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Abstract: A method for synthesizing hollow nanoscopic polypyrrole and pélgr(ethylpyrrole) capsules is
described. The method employs gold nanoparticles as templates for polymer nucleation and growth. Etching
the gold leaves a structurally intact hollow polymer capsule with a shell thickness governed by polymerization
time (ca. 5 t0>100 nm) and a hollow core diameter dictated by the diameter of the template particle (ca.
5—200 nm). Transport rates of gold etchant through the polymer shell to the gold core were found to depend
on the oxidation state of the polymer, those rates being a factor of 3 greater for the reduced form of the
polymer. We show for the first time that not only is the particle a useful template material but also that it can
be employed to deliver guest molecules into the capsule core. For example, ligands attached to the gold surface
prior to poly(N-methylpyrrole) formation remained trapped inside the hollow capsule following polymer

formation and gold etching.

Introduction

The list of potential applications for nanostructured compos-
ites and hollow polymeric nanocapsules is large. Drug delivery,
cell and enzyme transplantatidepntaminated waste removal,
gene therapy,and heterogeneous catalysise perhaps at the
top of this list. In response to the growing need for encapsulation
materials, several different routes to hollow ceramic and

polymeric capsules have been developed over the past few yearsy

For example, dendrimefsblock copolymers, vesicles® hy-
drogels? and template-synthesized microtubdfesave been
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synthesized and in some cases shown to be viable encapsulants
for catalytic metal clusters, small molecules, or enzymes. A more
recent approach to the synthesis of hollow nanocapsules, taken
by our group! and otherd? is to employ a micrometer- or
nanometer-sized particle as a template from which to grow the
capsule shell. Dissolution of the template particle often yields
a structurally intact hollow capsule, the inner diameter governed
by the diameter of the template (Scheme 1). Hollow silica
phered2amultilayer hybrid silica/polymer capsulé® and our

own pyrrole-based polymer capsuiesre examples of this
approach.

In this paper, we show the versatility of our methods for
synthesizing hollow polymer nanocapsules. Core diameters from
ca. 5 to 200 nm, shell thicknesses from ca. 5 to 100 nm, and
multilayers of chemically distinct polymers (e.g., poly(pyrrole)/
poly(N-methylpyrrole)) are synthesized routinely using these
methods. We have also found that transport rates of small
molecules into the capsule core are affected by the oxidation
state of the conductive polymer, a feature of potential utility in
many molecular uptake and release scenarios. Finally, we show
for the first time that not only is the particle a useful template
material but also it can be employed to deliver guest molecules
into the capsule core.

The synthetic methods described below are complementary
to those reported by others for several reasons. First, capsule
shell thickness is not limited by time-consuming sequential
polyelectrolyte deposition cycles. Second, the number of
capsules synthesized is not limited by the density of pores in a
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Scheme 1
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template membran®.Third, since nearly any small molecule
or enzyme can be attached to gold partiéfehis encapsulation
scheme should prove to be entirely general.

Experimental Section

Chemicals Gold nanoparticles were synthesized using HAw@Id
a citrate-reducing agent as described previdéigly were purchased
from Vector Labs. HAuCJ, sodium citrate, Fe(Clg)s, NaBH,;, KCN,
Ks[Fe(CN)], pyrrole, and N-methylpyrrole were purchased from
Aldrich and used as received. Poly(vinylpyrrolidone) wil = 40 000
was purchased from Acros.

Rhodamine B capped gold nanoparticles were synthesized by first
exchanging mercaptoethylamine onto sulfonyl triphenylphosphine
stabilized gold nanoparticles. This was accomplished by rapidly stirring
sulfonyl triphenylphosphine (Aldrich; 1 mg/mL inJ @) with 10 mL
of gold sol. Rhodamine B isothiocyanate (Aldrich; 4.6 mg in 5 mL of
ethanol) was then added to 10 mL of 0.3 nM nanoparticles. Reaction
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Figure 1. Transmission electron micrograph of ca. 30 nm diameter
gold particles encapsulated in poly(pyrrole).

Scheme 2

Au nanoparticles
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Suspension of polypyrrole-coated

Suspension of Hollow polypyrrole :
Gold Nanoparticles

Nanocapsules

using a porous A3 support membrane is described. Control

of isothiocyanate and amine moieties yielded gold nanoparticles OVer capsule core diameter, shell thickness, and multilayer
containing an average of 15000 covalently attached rhodamine B sequence will be shown. The support membrane is strictly for
ligands, as determined by visible spectroscopy. Aluminum oxide convenience and is not involved chemically in the formation
membranes were purchased from Fisher Scientific. of polymer—gold particle composites. This will be illustrated

