastically. 5 yminum concentration versus precursor dose time and
Hence, the specific surface area of the porous polymer will ,,mper of coating cycles are shown in Figure 9. As shown
decrease if alumina films are coated within the pores. N i, rigure 9a, for dose times less than some minimum value
adsorption is a powerful method for the determination of (49 s here), the amount of aluminum detected increases with
the total surface area of the materials. The surface area ofyyse time. When the dose time is 40 s or longer, there is no
the BET measurements is shown in Figure 8. Figure 8a 5qgitional aluminum signal increment, which has the same
shows that the surface area of the samples decreases asfang of surface area versus dose time. This result also
function of dose time, as the dose time decreases t0 SOM§nicates that the alumina ALD reaction on the polymer is
minimum value (40 s here). When the dose time is longer geit jimiting and -terminating. Figure 9b shows that the
than this minimum (more than 40 s here), there is O concentration of aluminum is almost directly proportional
(38) Mahurin, S.. Bao, L. L. van, W. F. L C b Dal S, Atomi to the number of coating cycles when the number of coating
anurin, S.; bao, L. L.; Yan, . F.; Liang, C. D.; Dal, 5. omic . P .
layer deposition of Ti@ on mesoporous silical. Non-Cryst. Solids cycles is Ies;; tha_m 30. Thls_lndlcates a constant growth _rate
2006 352 (30—31), 3280-3284. for the alumina film and a linear dependence between film
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thickness and number of growth cycles. After 30 cycles, the process. The XPS measurements revealed that alumina films
increasing rate of increase of the aluminum concentration is were deposited on the polymer particle surfaces. The results
much slower, which corroborates the result of surface areaof EDS indicated that the alumina films were deposited
versus coating cycles. Obviously, there is no nucleation throughout the inner and outer surfaces of the porous
period. Porous PSDVB particles have carbencarbon particles. STEM and cross-sectional TEM investigations
double bonds, but they do not have hydroxyl groups to revealed highly conformal and uniform alumina coatings.
initiate the alumina ALD. Therefore, the initiation of alumina Combined with STEM and cross-sectional TEM, the surface
growth may result from the reaction between TMA and area and aluminum concentration based on ICP-AES versus
atmospheric exposure of water in the porous structure. the precursor dose time and coating cycles revealed that the
From the previously mentioned two sets of experiments, pore filling mechanism of alumina ALD for this highly
the pore filling mechanism of alumina ALD on this porous porous polymer was a conformal coating of the pore walls.
polymer is a conformal coating of the pore walls, since The ultrathin alumina films are expected to increase the
alumina ALD is self-limiting and -terminating, and the biocompatibility of the polymer. This novel polymer/ceramic
growth rate of alumina is a constant per AB cycle. On the composite material with reinforced porous structures and
basis of the BET surface area results, after 50 coating cycles,enhanced bioactivity may have potential applications in tissue
some nanoscale pores in the polymer were not accessibleengineering. This novel surface treatment strategy provides
Since the alumina ALD growth rate was about 0.3 nm per a convenient and universal method for modifying the surface
coating cycle, the nanoscale pores with sizes larger than 30properties of porous polymer materials and thus a method
nm would be maintained after 50 cycles. For this kind of to promote cell adhesion and proliferation for tissue engi-
porous polymer, if the number of coating cycles was less neering.
than 30, the ultrathin alumina films provided for modifying
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