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Abstract: We present a new method for laser direct writing in self-assembled hydrogel microparticle colloidal
crystals via photothermal excitation of co-assembled colloidal Au particles. Close-packed colloidal crystals
are assembled from ~224 nm diameter, thermoresponsive, poly-N-isopropylacrylamide hydrogel micro-
particles (microgels); these crystals display sharp Bragg diffraction peaks in the mid-visible region of the
spectrum due to the periodic dielectric function of the assembly. Raising the temperature of the crystal
above the characteristic volume phase transition temperature of the microgel particles results in a reversible
melting of the crystalline material due to the particle-based deswelling event. This transition can be used
either to anneal defects from the crystalline material or to controllably and reversibly convert the assembly
from the colored, crystalline state to a nondiffracting glassy material. Crystal-to-glass transitions are similarly
accomplished via photothermal excitation when 16 nm diameter colloidal Au particles are co-assembled
with the responsive microgels. Excitation of the colloidal Au plasmon absorption with a frequency doubled
Nd:YAG laser (A = 532 nm) results in optically directed conversion of either glasses to crystals or crystals
to glasses, depending on the initial state of the assembly and the illumination time. These results represent
a fundamentally new method for the patterning of self-assembled photonic materials.

Introduction switchest®20 In the case of materials designed to diffract in
the visible spectral region, colloidal crystals offer some advan-
tages over structures prepared by photolithographic or micro-
énachining methods, which have serious limitations at length
scales approaching the diffraction limit. Furthermore, the
chemically directed assembly of colloidal crystals offers new
opportunities for materials with unique photoemission proper-
ties?! tunable/switchable crystalé22 and photonic materials
that can be patterned following assemBlyThis contribution
focuses on colloidal crystal patterning.

With respect to photonic device applications, 3-D periodic
structures hold the promise of light confinement and manipula-
tion with far greater efficiency than typical approaches based
on refraction (e.g., prisms) and reflection (e.g., traditional fiber

The self-assembly of three-dimensional (3-D) colloidal
crystals is a process of broad interest due to its applicability to
many pursuits, such as studies of condensed matter phas
behaviorl=> the fabrication of mesoporous fil§s1? and the
development of photonic materidis.1® The latter application
takes advantage of the periodicity in the material dielectric
function to manipulate the flow of light through strong diffrac-
tion effects. Such effects have been applied to the fabrication
of chemical sensors, optical waveguide$® and optical
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is difficult to imagine the utilization of standard colloidal self-

distilled then deionized to a resistance of 1&MBarnstead E-Pure

assembly methods to precisely and accurately introduce defectsystem) and finally filtered through a Qun filter to remove particulate
into a structure. In this regard, photolithographic techniques have matter. _ _ )
a distinct advantage over self-assembly methods, as the photonic/ Polymerization. Microgels were prepared via aqueous free-radical

defect structure can be determined in the process design phas

with subsequent translation to the material being accomplished

in a directed and perhaps automated fashion. In light of the

E’precipitation polymerization in a manner similar to that previously

reportec®® Polymerization was performed in a three-neck, 200 mL
round-bottom flask equipped with a magnetic stir-bar, reflux condenser,
thermometer, and nitrogen inlet. All monomers (70 mM total concen-

limitations of self-assembly methods and the advantages of yation, NIPAM:BIS 95:5) and surfactant (1 mM) were dissolved in
optical patterning, others have created patterned crystals by100 mL of HO and then filtered through a 0am membrane filter

combining colloidal assembly with spatially directed methods
such as multiphoton photopolymerizatith.

The work presented herein similarly describes the photodi-
rected creation of defects in colloidal crystals, albeit at a much
longer length scale. While the methods presented here will no
immediately result in photonic guiding structures due to their
low refractive index contrast and the relatively large size of the

(Pall Gelman Metricel) to remove any remnant particulate matter. Under
a stream of nitrogen and with constant stirring, the solution was heated
to 70°C and allowed to thermally stabilize for a period of at least 1 h.
Next, free-radical polymerization was initiated with APS (0.26 mmol)

tdissolved in 1 mL of heated (7%C) H.O; the stirring solution was

allowed to react for a periodf& h under nitrogen. All particles used
for assembly of colloidal crystals were purified via dialysis (Spectra/
Por 7 dialysis membrane, MWCO 10 000, VWR) against daily changes

defect structures, they may lead to more technologically relevant o 1.0 for 2 weeks at 53C.