Instrumentation. Transmission electron micrographs (TEM) were  with an entirely solution-phase method for synthesizing the same
acquired on a Philips CM 12 electron microscope. Samples were composites. Transport measurements of molecules through the
prepared for analysis by plac_ing several drops of th_e partic_le _suspensionpo|ymer shell into the core as a function of polymer oxidation
on a Formvar-coated Cu grid (Ted Pella) and quickly wicking away - iate are then described. Finally, the ability to load gold particles
the solvent with filter paper. To image hollow polymer capsules, a grid _ . . . .

with anw-terminated alkanethiolate, polymerize a capsule shell,

containing polymetgold particle composites was dipped in 0.1 M
KCN/0.001 M Ks[Fe(CN)] gold etching solution for periods up to 5
min. Longer exposure completely removes the Formvar coating- UV
visible spectra were recorded with an HP 8450 diode array spectro-
photometer.

Transport Measurements. All transport measurements were con-
ducted on 30 nm diameter polymer-coated gold particles immobilized
in porous A}O; membranes. Transport rates foifke(CN)]/KCN (the
“etchant solution”) were measured by placing the membrane in a quartz
cuvette, pipetting 1 mL of etchant into the cuvette, and monitoring the
disappearance over time of the gold plasmon absorption at ca. 550 nm.
Experiments on neutral polM¢methylpyrrole) were performed by
reducing polylN-methylpyrrole-ClQ)with aqueous NaBldfor at least
30 min prior to removing the gold particle.

Results and Discussion

This section is outlined as follows. First, the synthesis of
polymer—gold particle composites and hollow polymer capsules
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and remove the gold to yield encapsulated guest molecules is
illustrated with the cationic dye rhodamine B.
Membrane-Supported Synthesis of Hollow Nanocapsules.
Membrane-supported methods for synthesizing polyngetd
particle composites are shown in Scheme 2. Briefly, gold
nanoparticles (diameters from 5 to 200 nm) were first filtered
into a porous AJO3; support membrane (e.g., 200 nm diameter
pore size). The solid support was then clamped in a glass tube,
0.1 M Fe(ClQ)s(aq) initiator was poured directly on top of the
membrane, and several drops of neat monomer (e.g., pyrrole,
N-methylpyrrole) were placed underneath the membrane. Mono-
mer vapor diffused into the membrane, where it contacted
initiator to form polymer. As shown in Figure 1, polymeric
material deposits preferentially on the surface of gold particles
to form hybrid gold core-polymer shell composites. Although
our previous work has shown that spherical poly(pyrrole)
nanoparticles will form in these membranes in the absence of
gold particlesi! we have found that with a relatively high
loading of gold particles in the membrane (as determined
qualitatively by the volume of particle suspension filtered
through the membrane and by WVisible spectroscopy) very
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Figure 2. (A—C) Transmission electron micrographs of poly(pyrrole)
shell thickness vs polymerization time: (A) 5 min; (B) 20 min; (C) 45
min. (D) Graphical representation of the microscopy data.
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Figure 3. Transmission electron micrographs of poly(pyrretgpld
particle composites formed with 15 min poly(pyrrole) deposition (A)
and poly(N-methylpyrrole)/poly(pyrrole)/gold particle composites formed
by sequentially depositing poly(pyrrole) for 10 min and pbly(
methylpyrrole) for 5 min (note that the magpnifications are not identical
in the two images).

W

Figure 4. Transmission electron micrographs of hollow poly(pyrrole)

few polymer particles are found which do not contain a gold capsules formed with 5 nm diameter (A), 30 nm diameter (B), and
particle. Importantly, not a single gold particle which is not 200 nm diameter (C) gold template particles.

encapsulated in polymer has ever been observed by TEM. At

this point the pyrrole monomer can be replaced in the cell with occurs via transport of etchant species through the polymer shell
a second monomer (e_g_, pd1§/.(fnethy|pyrro|e)) to grow to the core, where Alis converted to [AU(CN;]_. This is
multilayer composites, an aqueous solution containing NaBH €videnced by a loss of the gold absorbance at ca. 550 nm (vide
can be filtered through the membrane to reduce the polymer,infra) and by the observation of a hollow core by TEM (Figure
or a gold etch solution consisting of 0.1 M KCN/0.001 M-K 4). Transport rates of the etch solution through the polymer shell
[Fe(CN)] can be filtered through the membrane to remove the are described further below. Here, we focus on the fact that the
gold particle. In addition, the ADs membrane may be dissolved ~ structural integrity of the capsule is maintained following gold
with 0.05 M KOH(aq) at any time during these procedures to dissolution. For example, Figure 4 shows TEM micrographs of
collect a solution suspension of composite particles or hollow hollow poly(pyrrole) capsules templated from 5, 30, and 200
polymer nanocapsules (Scheme 2). The significance of each ofim diameter gold particles. The diameter of the resulting hollow

these treatments is discussed further below.

capsule core is identical with that of the initial particle template.

