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We report on the synthesis of monodispersed, spherical colloidal particles composed of poly(styrene-
co-N-isopropylacrylamide) (p$o-NIPAm) that rapidly self-assemble via simple solvent evaporation to
form 3-D colloidal crystals that are both robust and uniformly diffractive. As a suspension of the pS-
co-NIPAm particles dries, the interactions of their soft, flexible peripheries assist in particle self-assembly
to form a close-packed ordered structure. Interparticle adhesion occurs at these contacts as the final
amount of solvent evaporates, enhancing the durability of the assembly. The dense core provides stability
of the ordered structure subsequent to drying. These dried, crystalline films exhibit Bragg diffraction,
which can be modified by changing the particle size through varying the monomer feed concentrations.
The facile drying process used for crystalline assembly presents a unique approach to photonic inks that
can be used as “paint-on” (i.e., processable) dispersions, which are advantageous for the fabrication of
materials for optical applications.

Introduction degree of stability, so that it will be useful for many optical
pplication$® A simple technique that uses a highly
rocessable photonic precursor that can be applied as a paint

to form an intended structure would be particularly advanta-

geous.

Many types of self-assembly based fabrication strategies

materials has established their use in many optical applica-?have_befn f;(pl(r)]rgd to pro?ucj:e cocIjI.0|daItctr_ystalsaSomte.fof
tions, such as waveguidés filters, switches, and sensing € simplest techniques include sedimentation and centritu-

devices®” To produce colloidal crystals that can achieve gation procedures. _Howeve_:r, SIO.W sedimentation is time-
these functions, it is necessary to maintain control over the consuming, and rapid centrifugation can cause defects that

assembly of the particles to afford reproducibility and to disrupt the crystalline order. Many diverse methods have

minimize structural defects that can diminish the optical been investigated to enhance the speed of crystal formation

properties of the material. Self-assembly approaches offer athrough controlled processes. Capillary depositforertical

iti 1,12 i in- i 4 _
distinct advantage in that they are efficient, require minimal depositioni*2 convective assembly, spin-coating’ elec

i ,16 i i i 8
fabrication efforts, and can be easily modified for widespread trophoretic assembly;*® and other innovative desigiis

manufacturing purposes. However, such approaches aréwave been in_vestigated for the purposes of controlling the
intrinsically tied to obtaining thermodynamic control over extent and orientation of crystalline order, as well as crystal

assembly, which often requires very slow assembly or thick_ness._ However, these r_n_ethqu often require complex
sedimentation to limit the number and size of kinetically configurations or long deposition times that are essential for

trapped defects. A self-assembly technique that is appropriatecryStal formation. Simple methods that make use of solvent
for creating processable materials should be quick, simple,

i i i (8) Norris, D. J.; Arlinghaus, E. G.; Meng, L.; Heiny, R.; Scriven, L. E.
and provide a crystalline construct that possesses a high Adv, Mater. 004 16, 13931390,
(9) Xia, Y.; Gates, B.; Li, Z.-Y.Adv. Mater. 2001, 13, 409-413.

*To whom correspondence should be addressed. E-mail: (10) Li, H.-L.; Marlow, F.Chem. Mater2006 18, 1803-1810.

Monodispersed, spherical particles have been investigate
extensively for their use in the fabrication of colloidal crystals
for the design of optical materialsiFor example, ordered
structures such as these have even been shown to exhibi
photonic band gap behavid?. The investigation of these
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evaporation have also been explored, and the dynamics ofcrystalline materials via the facile method of solvent

these assembly interactions has been widely investigatéd.

evaporation under ambient conditions. Similar types of pS-

These previously reported evaporation techniques provideco-NIPAm particles have been synthesized by the Hellweg
the basis for designing a model scheme for quick crystal group, which have also demonstrated ordered structures upon
formation that can be adapted toward “paint-on” approaches.drying3* However, the p®o-NIPAmM particles that were used

It is interesting to note that mainly hard sphere systems in the studies presented below do not exhibit thermorespon-
have been used in the approaches described previous|y_SiVity due to the low concentrations of NIPAm used in the
Alternatively, crystals composed of soft colloidal spheres particle synthesis. The addition of NIPAm to the synthesis

offer distinct properties that arise from the flexible polymer
componentd?-2°> The Lyon group has investigated colloidal

apparently only adds soft, hydrogel-like qualities that provide
particle flexibility, but not thermoresponsivity. This distinc-