assemblies in the future. In this approach, colloidal hydrogel
particles composed of the thermoresponsive polymer pely-
isopropylacrylamide (pNIPAm) are used to assemble colloidal

Colloidal Au Synthesis. Colloidal Au was prepared according to
methods previously reportéd Briefly, a 250 mL stirring solution of
1.0 mM HAuCL was heated to a vigorous boil. A 25 mL solution of

crystals that can be reversibly interconverted between a glassy,38.8 mM sodium citrate was then added rapidly to produce a pale-
disordered state and a crystalline state by cycling the temperatureyellow solution that quickly changed color to a deep burgundy. Boiling
across the characteristic volume phase transition temperaturevas continued for 10 min following the color change, after which the

(VPTT) of the particles{32 °C).2627 These pNIPAm particles
are lightly cross-linked 5 mol % N,N'-methylene(bisacryl-
amide)) network polymers that contair®0% water by volume
in their swollen state. At the VPTT, the particles deswell via

heating source was removed and stirring was allowed to proceed for
15 min. Transmission electron microscopy (TEM, JEOL 1210 Analyti-
cal TEM) analysis indicated a particle diameter of £6L.6 nm.

Photon Correlation Spectroscopy.Hydrogel particle sizes and
polydispersities were determined via photon correlation spectroscopy

an entropically favored phase separation event in which the vastpcs, protein Solutions Inc.) as previously repoffedicrogels were

majority of the water is expelled from the netwdde® This

transition manifests itself as a large particle size change. Co-

assembly of hydrogel particles with Au nanoparticles affords a

material that undergoes the crystal/glass transition when ad-

dressed with light of a wavelength that is resonant with the Au

analyzed in a three-sided quartz cuvette into which was placed 0.5 mL
of a 10ug/mL particle solution. The sample was allowed to equilibrate
at the proper temperature for 5 min before data collection. Scattered
light was collected at 90by a single-mode optical fiber coupled to an
avalanche photodiode detector. Data were analyzed with Protein

nanoparticle plasmon absorption. The Au particles absorb the Solutions” Dynamics Software Version 5.25.44.

incident radiation and then relax by nonradiative processes,

thereby heating the surrounding mateffa2 By modulation
of the incident laser power and/or Au doping level, one can

then modulate the local temperature in the hydrogel assembly

and thereby control formation of glassy materials from colloidal

Crystal Assembly.A 1.5 mL solution containing various ratios of
microgel:colloidal Au was placed into a centrifuge tube and centrifuged
at 26 °C, at a relative centrifugal force of 16 1§@or 75 min; the
clear, colorless supernatant solution was removed following centrifuga-
tion. Colloidal Au was redispersed throughout the microgel pellet by
repeated heating (3%C), agitating, and sonicating. The sample was

crystals or anneal crystalline regions into glassy structures. Thisthen heated to 38C and injected into a cell with a total volume of

approach may offer a new route to the patterning of photonic
structures from self-assembled precursor materials.

Experimental Section

Materials. All reagents were purchased from Sigma-Aldrich unless
noted otherwiseN-Isopropylacrylamide (NIPAm) was recrystallized
from hexanes (J. T. Baker) and dried in vacuo prior to Ué&l'-
Methylenebisacrylamide (BIS), sodium dodecyl sulfate (SDS), am-
monium persulfate (APS), hydrogen tetrachloroaurate(lll) trinydrate,
and trisodium citrate dihydrate were all used as received. Water for all
reactions, solution preparation, and polymer purification was first
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0.057 mL consisting of an oval 12 6 x 0.5 mm perfusion gasket
(Molecular Probes) sandwiched between two microscope cover glasses
(22 x 22 mm, Fisher). The sample cell was heated t¢G@nd held

for 10 min, after which the sample was cooled to room temperature at
a rate of approximately 0.2C/min to obtain bulk crystallization.
Transmission spectra were collected on a Shimadzu UV-1601 spec-
trophotometer.