One consequence of the membrane-supported syntheticAn imprint of the particle crystal facets is also clearly present
method is that it is extremely quick and easy to remove growing in many capsules.

polymergold composites from the monomer vapor. This allows

Solution-Phase Synthesis of PolymetGold Particle Com-

precise control over the thickness of the polymer skin. Figure posites. Although the solid-support method for synthesizing

2A shows that, at short polymerization times (5 min), uniform

polymer—gold particle composites yields a material which is

polymer shells ca. 5 nm thick can be grown over 30 nm diameter extremely easy to manipulate and chgracterize (vide infra), thgre
gold template particles. Larger thicknesses are observed at longervould also be advantages of developing homogeneous solution-

polymerization times (20 min and 45 min in Figure 2B and

phase routes to polymenanostructure composites. For ex-

2C, respectively). The thickness measured for each of 20 ample, one might wish to grow thin skins of polymers on
particles from Figure 2C was found to lie between 18 and 22 nanoscale materials that will not easily fit in a porous support

nm (19.5+ 1.4 nm). At polymerization times much longer than
60 min, the composite particles grow together to form long
pseudo-one-dimensional strings of nanopartitles.

The solid support also allows for quick removal of one

membrane such as high aspect ratio metal nanowires or carbon
nanotubes.

Solution-phase routes to polymer-coated nanostructures con-
sist of combining an aqueous solution containing pyrrole (7.5

monomer and the rapid introduction of a second monomer into «L) and 10 nm diameter gold particles (2 mL) in 5 mL of®

the cell to form polymer multilayers. Figure 3 shows the results
of such an experiment. Figure 3A is a TEM image after 15 min
of poly(pyrrole) polymerization. The average shell thickness is
35 + 1.8 nm. An identical gold-loaded support membrane
treated with pyrrole for 15 min followed biN-methylpyrrole
contains more polymer, as indicated by YVisible spectros-
copy (not shown), and has a much thicker sheld53.9 nm
(Figure 3B).
Conductive polymergold particle composites were converted

to hollow polymer capsules by soaking a solid support mem-

with 10 mL of 0.1 M aqueous Fe(CI. Figure 5 shows TEM
micrographs of poly(pyrrole)-coated gold particles synthesized
using solution-phase methods. While every particle is again
coated with polymer, we initially found substantial particle
agglomeration (Figure 5A). This was prevented by adding 0.5
g of the steric stabilizer poly(vinylpyrrolidone) to the gold
suspension. Figure 5B shows that agglomeration was indeed
avoided in the presence of stabilizer.

Transport Rates of Gold Etchant into Conductive Poly-
mer—Gold Particle Composites.A unique feature of conduc-

brane containing composite particles in an aqueous solution oftive polymer nanocapsules is the possibility of effecting small

0.1 M KCN/0.001 M K[Fe(CN)]. Presumably, gold dissolution

molecule transport rates by switching the oxidation state of the
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Figure 5. Transmission electron micrographs of poly(pyrrole)-coated

gold nanoparticles synthesized using solution-phase methods (see text).
(A) and (B) are composites synthesized in the absence and presence of

poly(vinylpyrrolidone) stabilizer, respectively.

polymer. To characterize transport rates in phjethylpyr-
role) and poly(pyrrole) capsules, the gold plasmon absorption
was monitored over time following exposure to the gold etch
solution. Figure 6 shows that transport rates of etchant through
poly(N-methylpyrrole)-coated gold nanoparticles depend on
polymer oxidation state, those rates being faster for the neutral
polymer. Similar data have been observed previously wissa
gas and liquid transport in thick poly{methylpyrrole) films!4
Those results were rationalized by considering the relative
densities of neutral vs oxidized pol{methylpyrrole). Neutral
poly(N-methylpyrrole) is known to contain a larger amount of
void volume compared to oxidized polN{methylpyrrole)i® a

difference undoubtedly responsible for the transport rates seen

here.
The data in Figure 6 were treated quantitatively using the
following model for diffusion in a spher¥.

1— (C,— C/(C,— Cy) = b exp(—At); A= Da’/L* (1)

whereC; is the concentration of diffusing species at tim€s
is surface concentratioy is the diffusant concentration at the
film/particle interface at = 0, andb is a constant dependent
on the initial boundary conditions employed in solving Fick's
laws. Under these experimental conditioBg,may be set to 0
and the LHS of (1) may be related to the gold plasmon intensity.
Thus

(abg/abg) = b exp(—Af) (2)
where abgand absare the gold plasmon absorbances prior to
etching and at some timeduring etching, respectively.

