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ABSTRACT

A method for the synthesis of functional hybrid nanoparticles of uniform size is reported. 1,1 "-bis[3-(trimethoxysilyl)propyl]-4,4  '-bipyridinium
iodide and N, N'-bis[(3-trimethoxysilyl)propyllethylenediamine bridged polysilsesquioxane spherical, monodisperse nanoparticles are prepared

utilizing inverse water-in-oil polymerization methods where nanoparticle size can be influenced by adjusting the interfacial tension and monomer
concentration. The former are electrochemically active and can be utilized in display devices. Both are polycationic and can be used as

carriers for polyanions such as DNA and construction of layer-by-layer architectures.

The utility of many functional materials including organic xerogels are ground to irregular particles for evaluation. In
polymers, inorganic oxides, and semiconductors is enhancedcontrast to silica, with the exception of unique, self-
significantly by the fact that they can be produced as uniform assembling coumarin dimer BP%there are no methods for
spherical particles. A significant amount of research has takenproducing uniform, spherical BPS nanopatrticles.
advantage of micro- and nanoparticle technology in such Here, we describe the first preparation of functional,
fields as chromatography,drug and gene delivery, monodisperse BPS nanospheres. We explore their size
bioimaging? catalysis’ optical!®**electronic}***and mag-  dependence on surface tension parameters using inverse
netic* applications. Silica-based materials occupy a large water-in-oil emulsion polymerization conditions, where a
portion of such research. Methods, such as th&b&to  monomer solution is dispersed in an immiscible medium to
process?>*®have been developed to produce monodisperseafford nanodroplets that undergo sgel hydrolysis and
spherical silica particles that range in size from millimeters condensation. Two bridged silane monomers were utilized
to nanometers. This, coupled with the ability to modify the to prepare nanoparticles of different compositions to dem-
surface with organics, are key factors that contribute to their onstrate the generality of this method. One type of nano-
utility and importance. particle is derived from 1;idipropyl-4,4-bipyridinium
Bridged polysilsesquioxane (BPS) xerogels are hybrid diiodide 1. These molecules, known as viologens, are
network materials that have organic and inorganic domains electrochromic, exhibiting an intense absorption band in the
dispersed at the molecular levét!® Because the organic  violet region of the spectrum upon electrochemical reduc-
group remains an integral component of the material, this tion.3! Viologen-containing materials find commercial ap-
variability provides an opportunity to modulate bulk proper- plications in autodimming mirrof$33 as well as potential
ties such as porosity, thermal stability, refractive index, applications in electrochromic displa$/sThe second class
optical clarity, chemical function, hydrophobicity, and of sol—gel nanoparticles is prepared froid,N'-bis[(3-
dielectric constant. The organic component not only strongly trimethoxysilyl)propyllethylenediamine. Bulk sol-gel
contributes to the bulk physical properties but also provides glasses prepared from this precursor are known to have
function to the material. The fine degree of control over the thermoresponsive properti€sselective protein uptake and
bulk chemical and physical properties has made theserelease properti€$,and have been found to remove copper
materials candidates for applications in optical devi€e%, and aromatic phenol impurities from aqueous solutions
as high capacity absorberits?® 3D information storage  when prepared as copolymers with phenylene-bridged
media?” and proton-conducting media for fuel cetf€’BPS silanes¥’
are typically prepared in a single step in bulk. The dried  Monomer2, 1,1-bis[3-(trimethoxysilyl)propyi]-4,4bipy-
ridinium iodide, was prepared from the corresponding-4,4
* Corresponding author. E-mail: kjshea@uci.edu. bipyridyl 1 and 3-iodopropyltrimethoxysilane (Scheme®d).
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Scheme 1. Synthesis of Table 1: Emulsion Polymerization Conditions of Nanoparticles

1,1-Bis[3-(trimethoxysilyl)propyl]-4,4bipyridinium lodide2 Prepared fromlL
ND—CN surfactant co-surfactant particle size
\ Z entry solvent® (mL)? (mL)° (nm) ¢
1
(MeO) 3Si/\/\| 1 cyclohexane 1.6 1.6 40+ 8
CHACN. refio. 24 h 2 cyclohexane 0.8 0.8 218 + 56
3 ,7r5ec/°ux, 3 cyclohexane 0.55 0.55 270 + 100
4 cyclohexane 0.4 0.4 220 + 160
o |~ 5 cyclohexane 2.5 2.4 irregular
+/7 T\
(MeO)gsi/\/\N\ 7\ ,N/\/\Si(OMe)s aThe amount of solvent was kept constant at 7.7 HNP-5.¢n-

