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ABSTRACT: Monodispersed copolymBFrisopropylacrylamide and allylamine (PNIPAbb-allylamine) colloidal

spheres with various cross-linking densities have been synthesized using precipitation polymerization. The phase
behavior of dispersions of these microgels has been investigated as functions of polymer concentration, temperature,
and cross-linking density. It has been found that such dispersions exhibit liquid, crystal, and glass phases. For the
particles with the cross-linker to monomer ratio around 1.5 mol % &2 Tolloidal crystals have been observed

in polymer concentrations ranging from 1.0 to 3 wt %. As this ratio increases, colloids form crystals in higher
concentrations. Following the phase diagram, a new route to make a crystalline structure with a high polymer
concentration has been obtained by initiating crystallization near the crystal formation temperature but stabilizing
the crystalline structure below the glass transition temperature. The gelation is achieved by bonding the PNIPAM-
co-allylamine spheres using glutaric dialdehyde as a cross-linker at room temperature under a neutral pH. The
hydrogel with a higher polymer concentration has a better mechanical strength, while a mild synthesis condition
at pH 7 makes this material particularly useful for biomedical applications, including loading biomolecules between
the particles for controlled drug delivery. The iridescent patterns of these crystalline hydrogels are tunable in
response to external stimuli. UWwis spectroscopy has been used to monitor the change of the Bragg diffraction
from these hydrogels as a function of temperature, pH, and protein concentration.

Introduction using the heatingcooling process following a recent com-
munication?* We will first discuss synthesis of PNIPAM

icrogels functionalized with allylamine group and with dif-
erent cross-linking densities. Then we show the phase behavior
of aqueous dispersions of these microgels. Changing the degree
of cross-linking can vary the hardness and regularity of the
garticles and has been shown to affect viscoelastic properties
of microgel dispersion® Our results demonstrate that cross-
linking density also plays a key role for the formation of
microgel colloidal crystals, in addition to factors of temperature
and polymer concentration. Following the phase diagram,
crystalline hydrogels with high polymer concentration have been
obtained by initiating the crystallization process near the
colloidal crystal melting temperature while subsequently co-
valently bonding these microgels below the glass transition
temperature. This is taking the advantage that the thermally
sensitive microgels in colloidal glasses can be converted into
ordered crystals via the particle-based volume transition as
reported by Lyon and co-worke?8 The shear modulus of the
crystalline hydrogels has been determined. Bragg diffraction
from these gels has been studied using a-W\é spectrometer
under various external stimuli including temperature, pH, and
bovine serum albumin (BSA) concentration. This new class of
hydrogel opals with high mechanical strength has a potential
in applications for chemical and biological sensors, optical
switching, and controlled drug delivery.

Hydrogels are water-based polymer networks that can be
designed to expand and contract in response to various extern
stimuli! They have been used as models for fundamental
investigations in phase transitidrfsand for applications in
biomateriald and controlled drug delivery.” When hydrogels
are made as monodisperse nano- or microspheres, they can sel
assemble into colloidal arraysi® similar to hard sphere’$:1°
Recently, hydrogels with periodic structures have been inten-
sively investigated®24 This is because the lattice spacing of
such a structure is of the order of hundreds of nanometers,
therefore interacting strongly with visible light, leading to
environmentally tunable optical Bragg diffractiéhSpecifically,
Asher and co-workers used a three-dimensional crystalline
colloidal array (CCA) of monodisperse, highly charged poly-
styrene latex particles to polymerize within a hydroffelhe
volume phase transition of the hydrogel causes the change in
the CCA lattice spacing, resulting in the shift of the diffracted
wavelength of light. Inverse opal hydrogels have been also
developed by polymerization of a hydrogel within the interstitial
space of a colloidal crystal template either with polystyrene or
with silica, followed by removing the templaté22 By incor-
porating different functional groups, these gels have been used
as glucose or pH sensd¥s?2 Our group has proposed to
synthesize bulk hydrogels by covalently bonding self-assembled
microgels?® The covalent bonding contributes to structural
stability, while self-assembly provides the gel with crystal
structures that diffract light, resulting in colors. Such stable
periodic 3D structures allow us to obtain useful functionality  Materials. N-Isopropylacrylamide (NIPAM) was bought from

not only from the constituent gel building blocks but also from Eﬂghsﬁifnneck?s((::éralr;?nydssd( SISS)feC:iSVSd-rC(ﬁ;%SeS;i?g::gB%gg;{d o
. . , W i ylami was pu io- .
the lang-range ordering that characterizes these struchires. Potassium persulfate (KPS), sodium dodecyl sulfate (SDS), glutaric