Crysta|s Comprised of Spherica| hydroge] partides Composedtive characteristic appears to be a Significant factor in the

of poly-N-isopropylacrylamide (pNIPAm) that exhibit these
types of soft interaction®¥:?” These particles can be as-

self-assembly of pSo-NIPAm particles, whereby the soft
particle exterior affects the interactions between neighboring

sembled and the crystals subsequently annealed by meanBarticles during the drying process. As a sessile drop of an

of the thermoresponsive property of the pNIPAhRarticles

aqueous suspension of g8NIPAm particles dries, the

composed of pNIPAm undergo a volume phase transition at particles come into close contact and rearrange to form a
~31 °C, such that the particle size decreases at high “soft” crystalline phase, where the swollen particle peripher-
temperatures. Thermal annealing of concentrated solutionsies interact repulsively in a manner similar to traditional
of pNIPAm particles allows for particle self-assembly as the hydrogel particle assemblié3z” This attribute provides
particles return to their swollen state. This procedure presentsample deformation at the particle periphery to allow for the

a convenient method for rapid fabrication of crystalline

formation of an ordered structure. As the final amount of

materials, and the soft particle construct additionally enablessolvent evaporates from the polymer, the particle size
simple adjustment of optical properties by varying the decreases due to deswelling; however, the crystalline order

polymer volume fraction® Furthermore, others have shown

is retained due to interparticle contacts that become adhesive

that dispersions of pNIPAm particles can also be used asduring drying. This crystalline order is then maintained by
“inks” to create 2-D self-assembled arrays formed by the dense polystyrene core, ultimately affording a stable,
capillary forces during solvent evaporation, demonstrating ordered configuration. These copolymer characteristics make

the utility of the hydrogel character of the particfés.

Modifications to 3-D colloidal crystal systems have also
been employed to effectively “glue” ordered particles

together using polymeric hydrogels, which has given rise to

tunable crystals that possess enhanced stabifitydowever,

these particles ideal for the formation of “paint-on” colloidal
crystals.

Experimental Procedures

Materials. The monomeN-isopropylacrylamide (NIPAm, Al-

since these materials are gomposed of h.ydrogels,_the CI'VStaI%rich) was purified via recrystallization from hexane (J. T. Baker).
cannot be produced as dried, freestanding mateilals such astyrene, N,N'-methylenebis(acrylamide) (BIS), and ammonium
those obtainable from hard spheres. An attractive schemepersulfate (APS) were purchased from Aldrich and used as received.

for colloidal crystal formation can be realized by taking

Distilled water was purified with a Barnstead E-Pure system to a

advantage of particles that possess two beneficial proper-resistance of 181Q and then filtered through a 0/2m filter to
ties: soft interactions for particle assembly and hard sphereremove particulate matter.

properties that enhance crystalline stabifity.

Particle SynthesisPoly(styrenezo-N-isopropylacrylamide) (pS-

In this work, we have synthesized spherical nanoparticles ¢@NIPAM) particle synthesis was performed using a one-pot,

composed of poly(styrenes-N-isopropylacrylamide (p$e-
NIPAmM) that can be used to obtain robust, 3-D colloidal

(19) Okubo, T.; Kimura, K.; Kimura, HColloid Polym. Sci2002 280,
1001-1008.

(20) Koh, Y. K.; Wong, C. CLangmuir2006 22, 897-900.

(21) Juillerat, F.; Bowen, P.; Hofmann, Hangmuir 2006 22, 2249-
2257.
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Colloid Polym. Sci200Q 278 972-978.

(24) Hu, Z.; Lu, X.; Gao, JAdv. Mater. 2001, 13, 1708-1712.

(25) Alsayed, A. M.; Islam, M. F.; Zhang, J.; Collings, P. J.; Yodh, A. G.
Science2005 309, 1207~1210.

(26) Debord, J. D.; Lyon, L. AJ. Phys. Chem. R00Q 104, 6327-6331.

(27) Lyon, L. A,; Debord, J. D.; Debord, S. B.; Jones, C. D.; McGrath, J.
G.; Serpe, M. JJ. Phys. Chem. B004 108 19099-19108.

(28) Pelton, RAdv. Colloid Interface Sci200Q 85, 1—33.

(29) Debord, S. B.; Lyon, L. AJ. Phys. Chem. B003 107, 2927-2932.

(30) Tsuji, S.; Kawaguchi, HLangmuir2005 21, 8439-8442.

(31) Asher, S. A; Holtz, J.; Liu, L.; Wu, Z1. Am. Chem. S0d994 116,
4997-4998.

(32) Weissman, J. M.; Sunkara, H. B.; Tse, A. S.; Asher, SSéience
1996 274, 959-960.