Table 1 compares diffusion coefficients for gold etchant
diffusing into conductive polymer capsules. The data fit eq 2
remarkably well R = 0.997), considering the extinction
coefficient of the gold particle is undoubtedly changing during
the experiment (Figure 7). Diffusion coefficients are calculated
to be roughly 3 times smaller through the oxidized polymer
capsule vs the neutral capsule. This difference in diffusion rate
is in fact diminished because the neutral pblyrethylpyrrole)
is partially redoped by the ferricyanide etchant. In addition,
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Figure 6. Absorbance of the gold template particle vs etch time for
poly(N-methylpyrrole)-CIQ (O) and poly(N-methylpyrrole) Q).
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Figure 7. Fit of the etch data in Figure 6 to diffusion in a spherical
polymer: ©) poly(N-methylpyrrole)-CIQ; (O) poly(N-methylpyrrole).
Diffusion coefficients of 5.0x 1072 and 1.5 x 107! cn¥/s,
respectively, were calculated from the slopes.

Table 1. Diffusion Coefficients,D, for Various Polymer
Nanocapsule Compositions

capsule composition D (cnm#/s)
poly(N-methylpyrrole-CIQ) 5.0x 10°%?
poly(N-methylpyrrole) 1.5x 10°1¢
poly(pyrrole-CIQ) 1.8x 10

diffusion through oxidized poly(pyrrole) is much slower com-
pared to that through oxidized pol{methylpyrrole), a differ-
ence which can again be attributed to their relative porosities.
Notably, the diffusion coefficients given in Table 1 agree well
with those reported for other molecules diffusing through much
thicker (micrometers) poly(pyrrole) and polN{methylpyrrole)
films.14

Guest Entrapment. The focus of this study was whether
particle-bound ligands are displaced from the gold surface upon
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A encapsulated rhodamine B. The capsules were stained with agueous
200 300 400 500 600 700 800 CsOH to render the rhodamine B visible by electron microscépy.
Wavelength (nm) polymer shell, we found that rhodamine B was trapped inside
Figure 8. UV —visible spectra for 30 nm diameter gold particles (A), the capsule for over 3 weeks, irrespective of polymer oxidation
rhodamine B capped gold particles (B), pdiynethylpyrrole)- state. To test for a chemisorption mechanism compared to

encapsulated rhodamine B capped gold nanoparticles (C), and poly-entrapment based on sterics, pdlyiethylpyrrole) capsules
(N-methylpyrrole)-encapsulated rhodamine B capped gold nanoparticlesyere soaked in rhodamine B (1 M in ethanol), rinsed, and
following exposure to gold etch solution. immersed in pure ethanol. Visible spectra of the capsules
polymer formation, or if they remain attached to the particle revealed that rhodamine B was completely desorbed from the
surface and are ultimately trapped inside the hollow polymer film within 24 h. These observations suggest that rhodamine B
capsule following gold dissolution. Although, to our knowledge, is trapped sterically within the poljd¢methylpyrrole) nanocap-
rhodamine B has not been shown to have any desirablesules.

biological or catalytic activity, it was chosen as a guest because

of its absorbance at ca. 556 nm, a region of relatively low cgnclusions

absorptivity for poly(N-methylpyrrole). Figure 8 shows visible
spectra for 30 nm diameter gold particles (Figure 8A), rhodamine
B-capped gold (Figure 8B), poli¢methylpyrrole}-rhodamine

The synthesis and transport properties of poly(pyrrolahd
poly(N-methylpyrrole)}-gold particle composite particles and

B composite particles (Figure 8C), and pdiynethylpyrrole) hollow nanocapsules have been described. These synthetic
capsules following gold etch (Figure 8D). Following polymer Methods enable excellent control over particle dimensions (e.g.,
formation, absorptions for 30 nm diameter gold particles (ca. Shell thickness, hollow core diameter, and polymer sequence)
545 nm shoulder), oxidized poly{methylpyrrole)andrhodamine and provide the ability to trap small molecules in the hollow
B were observed, implying that polymer formation does not Capsule core. Extension of these methods to the entrapment of
cause surface-bound ligands to desorb from the particle. The€nNZYmes, proteins, DNA, and metal catalyst particles should
rhodamine B absorption peak is also clearly evident after be stra|ghtforwfard and are currently L_mder investigation in our
removing the gold core. laboratories. Finally, although the biocompatability of poly-
Visible spectroscopy indicates that rhodamine B is present (PyTole) has not been established previously, preliminary
following polymer formation and gold core dissolution. How- €XPeriments have shown that T3 fibroblasts will ingest poly-
ever, it does not provide information on the location of PYrrole—gold composite particles without compromising sub-
rhodamine B in the nanoparticle. To address this question, S€duent T cell division.
rhodamine B loaded capsules were stained with aqueous CsOH
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