Here we present a complete report on the formation of giaidehyde, and allylamine were purchased from Aldrich Chemical
mesoscopical crystalline hydrogels with high mechanical strength co.
Synthesis of PNIPAM-<o-allylamine Microgels. PNIPAM-co-
* Corresponding author. E-mail: zbhu@unt.edu. allylamine microgels were synthesized using a precipitation po-

T Current address: Bioengineering Department, University of Utah, Salt Iymerizat?on method! :_3-845 g of NIPAM monomer, 0.2 g (10%
Lake City, UT 84112. molar ratio) of allylamine monomer, a certain amount of methyl-
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Table 1. Compositions of Five Batches of Pregel Solutions

batch NIPAM (g/mL) Bis (g/mL) Bis/NIPAM (mol %) KPS (g/mL) SDS (g/mL) Ry (nm)
1 0.015 38 6.2% 1074 3.0 6.2x 1074 3.016x 104 125
2 0.015 38 5.26< 1074 25 6.2x 1074 3.022x 1074 123
3 0.015 38 4.19% 104 2.0 6.2x 104 3.024x 104 130
4 0.015 38 3.14 104 15 6.2x 1074 3.078x 104 126
5 0.015 38 5.26< 1074 25 6.2x 1074 3.020x 104 140

enebis(acrylamide) (BIS) as cross-linker, sodium dodecyl sulfate intensity time correlation functio®®(t,q) in the self-beating mode
as surfactant, and 230 mL of deionized water were mixed in a can be expressed By°

reactor. The solution was heated up to 8D under nitrogen

bubbling for about 40 min. 0.155 g of potassium persulfate dissolved GA(t,q) = [(t,q) 1(q,0)C= A[1+ B1g™(t,0)|] 2)
in 20 mL of deionized water was added to initiate the reaction.

The reaction was carried out at 8C for 5 h. After cooling the wheret is the delay timeA is measured baseline, agidis the
solution to room temperature, the final reaction dispersion was coherence factor. For a polydispersed samgl&(t,q)| is the first-
exhaustively dialyzed in a dialysis tube for 7 days while the order electric field time correlation functioB(t,q) and is related
deionized water (conductivity 1 #S cnT?) outside the tube was  to the line-width distributiorG(I") by

changed three times a day.

Four batches of PNIPAMo-allylamine microgels were synthe- g(t,6) = (E(t,q) EX(0,q)0= fmG(I‘)e’r’ ar 3)
sized with the mole ratios of cross-linking agent, BIS, to NIPAM 0
monomer ranging from 0.015 to 0.03. Their compositions of
prereaction solutions and hydrodynamic radii are shown in Table
1. The microgels of batch 5, prepared for the previous sttitipd
the same BIS/NIPAM ratio as that in batch 2 but a slightly higher

ticle radius. ; . : : S vy
parslc tehra. |usf Crvstalline Hvd lsThe di . f PNIPAM (D). This corresponding analysis of this function yields the diffusion

YNINEsis of Lrystalling Hydrogels.1 ne diSpersions o B coefficientD, which can be translated into the hydrodynamic radius
co-allylamine microgels taken out from dialysis tubes were further fR“ by the StokesEinstein relation:

cleaned and concentrated using an ultracentrifuge with a speed o
40 000 rpm for 2 h. These dispersions were then adjusted to R, = ks T/673D 4
different polymer concentrations at-223 °C and were heated from
23 to 40°C and then cooled back to 2% with a rate about
0.4 °C/min. After observing crystalline structures, glutaric dialde-
hyde (0.04 g of 25 wt % fol g dispersion) as a cross-linker was
;ddedt:ct)hthz_top Of the c:;spersllont.l TQ'S ghgrmcal a?_elnt ?'ﬁus{ﬁd UV—Vis Characterization. The polymer concentration of a
rough the dispersion and covalently bonded the parlicies toge ermicrogel dispersion was obtained by completely drying the disper-

in neutral pH. Here allyamine offered the free amine IUNCUOR sion at 60°C and then weighing it. The turbidity of the PNIPAM-
groups on the surface ol the MICTOgels for ross-inking. the particle ., o 1amine microgel dispersions was measured as a function of

assembly with a crystalline structure was stabilized by the cross- : ; ;
linking reaction for about 2 days and removed from the test tube wavelength using a U¥vis spectrophotometer (Agilent 8453).