(33) Kalinina, O.; Kumacheva, Bacromoleculed999 32, 4122-4129.

surfactant-free emulsion polymerization adapted from the syntheses
reported by the Hellweg groiiy. The monomer feed concentrations
for pS<co-NIPAm synthesis contained either 73 or 75 mol % styrene
to obtain particles with negligible thermoresponsivity (vide infra).
Two batches of particles were prepared having different total
monomer concentrations (280 and 500 mM) to obtain particles with
different sizes. For the 280 mM monomer feed, 0.0204 mol of
styrene (73 mol %), 0.0072 mol of NIPAm (26 mol %), and 0.0003
mol of BIS (1 mol %) were used. For the 500 MM monomer feed,
0.0375 mol of styrene (75 mol %), 0.0119 mol of NIPAm (24 mol
%), and 0.0005 mol of BIS (1 mol %) were used. For both
syntheses, NIPAm and BIS were dissolved in 100 mL of water,
and the reaction mixture was heated to @ and purged with
nitrogen gas for 75 min in a three-necked round-bottomed flask
equipped with a condenser and inlet for nitrogen with constant
stirring. The styrene was added just prior to initiation. Initiation
was performed using 0.027 mmol of APS for the 280 mM synthesis
and 0.031 mmol of APS for the 500 mM synthesis, which was

(34) Hellweg, T.; Dewhurst, C. D.; Eimer, W.; Kratz, Kangmuir2004
20, 4330-4335.
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pre-dissolved in 0.5 mL of water. Additional amounts of APS (0.044 tions of 10 mg/mL for the 280 mM p8e-NIPAm particles and 26
mmol) were added to each synttedi h after initiation to ensure  mg/mL for the 500 mM pS:o-NIPAm particles. The sessile drop
reaction completion. After both reactions were allowed to react for was allowed to dry open to the atmosphere, which occurred after
23 h, the reaction solutions were filtered using Whatman filter paper 60—90 min at ambient temperature. This sample preparation was
(No. 2) to remove any coagulum and cleaned by centrifugation 3 used to prepare samples for SEM and reflectance spectroscopy
times for approximately 30 min at 15 400 relative centrifual force characterizations.
(rcf) at 25°C to remove any unreacted monomer or oligomeric Optical Spectroscopy.Reflectance spectroscopy of dried films
species, using distilled, deionized water for resuspension of the was performed using a Cary 500 double beam scanning spectro-
pellet. photometer (UV-vis—-NIR) operating in the spectral range of
Photon Correlation SpectroscopyHydrated particle sizes were ~ 175-3300 nm using an integrating sphere accessory and the
determined using photon correlation spectroscopy (PCS, Proteinaccompanying WinUV software and scan package. Specular
Solutions, Inc.) equipped with an integrated Peltier temperature reflectance (or % reflectance) was determined indirectly by
control device 0.1 °C) using dilute solutions of p8e-NIPAmM subtracting the diffuse reflectance from the total reflectance
particles (~1—2.5ug/mL). The average hydrodynamic radii) (specular+ diffuse) at near-normal incidence. In situ reflectance
for each set of particles was calculated from the diffusion coefficient Spectra were collected during the drying process using a fiberoptic
using the StokesEinstein equation. The sample was allowed to spectrophotometer (Ocean Optics, Inc., USB2000 with integrated
equilibrate at the appropriate temperature for 10 min before data OFLV-3 detector) and OOIBase32 software. A bifurcated source
collection. Scattered light from the fiber-coupled diode laser (798 and detector fiber optic reflectance probe (R40D-vis/NIR) was
nm) was collected at 9Qwith a fiber-coupled avalanche photodiode ~employed by positioning the probe above the sample at near-normal
detector connected to a 248-channel autocorrelator board. The datdncidence. A dark spectrum was obtained by covering the reflectance
were analyzed with Dynamics Software Version 5.20.05 (Protein probe using the probe cap, and a 100% reflectance reference was
Solutions, Inc.) using the Cumulants method for monomodal Obtained using a diffuse reflectance standard. The diameter of the
(Gaussian) size distribution analysis, and five measurements werereflectance probe optical fiber was 406, which allowed for the
obtained for statistical analysis of th&, Each measurement interrogation of a wide sampling area during in situ drying
consisted of 5 data points, each collected using an acquisition experiments.
(integration) time of 60 s. Scanning Electron Microscopy.A Hitachi S800 field emission
Static Light Scattering. Multi-angle laser light scattering ~ 9un scanping electron microscope _operating at 10 kV was used to
(MALLS, Wyatt Technology, Inc.) was employed to determine the characterize the structural properties of dried samples ofgpS-
radius of gyration Ry) of the hydrated particles. Asymmetric field ~ NIPAm particles. Scanning electron microscopy (SEM) samples
flow fractionation (AFFF, Eclipse, Wyatt Technology, Inc.) was Were prepared b}’ drying a goncentrated suspension of partllcles on
utilized to achieve particle separation based on hydrodynamic @ 91ass cover slip, onto whica 5 nmgold film was added using
volume using a solvent cross-flo#3 The AFFF method thatwas & Denton Vacuum Evaporator (DV-502A) equipped with an Inficon
employed first concentrated the sample at one end of the AFFF deposition monitor. Samples were placed on a flat, cylindrical
channel using the focusing mode, followed by sample elution using SPeCimen mount for imaging the top of the dried sample. To obtain
a cross-flow rate of 0.25 mL/min that decreased consistently over IMages of sample cross-sections, a drop of the particle suspension
a period of 36 min, followed by an additional elution time of 20 Was dried on a scored glass cover slip. After the sample dried
min with no cross-flow. Particle elution continued to the MALLS ~completely, the cover slip was broken along a scored line, followed
detector, which was equipped with a Peltier device to maintain a Py deposition of a gold film, as described previously. A®45
flow-cell temperature of 25C. Scattered light from a GaAs laser ~SPecimen mount was used for obtaining images of the crystal cross-
operating at 684 nm was collected at 16 fixed angle detectors, angsection by tilting the sample relative to the incident electron beam.
ASTRA 5.1.5.0 software was used to determiRgvalues using
the Debye fit method. Samples were diluted as necessary to achieve
appropriate light scattering signals following the AFFF separation. W0 different sizes of p$o-NIPAm particles, with
Uncertainty in calculatedR, values was determined from the slightly different co-monomer compositions, were synthe-
standard deviations of each slice of data in the Debye plot, using sized by varying monomer feed concentrations (280 and 500
the ASTRA software. mM) and were used separately for the fabrication of dried
Transmission Electron Microscopy. The particle size and  colloidal crystals. Note that the 280 mM particles were
interparticle interactions of dried p&-NIPAm particles were synthesized using a feed of 73% styrene, 26% NIPAm, and
examined using transmission electron microscopy (TEM). Drops 194 BIS, while the 500 mM particles were prepared from
of_dllute solutions of particles were placed on TEM copper grids 7504 styrene, 24% NIPAm, and 1% BIS. For simplicity, we
l(e'th.er Formvar or Carbon-B Type, 200 mesh, Ted Pella, InC.) \i refer to the two batches of particles by the total monomer
leaving at least one drop o dry overnight. A JEOL 100CX Il * (., 0 htration designations (280 or 500 mM). However, the
instrument operating at 100 kV was used for TEM characterizations. . . .
Particle size distributions were calculated using ImageJ softiare. read_er should be reminded that the smaller particles contain
relatively ~2% more NIPAmM and~2% less styrene than