Hexanol.? Average diameter of dried xerogel particles.
2

Scheme 2. Synthesis of
1,2'-Bis[3-(trimethoxysilyl)propyl]-4,4bipyridinium lodide
Bridged Polysilsesquioxar@X
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+/ T \+
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Signal A = InLens Date 19 May 2008
Phota Ne. = 480 Time -13:43:08

A 0.4 M aqueous solution was determined to reach gelation
in 13 min in the presence of HCI, yielding glassy, transparent,

o
L=]

the past for the preparation of ORMOSIL nano- and
microparticles:* 68113942 \We have utilized the emulsion
polymerization approach for the first time to yield BPS
nanoparticles. These materials are marked by their high
loading of functional groups (unattainable for surface modi-
fied silica), chemical and thermal stability, and in contrast
to ORMOSILs, with a high degree of porosity. The emulsions
were prepared using NP-5 as the surfactant and 1-hexanol
as the co-surfactant to disperse 0.4 M agueous monometFigure 1. BPS nanoparticlegX (entry 1, Table 1). (A) Scanning
solutions in cyclohexane. Several of the formulations resulted €lectron micrograph of dried xerogel (B) Size distribution of the
in a microemulsion, characterized by its thermodynamic Particles in (A). (C) Size distribution of wet gel particles in
stability and nanometer-sized dropléts. microemulsion.

After addition of catalyst (HCI), the emulsions were

allowed to age for 48 h (without stirring) to provide time respectively) reveal that particles in entry 1, Table 1, (solvent/
for the formation of stable, solid BPS gel particles. The surfactant v/v ratio is 2.4:1) are spherical and relatively
particles were precipitated with ethanol and washed with monodisperse in size with an average diameter of443
water to remove residual surfactant. The conditions are 8 nm. The light scattering data of the microemulsion prepared
summarized in Table 1. To determine particle size and under the same conditions (Figure 1c) shows a monomodal
distribution, wet gel particle microemulsions were analyzed distribution centered around 128 36 nm. The smaller
by dynamic light scattering. The samples were also drop- average particle size of the SEM data compared to the wet
deposited onto Si wafer substrates, allowed to dry over agel diameters is due to a 95% volume drop upon drying to
period of 24 h, then analyzed by scanning electron micros- g xerogel.
copy. The internal structure of the BPS nanoparticles was
While the emulsion stability was the same for all five investigated using transmission electron microscopy (see
formulations reported in Table 1, only entries 1 and 2 yield Supporting Information). The material was found to be
relatively monodisperse spherical particles. The SEM image uniform and featureless with no apparent phase separation
and its corresponding size distribution (Figure 1a and b, or long-range order.
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Scheme 3. Sol-Gel Material3X Prepared from
N,N'-Bis[(3-trimethoxysilyl)propyl]ethylenediaming

H )
(MeO)3Si/\/\H/\/N\/\/SI(OMe)3

3
MeOH,
pH 5 buffer

H .-
H n

3X

It was anticipated that the viologen nanoparticles would
be electrochemically active. A dispersion of 43 nm patrticles
in 0.1 M KClq Was analyzed by cyclic voltammetry. A
reversible reduction wave was observed with a reduction
potential of—0.530 V against SCE. This value is within the
range of dialkyl-substituted bipyridiniums (3;dipropyl-4,4-
bipyridinium iodide’s first reduction potential is0.680 V
vs SCE)3! Such electrochemical properties and the uniform

nanometer size make these materials ideal candidates fo

incorporation into fast electrochromic devices. Devices

incorporating these particles will be reported at a future date.
Ethylenediamine BPS nanoparticl@X were prepared

from commercially availableN,N'-bis[(3-trimethoxysilyl)-
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Figure 2. BPS nanoparticle8X (entry 2, Table 1). (A) Scanning
electron micrograph of dried xerogel. (B) Size distribution of the
particles in (A). (C) Size distribution of wet gel particles in
microemulsion.
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Figure 3. BPS nanoparticle2X (entry 2, Table 1). (A). Scanning
electron micrograph of dried xerogel. (B) Size distribution of the
particles in (A). (C) Size distribution of wet gel particles in
microemulsion.

propyllethylenediaming (Scheme 3). Monome undergoes
near instantaneous gelation under standare gell polym-
erization conditions, therefore conditions were modified to
decrease the reaction rate and permit thorough mixing. At
pH 5, sok-gel polymerization of bridged silane monomers
is slowestt* Thus, in a potassium hydrogen phthalate/NaOH
buffer (pH 5.0) and with 0.1 M monomer concentration,
gelation occurred after approximately 1 min.