by injecting water to the bottom of the tube using a syringe. Results and Discussion
Laser Light Scattering Characterization. A laser light scat-

tering (LLS) spectrometer (ALV, Germany) equipped with an ALV- 1 Li_ght S_cattering _Characterization of PNIPAM'CO_
5000 digital time correlator was used with a heliumeon laser  @llylamine Microgels. Figure 1a shows hydrodynamic radius

(Uniphase 1145P, output power of 22 mW and wavelength of 632.8 distributions of PNIPAMeo-allylamine particles (batch 2) with
nm) as the light source. The incident light was vertically polarized cross-linking density about 2.5 mol % in a dilute dispersion at
with respect to the scattering plane, and the light intensity was 23 and 35°C, respectively. At 23C, the microgels are in their
regulated with a beam attenuator (Newport M-925B). The scattered swollen state and have the average hydrodynamic radius about
light was conducted through a thin-{00 «m in diameter) optic 123 nm. At 35°C, the radius of microgels reduces to about
fiber leading to an active quenched avalanche photodiode (APD), 70 3 nm. The temperature dependence of the hydrodynamic
the detector. _ radius for PNIPAMeo-allylamine microgels (batch 5) is shown

In static light scattering (SLS), the angular dependence of the 55 Figure 1b. The radius of the PNIPAM microgels without
excess Rayleigh ratidk,(q) of dilute polymer solutions or v jamine prepared using the same conditions as PNIPAM-
nanoparticle dispersions is measuigg(q) is related to the weight- C(}allylami,ne, is also included in Figure 1b for comparison.

average molar madd,, the second virial coefficiend,, and the . A .
z-average root-mean-square radius of gyrafiRgG-2 (or simply The temperature at which the derivative of the radius vs

Ry) by’ temperature curve reaches a maximum value is usually defined
as the volume phase transition temperaiyré-or the PNIPAM-

G(I') can be calculated from the Laplace inversiom@t,q). g®-

(t,g) was analyzed by a cumulant analysis to get the average line
width TCand the relative distribution width,/(I'C? The extrapola-

tion of I'/g? to g — O led to the translational diffusion coefficient

wherekg, 7, andT are the Boltzmann constant, the solvent viscosity,
and the absolute temperature, respectively. The DLS measurements
were carried out aff = 60°.

KC 1 1 5 s co-allylamine microgelsT, is ~35 °C, about 1°C higher than
Ru(Q) M_(l 3R ) +T2AC (1) that of PINIPAM particles. This is understandable because the
Y v amino group is hydrophilic at neutral pH, independent of
temperature. Incorporation of 10 mol % of amino group makes
N, N, C. 4o, andé being Avogadro’s constant, the solvent refractive the gel particles more hydrophilic and the phase transition to a

index, the solid concentration (g/érar g/g), the light wavelength higher_temperature. . .
in the vacuum, and the scattering angle, respectively. In SLS, the Static light scattering was carried out for PNIPAM-

whereK = 472n?(dn/dC)%/(Nalo?) andq = (4zn/Ag) sin(@/2) with

samples were scanned from angle 89 120 with a 5 interval. allylamine microgel (batch 2) dilute dispersions with polymer
With the same dilute samples, we could perform DLS and SLS concentrations ranging from 2:610 ¢to 1 x 10 % g/mL. Parts
measurements in turns. a and b of Figure 2 show the Zimm plots at 23 and°85

The relation of interest in dynamic light scattering is the respectively. From the extrapolation BIC/R.(q) in eq 1 to
fluctuation of the scattered intensity with tinteThe intensity- the zero angle and zero concentration, the second virial
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Figure 1. (a) Hydrodynamic radius distributions(R,)) of PNIPAM- 0.00 5.00 10.00 15.00 20.00
co-allylamine microgels with cross-linking density of 2.5 mol % in (q2+kc) x pm? x10 3
water at 23 and 38C, respectively. The light scattering angle i’ 60
(b) Temperature-dependent hydrodynamic radii of PNIP&dvklly- ®)

lamine and PNIPAM microgels in water.
Figure 2. Zimm plots of PNIPAMeo-allylamine microgels with cross-

coefficient A, and the radius of gyratiofR,Cwere obtained. ~ inking density of 2.5 mol % at 23C (a) and 35°C (b), respectively.
' The microgels are dispersed in water with polymer concentrations

The dvdC value was taken as 0.166 &g for PNIPAM  ranging from right to left: 1.0< 10°5, 5.0x 105, 2.5x 10°5, and 0
microgels, measured by a refractométeAs shown in Table (extrapolated) g/g.
2, the positiveA; at 23°C shows that water is a good solvent ) o )
for the PNIPAM<co-allylamine at this temperature, while the Table 2. Static and Dynamic Light Scattering Results of the