Crystal Sample Preparation. Dried crystals were prepared b . . -
Y P P Y prep Y the larger particles; this apparently subtle difference has a

spreading a drop of a concentrated @SNIPAmM aqueous suspen- . .
sion on a glass cover slip (VWR, 22 mm30 mm) using a plastic measurable impact on the particle structure and crystal

transfer pipet, to encompass an area of approximately 2 cm in 2ssembly. . . .
diameter. These colloidal suspensions possessed polymer concentra- Photon correlation spectroscopy and multi-angle laser light
scattering were used to determine the particle size when fully

Results

(35) Wyatt, P. J.; Villalpando, D. NLangmuir1997, 13, 3913-3914. hydrated at 23C. The hydrodynamic radiug{) and radius
(36) fgggiz%q, M.; Wittgren, B.; Wahlund, K. @nal. Chem2001, 73, of gyration () for each pSeo-NIPAmM sample are listed in

(37) Rasband, W. SmageJ National Institutes of Health: Bethesda, MD, Table 1. The ratio ofRg _tO Ry is alsq listed; thls_fa(_:tor_can
1997-2004; http://rsh.info.nih.gov/ij/ be used to characterize the radial mass distribution, or
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Figure 1. Transmission electron microscopy images of 280 mMcp$IPAmM nanoparticles (A) and 500 mM p&®-NIPAm nanoparticles (B). Inset scale
bar is 500 nm. Variations in particle morphology due to interparticle compression can be observed using a higher concentration of 566-KRIADS-
particles to prepare the sample (C).

Table 1. Particle Size Characterization3

MALLS Ry PCSR, TEM
(nm) (nm) RyR, diameter (nm)

280 mM pSeo-pNIPAM 87.8 (0.3%) 139.242.2) 0.631 202.744.9)
500 mM pSeo-pNIPAM 124.4 (0.2%) 159.041.2) 0.782 268.1£6.6)

aStandard deviationsH) and relative uncertainties (%) are noted in
parentheses.