These sotgel conditions were employed for the micro-
emulsion study. The surfactant conditions were as in entry
2 of Table 1. Interestingly, the average dried xerogel particle
diameter of 224+ 3 nm (Figure 2) is considerably smaller
than that of the 1/ibis[3-(trimethoxysilyl)propyl]-4,4
bipyridinium iodide BPS (21& 56 nm) prepared under the
same emulsion conditions (Figure 3).

This can be attributed to two factors. First, the interfacial
tension of the emulsion is decreased due to the presence of
a substantial amount of methanol in the-sgél droplets (the
monomer is supplied as 62% solution in methanol), whereas
the bipyridinium monomer is dissolved in water and metha-
nol is only present due to hydrolysis of the methoxy groups.
In fact, light scattering data of aged (48 h) microemulsions
of the 3X and 2X samples (polymerization conditions for
both are as in Entry 2, Table 1) show a significant difference
in droplet size (Figures 2c and 3c, respectively). The
data reveal a bimodal size distribution. While the calculated
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(8) Santra, S.; Bagwe, R. P.; Dutta, D.; Stanley, J. T.; Walter, G. A,;
Tan, W.; Moudgil, B. M.; Mericle, R. AAdv. Mater. 2005 17,
2165-2169.

median particle size is 5% 84 nm, a substantial amount of
the particles is in the 300 nm range. The median diameter
of 3X particles is much lower (83 19 nm). This would be (9) Beydoun, D.; Amal, R.; Low, G.; McEvoy, S. Nanoparticle Res.
expected from the decrease in the interfacial tension. The 1999 1, 439-458.

second major contribution to the decrease in particle size is (10) Zhu, M. Q. Zhu, L.'Y.; Han, J. J.; Wu, W. W.; Hurst, J. K., Li, A.

the 4-fold decrease of monomer concentration. This results 1,

in a more substantial volume drop of the dried xerogels.

D. Q.J. Am. Chem. So2006§ 128 4303-4309.
Ow, H.; Larson, D. R.; Srivastava, M.; Baird, B. A.; Webb, W. W.;
Wiesner, U.Nano Lett.2005 5, 113-117.

Importantly, both the concentration variable and adjustments (12) Kaltenpoth, G.; Himmelhaus, M.; Slansky, L.; Caruso, F.; Grunze,

in interfacial tension can be used to fine-tune particle size.

M. Adv. Mater. 2003 15, 1113-1118.
(13) Jang, J.; Nam, Y.; Yoon, FAdv. Mater 2005 17, 1382-1386.

In conclusion, an inverse oil/water emulsion has been (14) i, D.K.; Lee, S. S.; Papaefthymiou, G. C.; Ying, J.Ghem. Mater.

developed for the first synthesis of bridged polysilsesqui-

oxane spherical nanoparticles. We have shown that their size

2006 18, 614-619.
(15) Stober, W.; Fink, A.; Bohn, EJ. Colloid Interface Sci1968 26,
62—69.

can be influenced by changes in interfacial tension of the (16) Nozawa, K.; Gailhanou, H.; Raison, L.; Panizza, P.; Ushiki, H.;

emulsions as well as monomer concentration. This approach
is being extended to synthesize nanoparticles that incorporate

a broad range of organic bridging groups as well as

preparation of spheres in the micrometer range for chro-
matographic applications. The BPS nanoparticles described
in this report incorporate electrochromic and pH responsive

organic functional groups. In contrast to surface-modified
ORMOSIL nanopatrticles, these materials exhibit large
functional group loadings distributed uniformly through-
out the materiat. In addition, both the bipyridinium and
N,N'-bis[(3-trimethoxysilyl)propyl]ethylenediamine contain-
ing nanoparticles are polycationic, rendering them ideal

carriers for polyanions such as DNA and for the assembly

of core—shell architectures via the layer-by-layer technique.

The electrochemical responsiveness of bipyridinium can also

be utilized to trigger the release of adsorbed anféns.
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