- o PNIPAM- co-allylamine Microgels with 2.5 mol % Cross-Linking
negativeA; at 35°C shows that water becomes poor when the Density in an Aqueous Dispersion
temperature is above the LCST. By combining dynamic and >
static light scattering results, we obtained tRglR, = 0.713 at temp(C) Ra(nm) Ry(m) Ae(mol dn?/gz M (g/moh)
23 °C, while at 35°C, RyR, = 0.747, which is close to the 23 s us M e 35 ﬁ
theoretical value of (3/3% for the uniform hard spheres. The : : =X oo

light scattering properties of PNIPAldo-allylamine microgels the formation of colloidal crystals occurs at higher concentra-

are similar to those of PNIPAM microgetd?23! : ) T
] ) ) tions. The polymer concentration range for crystallization for
2. Phase Behavior of PNIPAMeo-allylamine Microgels. microgels with cross-linking density of 1.5 mol % is between
The phase behavior of PNIPARB-allyamine microgel disper- 1 3 and 2.3 wt % (Figure 3a) but increases to between 2.0 and
sions with various cross-linking densities can be readily 3.5 \wt % with cross-linking density of 2.5 mol % (batch 5,
observed, as shown in Figure 3 at room temperature. For CrossFigure 3b) and to between 3.3 and 5.0 wt % with cross-linking
||nk|ng density of 1.5 mol % (batCh 4, Figure 33), Crysta”ization density of 3 mol % (batch l’ Figure 3c) The temperature of
occurs in polymer concentrations ranging between 1.3 and 2.3samples in Figure 3b was about’@ higher than samples in
wt %. In this range, microgel spheres not only have sufficient Figure 3a,c due to two different measurements. This difference
interactions but also have enough freedom to form large colloidal had no significant influence in the phase behavior.
crystals. These crystals are easy to observe because of their Figure 4 summarizes the phase behavior of the PNIPAM-
iridescent domains. Below 1.3 wt %, the microgels randomly ., 1y iamine microgel dispersions as a function of temperature,
diffuse in water and scatter light strongly, resulting in clpudy polymer concentration, and cross-linking density. Héke
appearance. On the other hand, above 2.3 wt %, the microgelyashed line) is the volume phase transition temperature of
spheres are no longer free to move around so that a glass phasgypam-co-allylamine particlesTy, (open circles) andy (open
is formed. In this high concentration range, the Q|sper8|ons look squares) are the melting and glass transition temperature,
homogengous. .These obseryeq phase behavior for PNlPAM'respectively.Tm (solid circleg?) and T, (solid squares) of
co-allylamine microgels are similar to pure PNIPAM microgel microgels of batch 5 are also shown in Figure 4b, and they are
systemsi2 similar to those of microgels of batch 2. Both batches have the
The formation of colloidal crystals of PNIPAMe-allylamine same crosslinking density but slightly different particle sizes.
microgels is dependent not only on polymer concentration but It is noted that the glass transition temperature here means that
also on cross-linking density. As cross-linking density increases, below this temperature the microgels lost freedom of the
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Figure 3. Photographs of PNIPAMo-allylamine microgel dispersions with different cross-linking densities. (a) Bis/NIPANM.5 mol % at
21 °C. The polymer concentrations are 2.5, 2.3, 2.0, 1.7, 1.5, 1.3, and 1.0 wt % from left to right. (b) Bis/N#PABI mol % at 23°C. The
polymer concentrations are 2.5, 2.3, 2.0, 1.7, 1.5, 1.3, and 1.0 wt % from left to right. (c) Bis/INFPAW mol % at 21°C. The polymer
concentrations are 5.3, 5.0, 4.5, 4.0, 3.5, 3.3, and 2.7 wt % from left to right.