polymer chain segment density, in the particles. The particle
diameter was determined using TEM to demonstrate the dried
particle size that results from sample evaporation. The 280 Figure 2. Digital camera images of the dried crystalline films formed
mM pS-<o-NIPAmM particles were determined to have a through solvent evaporation of an aqueous suspension cbp8PAmM
diameter of 202.7 4.9 nm f = 118), while the 500 mM particles. Left: crystal formed using 280 mM pS-NIPAm. Right: crystal
pS-co-NIPAmM particles possess a diameter of 26&.5.6 formed using 500 mM pSo-NIPAM particles.
nm (n = 56), both in their fully dried state. 357 — 280 mM pScoNIPAM
The morphology of the dried p&-NIPAm particles is 30 |— 500 mM pS-co-NIPAm
shown in Figure 1. Transmission electron microscopy images 25
of dilute solutions of 280 mM p$e-NIPAm (Figure 1A) 20
and 500 mM pSo-NIPAm (Figure 1B) seem to suggest that 154
an adhesive interaction occurs at the interparticle contacts.
A 2-D array of 500 mM pSzo-NIPAm particles was formed 107
using a more concentrated solution for the sample preparation
(Figure 1C). This image shows a somewhat different 0=
variation in the particle morphology when more particles are 400 ’mvel‘f:gth 700
present. The. particle shape appears to become less Spherlcéllgure 3. Reflectance spectra of colloidal crystals formed fromaqoS-
as the particles are forced together into a dense array.njpam particles.
Together, these results apparently suggest that the particle
peripheries are somewhat soft and amenable to stretchingimaterials at near-normal incidence. Dried colloidal crystals
adhesion (Figure 1A,B) or compression (Figure 1C). composed of 280 or 500 mM p&-NIPAm particles exhibit
Dried colloidal crystals were fabricated by placing a drop first-order Bragg diffraction at 467 and 653 nm, respectively
of a pSeo-NIPAm particle suspension on a glass cover slip (Figure 3). These diffraction wavelengths are consistent with
and allowing it to dry completely under ambient conditions. the colors that are shown in Figure 2. Scanning electron
The resulting diffraction color is clearly shown in Figure 2. microscopy was used to image the particle order of the dried
The 280 mM pSeo-NIPAm particles dry to a blue crystal, crystalline samples. Images collected using a flat specimen
while the 500 mM pSo-NIPAm particles produce a red  mount show the hexagonal arrangement of particles located
crystalline film. This diffractive color is consistent across at the top layer for both the 280 and the 500 mM qus-
the entire sample, suggesting a high quality of uniform NIPAm dried samples (Figure 4, left). The three-dimensional
crystalline order. Although complete drying of these par- order of the pSeo-NIPAm particles is revealed by imaging
ticular samples required approximately-&D min, spreading  the sample along cracks or sample cross-sections (Figure 4,
the drop over a larger area can reduce this drying time by middle and right). It is apparent from these images that the
increasing the rate of evaporati&i+® samples are well-ordered along thaxis.

Reflectance spectroscopy was employed to determine the 14 characterize the drying process, in situ reflectance
wavelength of Bragg diffractich for these crystalline spectroscopy was performed as a drop of the particle
ol 0. Aol Phel Po— suspension was allowed to dry on a glass cover®8lithe

ggg DglggénC,'R.Jb.;poakajir{So.g;sguep%n?, ?5}5 au'ber’ G. Nagel, 5. R.; reflectance probe was positioned at & @gle above the
Witten, T. A. Nature 1997, 389, 827—-829. drop and about halfway between the center of the drop and

% Reflectance
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10900X,

15200x

Figure 4. Scanning electron microscopy images of 280 mMgeSNIPAm dried crystals (top row) and 500 mM g®-NIPAm dried crystals (bottom row).
Left: imaging the sample using a flat sample holder. Middle and right: images of crystal cross-sections.

its edge. Reflectance spectra, shown in Figure 5, were could introduce thermoresponsivity, there was no significant
collected as the drop dried from the outer edge toward the decrease in particle size with increasing the temperature (25
center of the drop over a time period on the order of minutes. 40 °C), as determined by PCS (Supporting Information). This
As the sample dries, an initial diffraction peak is observed result indicates that the low NIPAm concentrations that were
(at~495 and~725 nm for 280 and 500 mM p&s-NIPAmM used in the particle synthesis do not contribute to particle
samples, respectively) that is red-shifted as compared to thethermoresponsivity, yielding a particle that has a nearly
diffraction peak that was observed for the completely dried temperature-independent equilibrium swelling volume. As
samples shown in Figure 3. The intensity of this initial peak described previously, soft spheres (e.g., pNIPAm particles)
increases and becomes blue-shifted over time (duringcannot maintain crystalline order following drying, thus the
evaporation). A second peak then appears, first as a shoulderigidity of the pS copolymer spheres affords particle stability
to the blue side of the first peak, followed by an increase in throughout the drying process.
intensity as the intensity of the first peak decreases. The Additional information about the particle morphology can
intensity of this second, hlgher energy peak becomes Stab'e()e obtained by Comparing the ratio EJ to Ry a Sphere of
once the sample has fully dried, maintaining a final diffrac- uniform density exhibits aRy/R, value of 0.7753° The 280
tion wavelength that is consistent with the reflectance spectragnd 500 mM pSso-NIPAm particles demonstrat&y/R,
of the completely dried samples. The colors of the spectrayalues equal to 0.631 and 0.782, respectively, which suggests
shown in Figure 5 correspond to different times throughout that these particles possess a polymer composition that is
the drying process, which occurred on the order of minutes. similar to that of a uniform sphere. Differences in R¢R,
Arrows indicate the peaks that decrease and increase withyalues may be indicative of variations in the arrangement
intensity over time. of the copolymer composition throughout the particle due
to the differences in the monomer feed concentration and
Discussion hence the rate of polymerization. However, it is more likely
To characterize the final colloidal crystal product that is that the slight increase in NIPAm feed in the 280 mM particle
formed from suspensions of p®-NIPAm particles, the ~ Synthesis (26 vs 24% for the 500 mM feed) leads to an
properties of the constituent particles were first examined. INcrease in the hydrophilicity of the particle surface and hence
Variations of the total monomer concentrations used in the @ more swollen particle periphery. This would lead to the
synthesis of pSo-NIPAm particles were found to affect the OPServedRy/R, value being lower than the value expected
final particle size, as demonstrated using PCS and MALLS for & uniform sphere.
characterization tools (Table 1). These light scattering data Figure 1 shows images of both sets of particles acquired
demonstrate the narrow size distribution for these samples,using TEM. Similar images were used to determine the pS-
which is essential for the assembly of a crystalline lattice
using spherical particles. Although the addition of NIPAm (40) Wyatt, P. JAnal. Chim. Actal993 272, 1—40.
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300 - | 280 mM pS-co-NIPAm more hydrophobic polystyrert&3441.42 Therefore, it is