Microscopy. All microspectrophotometric measurements and imag-
ing were performed on an Olympus IX-70 inverted microscope using
a low numerical aperture 10X objective (N.A.0.25)?” Images were
aquired with a Photometrics CoolSNAP color CCD and processed with
CooISNAP software v1.2. For microspectrophotometric analysis,
reflected white light (Olympus U-ULH tungsten halogen source) from
the sample was imaged through a monochromator (ISA Triax 320,
grating= 600 grooves/mm, slit width= 0.5 mm) onto a black and
white CCD camera (Javelin, JE-7442). Spectral images (sample position
vs wavelength) were collected with a framegrabber, and intensity
profiles were processed with Scion Image Beta v4.0.2 software. Similar
experimental approaches to the measurement of single-domain optical
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properties have been presented previodsiyhe method works by
placing the entrance slit of the monochromator in the image plane of
the side (ccd) port of the microscope. The slit width and height then
determine the portion of the image that is passed through the
monochromator. Thus, a very narrow horizontal slice of the image is
spectrally dispersed and then imaged on a ccd camera placed at the
monochromator exit port. The obtained image then has a spatial vertical
axis and a horizontal wavelength axis. Horizontal line scans of the image
thereby represent reflectance spectra of a specific region of the image. 1 1 1 L
Of particular importance to this technique is the ability to obtain spectra 400 440 450 520 560

from specific areas of the sample (e.g., single crystals or single Wavelength, nm

domains), so as to remove inhomogeneous line broadening effects that-igure 1. Extinction spectra depicting the spectral properties of representa-
may be present in polycrystalline samples. By performing simultaneous fiVe glassy (- --) and crystalline~) assemblies 0f~224 nm diameter

imaging and spectroscopic analysis, we found that the obtained s ectrafD NIPAm particles. The spectrum of the glassy material was obtained
ging P P ysiS, P ollowing centrifugal concentration of the particles and prior to thermal

can be directly correlated to a spatial position on the sample. annealing, while the spectrum of the crystalline material was obtained from
Furthermore, the position-to-position variability in spectral properties the same sample following thermal annealing. Path lergth.5 mm.
can be determined by this meth#et’ Inset: PCS-determined particle size distributions for particles used crystal

Photothermal Crystallization and Melting. The following were assembly. The solid bars (larger radius) correspond to the particles at
used as laser sources: a 532 nm pulsed Nd:YAG (Uniphase) and a2> °C: while the smaller particle size was obtained at’@0
632.8 nm CW HeNe (Spectra-Physics). Photothermal crystallization
was performed by placing a sample cell consisting of a glassy-phasehydroge| particles shrink manyfold in volume by expelling water
material 15 cm from the Nd:YAG laser souce. The sample was fom the networke® This deswelling event then increases the
irradiated for 5 min (0.87 W/cApto produce crystallization in the area particle translational diffusion coefficient by simultaneously

of the beam. Phomthermal melting was performed by placing a decreasing both the particle size and the particle volume fraction
thermally annealed crystalline sample 5 cm from the laser source (where,

the power increases to 3.4 W/€mue to the smaller diameter of the in the assembly. In the case of th&24 nm diameter particles

Extinction, AU

beam) while irradiating for 22 s. used here, photon correlation spectroscopy measurements show
_ _ that the particle diameter above the VPTT~420 nm, which
Results and Discussion corresponds to a volume decrease~df.5-fold. As the tem-

As described in previous publications, the formation of Perature is lowered below the VPTT, the particles reswell,
pNIPAm hydrogel colloidal crystals proceeds from a kinetically Presumably under conditions that favor the formation of a
trapped amorphous or glassy phase to a thermodynamica”ythermodynamically preferred crystal, where the particles order
preferred close-packed crystalline phase via a thermal annealingto @ periodic lattice, thus producing a strongly diffracting
step?52” The amorphous state is described as such due to thematerial. Previous studies have shown that the obtained crystal-
lack of a Bragg peak and the lack of obvious color in the sample. line material is cubic close packed (fcc or rhcp) with the particles
In the vernacular of condensed matter physics, such a state i€ing spherical in shagé.
often referred to as “glassy” because the hard sphere analogue Co-assembly of colloidal Au with the colloidal pNIPAmM
is a solid without any long-range order. However, the microgel particles is accomplished by simply adding an aqueous colloidal
systems investigated here are more appropriately described a\u suspension (citrate stabilized) to the hydrogel suspension
amorphous, viscous fluids, because they are not truly solid in prior to centrifugation. During the subsequent centrifugation
structure. For brevity, we will refer to the amorphous state as step, the two types of particles sediment at different rates, with
glassy, because it is likely that the microgel photonic crystals the smaller, denser colloidal Au separating from the solution
described here are structurally similar to their hard sphere faster than the larger but more buoyant hydrogel particles. Under
cousins. The term is not, however, meant to convey the conceptthese conditions, the Au particles do not noticeably aggregate
of a hard solid. and can be easily redispersed into the hydrogel mass (following