proposed that this change in size is due primarily to the loss
of water from the hydrated pNIPAm-rich periphery of the
particle, while the spherical shape is effectively preserved
as a result of the dense pS-rich core. This variation in size
indicates the extent of surface flexibility that can be realized
with these copolymer particles.

The 500 mM pSeo-NIPAm particles exhibit a less
dramatic reduction in size, which may be due to dissimilari-
ties in the overall copolymer composition and/or distribution
as compared to that of the 280 mM p8NIPAm patrticles,
thus influencing particle “softness” by affecting the polymer
density profile. Since the 280 mM patrticles possess a slightly
larger percentage of NIPAm as well as a smaRgR, ratio,

o one might expect the smaller particles to be slightly more
I I I T 1 hydrated. Indeed, we find that the ratio of hydrated to dry
400 450 500 550 600 volumes agrees at least semiquantitatively with the measured
Wavelength, nm Ry/Ri ratios for the two sets of particlé$ Further polymer
’ characterizations are necessary to develop a more detailed

| 500 mM pS-co-NIPAm| understanding of these copolymer particle morphologies.
Despite differences in the apparent degree of “softness”
of the particles, the TEM images suggest that there is an
adhesive interaction at the interface of the particles where
the edges appear to become conjoined. When@SIPAM
particles are in contact with a limited number of neighboring
particles, they do not appear to be absolutely spherical but
appear to be stretched in the direction of the connecting
particles (Figure 1B). This effect can also be seen by
observing the position of the dark (electron dense) regions
located near the center of the partietesthe electron
contrast is redistributed in a manner that is consistent with
the lower electron density material being pulled toward the
nearest neighbors. However, a particle that is entirely
surrounded by other particles appears to be stretched equally
600 650 700 750 800 850 in all directions, sustaining particle uniformity (center particle
Wavelength, nm of Figure 1A). A more concen_trated partlcle array demon-
Figure 5. In situ reflectance spectra of 280 mM (top) and 500 mM (bottom) strates a 'marked dlffergnce m- particle shape due to the
pS-co-NIPAm particles collected during sample drying over time on the compression of the particles (Figure 1C). This structure I_S
order of ~5 min. The curves correspond to the onset of diffraction, the analogous to the features that have been observed with
continuous blue-shift of this diffraction, and the emergence and final crystals composed of hard spheres that have been sintered

diffraction stabilization due to crystals composed of completely dried ; ; 5 _
particles. (Angle of incidence 90°). In both panels, the line colors indicate by means of thermal annealing techmqﬂﬁ;é. As these pS

the spectral changes with time (blue: initial spectra and red, cyan, green, CO-NIPAM particles dry and progress into closer contact, they
and black: final spectra). appear to adopt this conformation spontaneously due to the

flexibility and adhesiveness of their soft interfaces. This
) o ] ] ) adhesive property may be an effect of interpenetration of
coNIPAm. parUcIe size in |t_s drled.state_, aslllsted in Table the swollen polymer networks during the drying process. This
1. A significant decrease in particle size is observed as giiripute seems to facilitate the stability of their final
compared to the swollen, hydrated size measured using lightconfiguration (vide infra).
scattering. Relative to the diameters found in aqueous media, pied colloidal crystals can be achieved by applying a

these sizes correspond to volume decreases of. 61.4 an‘%uspension of pSe-NIPAm particles to a substrate (Figure
40.1% for the 280 and 500 mM p&-NIPAm particles, 2y These particular samples were prepared by spreading a
respectively. It is difficult to estimate the arrangement of drop of the suspension with a pipet to produce a circular
the homopolymer-rich regions of the particle based on the
reactivity ratios of styrene and NIPAm alone because of the 41y pejton, R. HJ. Polym. Sci. AL988 26, 9-18.
relative hydrophilicity and hydrophobicity of the polymers. (42) Duracher, D.; Sauzedde, F.; Elaissari, A.; Perrin, A.; Pichafalloid
However, it has been shown in the literature that the exterior q, Loy™- Sci1998 276 219-231

’ (43) Gates, B.; Park, S. H.; Xia, VAdv. Mater. 200Q 12, 653-656.
of the pSeo-NIPAm particles is composed mostly of the (44) Cho, Y.-S;; Yi, G.-R.; Moon, J. H.; Kim, D.-C;; Lee, B.-J.; Yang,
more hydrophilic pNIPAm due to some degree of phase (s, 2‘&%%?52”&“&5??(5.;zzlﬁalgﬁ}&?gﬁén’ Z.M.: Zhang, K.. Yan, X..
separation, while the center of the particle consists of the Wang, Y. F.; Yu, W. Z.; Yang, BLangmuir2005 21, 8987-8991.
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pattern. However, other deliberate patterns could be preparedossess a fcc crystalline structure, which is the most common
by simply using the pipet to spread the suspension in different structure for crystals composed of spheres. Bragg's law tells
directions along the glass substrate, demonstrating the uniqueus that

ability to use suspensions of these particles as “paint-on”

photonic inks (i.e., see the Table of Contents graphic). mi = 2ndsin 0 1)
Particle self-assembly occurs based on the simple process . . . . .
of solvent evaporation, which forces the particles into close where/ is the diffracted wavelengtim is the diffraction

contact such that they adopt an organized packing arrange_order,n is the effective refractive index of the mediuthis

ment. Images of the cross-sections of these dried Crystalsthe lattice spacing, and is the angle of incidence relative

acquired using SEM demonstrate the good 3-D order thatto the lattice plané’ Sinced is related to the particle diameter
exists across the sample thickness (Figure 4). Cracks were(D) by
found throughout the span of the dried crystal (Figure 4,
bottom right), which are typically observed in colloidal

crystals as result of the volume reduction associated with o .
. whereh, k, andl represent the Miller indices, an approximate
sphere shrinkage. However, these cracks do not greatly S : :
impact the long-range uniformity of the optical properties refractive index can be determined assuming that the (111)
plane is interrogated at near-normal incidence. On the basis

of the crystals. The 3-D uniformity (.)f the crystals, as of the spectral data, the dried particle sizes from TEM, and
observed at both cracks and cross-sections, demonstrates tr}

remarkable effectiveness of the adhesive qualities of these %e appareffnt Ia}ttlce (f:ons_t ant_s ;rpm SIfEl\l/I,4t1he d(;'eld 4(;rystals
particles. These soft particle exteriors not only assist in gggsaesjszoeg;\\ﬂ/e ;e{yﬁfgﬁnmalr(t:iilseg reé e(i:/el .Th;ssemg
crystalline stability during the drying process by sustaining differen m P r nd tp bt ,diff pr n yi.n the pS-
the position of particles, but they also stabilize the entire erences may corresponc 1o subtie diierences ©p

. S e . : . co-NIPAmM polymer compositions of the two particles.
crystalline medium in their final configuration, as evidenced : .
. S In situ reflectance measurements were used to elucidate
by the excellent packing along tlzedirection.

) . the process of crystalline self-assembly during drying (Figure
The close-packed particles located at the top of the dried 5). During this drying process, the g8-NIPAm particles

crystals (Figure 4, left) demonstrate a hexagonal arrangement. ;e into close contact so as to form an ordered structure
corresponding to a (111) crystalline plane, which persists o e solvent evaporates. The observation of the initial peak

across the entire top of these samples. The (111) plane iy poth samples is designated as the point in time at which
indicative of face-centered cubic (fcc), hexagonally close- o harticle concentration reaches the minimum volume

packed (hcp), or randomly stacked structures. This order mayf, otion necessary for entropically driven colloidal crystal-
be F’“e to parncle arrangement along the-tquid interface lization (~0.5 volume fraction§®2” The position of this peak
durlngldrylng or by templating effects perpetuated throughout suggests that the particles are considerably hydrated relative
the thickness of the sample due to the plane of the glassy, heir completely dried state. Because a wide area of the
substrate._ However, it is dlﬁlcglt to use these SEM images sample is interrogated using this reflectance probe, the
to determine the exact crystalline structure and the extent of .o o ictance of multiple peaks is observed at certain points