In the annealing step, the noncrystalline material obtained decantation of the supernatant solvent) by gentle sonication and
from centrifugal concentration of the particles is raised above agitation. This process is illustrated pictorially in Scheme 1.
the VPTT temperature of pNIPAm and then cooled back to room  The optical properties of the resultant materials appear to be
temperature. This process can be monitored by observing thea simple convolution of the optical properties of the colloidal
optical properties of the assembly as shown in Figure 1. Prior Au and the crystal or glass, depending on the annealing history
to the annealing step, the extinction spectrum of a centrifuged of the sample. Figure 2a shows representative extinction spectra
sample of~224 nm diameter hydrogel particles is broad and for a series of Au/hydrogel assemblies prior to annealing. In
featureless, indicative of a lack of long-range particle ordering. this figure, colloidal Au concentrations in particles/mL are

When the sample is raised above the VPTT and then cooledindicated for each spectrum. When no Au is included in the
slowly back to room temperature, a Bragg peak evolves as thesample, the typical broad extinction associated with the glassy
particles order into a colloidal crystal. While the exact structure material is evident. As the concentration of Au is increased,
of the kinetically trapped glass is unknown, the extreme softnessthe extinction at~520 nm increases due to the colloidal Au
of the particles may contribute to this state by allowing plasmon absorption. Upon bulk thermal annealing of the
compression and/or deformation of the particles during the samples, the Au plasmon absorption becomes more resolved
centrifugation process. Such a material would resist spontaneousas the short-wavelength extinction associated with the glassy
ordering as the translational diffusion coefficient of the tightly material decreases, while a sharp Bragg peak associated with
packed particles should be very small. By raising the temperaturethe colloidal crystal becomes evident (Figure 2b). These results
above the volume phase transition, we found that the componentsuggest that the inclusion of colloidal Au in the crystal does
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Scheme 1. Assembly Process for Colloidal Au-Doped Microgel Colloidal Crystals
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Figure 3. Optical micrograph of a crystalline region that has been
photothermally introduced into a glassy sample containing=<7 33'3 Au
particles/mL after 5 min of illumination.
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Figure 2. Extinction spectra of colloidal Au-doped microgel colloidal
assemblies as a function of colloidal Au concentration. Panel a depicts the
optical properties of the assemblies prior to thermal annealing, while panel
b shows the optical properties of the fully annealed crystalline samples.
Colloidal Au concentrations in particles/mL are indicated in the figure
legends. Path lengts 0.5 mm.

not significantly perturb the crystallization process. The Bragg
peaks for crystals containing colloidal Au tend to appear at 100 pm
longer wavelengths than the undoped crystals, suggesting that
the particles assemble with a slightly larger lattice constant when F9uré 4. Optical micrograph of a glassy region photothermally introduced

. . into a crystalline sample containing 7:310'3 Au particles/mL after 22 s
in the presence of colloidal Au. of illumination at 3.4 W/crR.

Because the above data illustrate that the bulk glassy-to-
crystalline conversion can be induced by radiant heating, it of the illuminated region of a glassy material containing %.3
should also be possible to use the colloidal Au to photothermally 10'3 Au particles/mL after 5 min of irradiation with a 0.95 mm
address the assemblies. This process relies on the large extinctiodiameter beam (incident power 0.87 W/cn?). An ~0.55 mm
coefficient of Au nanoparticles at the plasmon resonance diameter circular region of brightly reflective polycrystalline
(~1 x 1® M~1cmt at 520 nm for 20 nm diameter colloidal material is observable, surrounded by a faintly colored glassy
Au) and the extremely small photoemission quantum yield for region. In contrast, samples that did not contain colloidal Au
such particle$® As a result, the energy absorbed upon plasmon did not show any morphological changes upon illumination. The
excitation is largely re-emitted via nonradiative pathways, crystallization process actually begins within 30 s of irradiation
thereby heating the bath surrounding the particle. Halas andas indicated by microscopy. Regions created within this time
West have used these effects to photothermally deswell pNIPAmframe are ill-defined but do show spectral properties similar to
monoliths doped with metal nanoshells’? In those studies, those of the feature shown in Figure 4. These data are interpreted
the relevant plasmon absorption was in the near-IR region of as being the result of photothermal heating, with the Au
the spectrum allowing for addressability at wavelengths suitable nanoparticles being the sensitizing moieties. Irradiation of the
for subdermal drug delivery using CW diode lasers. In the plasmon mode results in local heating around the Au particles,
present case, a diode-pumped, frequency doubled Nd:YAG laserthereby causing partial deswelling of the hydrogel particles.
(A =532 nm) is used to address the assemblies. This wavelengthiThese particles are then able to diffuse more readily than in
is slightly longer than the plasmon extinction maximum, but their swollen state, thus allowing for crystal nucleation and
significant absorption still exists at this wavelength. First, we growth within the laser spot. Apparently, these irradiation
shall address the effect of irradiating a glassy sample at 532 conditions lead to a local temperature increase that is appropriate
nm; the irradiation geometry is described in detail in the forannealing the assembly to the crystalline state from the glassy
Experimental Section. Figure 3 shows an optical micrograph state.
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Figure 5. (a) Optical micrograph of both glassy and crystalline phases following photothermal excitation of a glassy sample. This image was acquired from
a slightly different portion of the same sample shown in Figure 3 so as to clearly show both phases. (b) Spectral image acquired from the indicated regio
of the real-space image. Bright spots in the image indicate high reflectivity and hence indicate the position and breadth of the Bragge)ehike (c
profiles taken from the indicated spots on the spectral image shown in (b).