the structured layerS. Such an arrangement of spherical ing the drying process. The continual changes in these
particles can exhibit Bragg diffractioti,and optical spec-  gifraction curves, as depicted by curves of different colors
troscopy is essential to demonstrate the uniformity of ,er time in Figure 5, suggest that these samples consist of
crystalline order, which is apparent given the observation ¢y qtais that possess a range of lattice planes along this drying
of a gmform d|ﬁrgct|on color across the length of the sample . that are composed of ordered particles that possess a
by visual inspection. range of sizes due to partial dehydration. Upon further
Figure 3 shows the Bragg reflectance peaks for eachinspection, another observation can be made with respect to
crystal. The symmetry and breadth of each peak demonstrateshe differences in the intensity of the first peak as compared
the uniformity of crystalline order, and the lack of additional to the intensity of the final peak for both crystal samples.
peaks confirms the absence of gross polycrystallinity in thesewhile the intensity of the initial peak nearly equals the
samples, which is sometimes observed with hard spherejntensity of the final peak for the crystal composed of 500
crystal systems. A higher scattering background is observedmm pS<co-NIPAm particles, the initial reflectance peak for
for the crystal composed of the 280 mM p&NIPAmM the 280 mM pSeo-NIPAm particles is of a more moderate
particles as compared to the crystal formed with the 500 mM ntensity. It is also important to note that the interparticle
pS<o-NIPAm particles. This observation suggests that the spacing suggested by the initial Bragg peaks (longer wave-
former sample possesses a lower crystalline quality, which |ength) that are observed during drying do not necessarily
may be a result of a higher degree of flexibility of the 280 match well with the swollen particle sizes obtained by PCS.
mM pS-co-NIPAm particles (due to their more pronounced This is especially true for the 280 mM particles, where the
hydrated character) that may increase the occurrence Ofiow intensity peak initially observed at 495 nm is blue-shifted
structural defects. relative to what one would predict from the swollen particle
We can characterize these dried crystalline assembliesdiameter of 278 nm. The peak that first appears during the
more fully by comparing the effective refractive index of drying of the 500 mM particles matches much better to what
each sample by using the diffraction wavelengths and would be predicted for~318 nm diameter particles (see
crystalline lattice properties, assuming that both dried samplesTable 1). It is apparently the case that the 500 mM particles

dry = (1.41D)/I(h? + I + 1H)Y2 2)



“Paint-On” Colloidal Crystals Chem. Mater., Vol. 19, No. 7, 2001591

Scheme 1. Proposed Mechanism of p&-NIPAm Particle freely in solution (blue circles). As the solvent evaporates,

Self-Assembly the pSeo-NIPAm particles come into close contact so as to
form an ordered structure (large, light green circles), and an
initial diffraction peak emerges. In the case of the 500 mM
particles, the particles may be almost fully hydrated at this
stage, maintaining a size approximating the hydrodynamic
size determined by PCS. In the case of the 280 mM particles,
the particles are probably slightly smaller than the hydro-
dynamic size determined by PCS (vide supra). As the
suspension dries from the outer edge of the drop toward the
center of the drop, the diffraction peak blue-shifts and
increases in intensity due to the decrease in particle size and
increase in refractive index (small, dark green circles). The
onset of the most blue-shifted peak is attributed to crystalline
regions comprised of completely dried particles (small black
circles) since this final peak increases in intensity with
ultimately no variation in wavelength and persists after the
drying process is complete.

Conclusion

We have demonstrated that copolymer particles oEpS-
NIPAmM can be used to fabricate dried colloidal crystals that
exhibit Bragg diffraction; the self-assembly of these particles
occurs via simple solvent evaporation. The copolymer
composition of these particles affords a degree of particle
“softness” that allows for particle ordering by introducing
particle flexibility, while also possessing hard sphere qualities
that provide final crystalline stability when fully dried.
Characterizations of the dried crystals were performed using
SEM and reflectance spectroscopy to demonstrate the extent

| of the crystalline order. In situ reflectance spectroscopy was
formation during the early stages of drying or differences in US€d to show that hydrated particles initially become ordered,
the refractive index contrast of the samples during solvent @1d as they lose water via evaporation, their particle size
evaporation. Since the exact polymer composition is not _decreases whl_le the c_r)_/stallme order is retained. Variations
known, variations in the particle morphology during the in the synthesis conditions of _the partl|cles can be used to
drying process may also contribute to spectral differences altgr the struct.ure of the 90IIO|daI pamclgs, as well as the
between the two types of samples. Additionally, although optical properties of the final crystal..Thls S|m_ple process
the presence of two predominant diffraction peaks during of self-assembl_y can .be used to fab_ncate optlcall materials
drying indicates two different types of ordered states, it is PY means of this straightforward “paint-on” technique.

difficult to ascertain the exact crystal lattice constants since Acknowledgment. The authors acknowledge financial sup-
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proposed mechanism for the crystallization of the gaS- NIP_Am particles as a function of temperature. This material is
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suspension initially exist in their fully hydrated state, moving CM061931Y

crystallize more readily at low volume fraction. These
disparities may be due to variations in the extent of crysta