While excitation of the Au particles under certain conditions ~ The above results illustrate our ability to interconvert glassy
yields glass-to-crystal transitions, irradiation of precrystallized and crystalline phases in colloidal Au-doped hydrogel assemblies
materials under higher power conditions allows for conversion using laser irradiation. However, they do not definitively address
of the crystalline material to a glassy one. The results of this the origin of these effects. It has been assumed that photothermal
process are shown in Figure 4, where now a circular glassy annealing results from plasmon excitation of the Au nanopar-
region is formed inside a brightly reflective crystalline sample ticles. To define more clearly the nature of the excitation beam
after only 22 s of laser irradiation at 3.4 W/@nThis sample is that is required to achieve these results, a HeNe laserg32.8
the same one used to produce the image shown in Figure 3.nm) was used to address the sample at a wavelength longer
Here, the sample was precrystallized by the thermal methodthan the plasmon band. Interestingly, this laser also induced a
described in the Experimental Section. In this case, it is proposedsmall degree of crystallization in a glassy sample aft2rh of
that the assembled crystal is photothermally excited to a illumination (4.1 Wi/cnd). It is apparent that the longer
temperature above the melting point, where again the particleswavelength excitation is able to induce some local heating, albeit
deswell and begin to diffuse freely. with much longer irradiation times and much higher power,

Microspectrophotometric interrogation of each region of the Perhaps through some remnant absorption of the Au nanopar-
feature shown in Figure 3 clearly shows the dramatic differences ticles at that wavelength. Recall that the samples shown in
in optical properties. Figure 5b is the spectral image acquired Figures 3-5 were prepared in less than 15 min using a Nd:
from the indicated region of the real-space image (Figure 5a). YAG laser operating at a power of 0.87 or 3.4 Wfgrthus
They-axis of this image corresponds to the spatial dimension, suggesting that the annealing/melting process is indeed wave-
while thex-axis corresponds to wavelength. As such, the optical '€ngth dependent.
properties of a large portion of the crystalline region can be
correlated directly with the image. Figure-5e shows repre-
sentative line-scans taken from different regions of the spectral We have demonstrated the co-assembly of pNIPAm hydrogel
image, thus illustrating the relative spectral homogeneity of the particles and nanosized colloidal Au into colloidal crystals by
crystalline region. The data suggest relatively homogeneousa centrifugation/thermal annealing method. The resultant as-
crystal orientations and lattice constants. Conversely, the spectrasemblies can then be further manipulated by illumination with
image acquired from a glassy region in Figure 4 shows no light that is resonant with the colloidal Au plasmon absorption.
structure resulting from Bragg diffraction in the assembly (see This absorption process is accompanied by a subsequent local
Supporting Information). heating of the surrounding hydrogel material, which then

Conclusions
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undergoes a thermally initiated deswelling event. The deswollen in Environmental Sciences and the Polymer Education Research
particles are then allowed to either assemble into a crystalline Center at the Georgia Institute of Technology for a student
phase or disorder into a glassy phase, depending on thefellowship. We also thank Prof. Robert Dickson for the use of
illumination time, laser power, and the initial state (crystalline the Nd:YAG laser.

vs glassy) of the assembly. This effect is wavelength dependent,

with the heating effect being much less efficient if the incident ~ Supporting Information Available: Real-space and spectral
radiation is not resonant with the colloidal Au plasmon band. images of photopatterned crystalline and glassy regions, along
with representative line-scan spectra (PDF). This material is
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