movement and cannot reach their crystalline positions. This is potential for PNIPAM patrticles in swollen and in collapsed
different fromTy, defined in general polymer physics, at which phases. The phase diagram calculated from a first-order
a part of chain in amorphous polymer solid begins micro- perturbation theory and an extended cell model indicates that
Brownian motion. an aqueous dispersion of PNIPAM particles can freeze at both
The phase transition from the liquid to the crystal state across high and low temperatures. At low temperature, the freezing at
Tm point for PNIPAM—allylamine microgels is similar to pure Ty, occurs at large particle volume fraction, similar to that in a
PINPAM particles dispersed in wate® This transition has been  hard-sphere systef The phase transition from crystal state to
investigated using molecular thermodynamic models assisteda glass state acro$gfor PNIPAM—allyamine is due to swelling
with experimental measuremersUsing the temperature-  of microgels upon the decrease of the temperature. In the glass
dependent size and energy parameters, the Sutherland-likestate, swollen gels compete for surrounding water and lose
potential provides a reasonable representation of the interparticlefreedom to move around for the formation of crystals. The close-
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Figure 4. Temperature-dependent phase behavior of the PNIPAM-
co-allylamine microgel dispersions with different cross-linking densi-
ties: (a) Bis/INIPAM= 1.5 mol % (batch 4); (b) Bis/NIPAM= 2.5
mol % (batch 2); (c) Bis/NIPAM= 3.0 mol % (batch 1). The dashed
line (T¢) indicates the volume phase transition of the PNIPAM-
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Figure 5. Temperature-dependent viscosity for PNIPAtallylamine
microgels with different cross-linking densities (batches 3, 2, and 1)
in microgel dispersions with polymer concentration of 3 wt %.

density, the subchain length between two neighboring cross-
linkers decreases. As a result, a microgel with a low cross-
linking density can swell more by absorbing more water than
microgels with higher cross-linking density. If both microgels
have the same diameter, the microgel with higher cross-linking
density is heavier. As a result, the effective volume fractions
for crystallization should occur at a high polymer concentration
for microgels with higher cross-linking density, as observed in
Figure 4.

The effective volume fraction of colloidal dispersions is
closely related to its viscosi§?. Figure 5 shows the viscosity
of the PNIPAM<¢o-allylamine microgel dispersions as a function
of temperature at three cross-linking densities, measured using
a stress-controlled rheometer (ATS Viscoanalyser) with the shear
stress about 5 Pa. These samples have the same polymer
concentration of about 3 wt %. Viscosity of the microgel with
cross-linking density 2 mol % is higher than that of the microgel
with higher cross-linking density of 3.0 mol %. This demon-
strates that to reach the same polymer concentration, more
microgels with low cross-linker density are required than
microgels with high cross-linking density. To obtain a proper
viscosity so that the microgels have freedom to form crystals,
the microgels with lower cross-linking density have to form
colloidal crystals at lower polymer concentrations, again, as
shown in Figure 4.

The color observed in the dispersions is due to diffraction

allylamine particles. The open circle represents the freezing temperature from ordered colloidal arrays with lattice spacing on the order

Tm, and the open square represents the glass transition tempefgture,
The solid symbols in Figure 4b are used for microgels of batch 5.

packing of spherical PNIPAM microgels in a concentrated
dispersion can lead to a sedel transition to form an elastic
hybrid gel3?

of the wavelength of visible light. Figure 6a shows bvis
spectra of the PNIPAMo-allylamine microgel dispersions at
various polymer concentrations. These particles have cross-
linking density of 2.5 mol % (batch 5). The sharp peak is due
to Bragg diffraction and shifts from 640 to 530 nm as the
polymer concentration increases from 2.0 to 3.5 wt %. This

Here we pay an attention to temperature-dependent polymershift is caused by the decrease in the interparticle distance with
concentration range that crystallization occurs. With the increaseincreasing polymer concentration. The diffraction wavelength
of temperature, crystallization takes place at higher polymer js related to interplane spacing according to the Bragg equation,

concentration. Microgels of cross-linking density of 1.5 mol %
forms crystals between 1.0 and 1.7 wt % at°C3 When the
temperature increases to 21, the range of crystallization shifts

mMA = 2nd sin 6, wheren is the mean refractive index of the
dispersiong is the diffraction angled is the lattice spacingn
is the diffraction order, and is the wavelength of diffracted

from 1.3 to 2.3 wt %. This concentration increase is expected |ight.20 Considering polymer concentration in the dispersion as
because the microgels become smaller as the temperaturec = v, the wavelength should be proportional to the"s.
increases (Figure 1b). Thus, more particles are needed to obtainrhe value ofl is then plotted as a function & /3 as shown

enough interparticle interaction for the formation of crystalline
arrays.

Crystallization of microgels starts at effective volume frac-

in Figure 6b. The solid line in Figure 6b is the best fit to the
data with the relationship of = —2.51+ 822C13,
3. Formation of PNIPAM- co-allylamine Microgel Hydro-

tions of ca. 0.59 as compared to the freezing transition of 0.494 gel Opals.The use of PNIPAM colloidal dispersions based on

for hard sphere%.With the increasing of the cross-linking

their crystalline structures is limited because the structures can
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0.5

600 650

Wavelength (nm)
(@)

550 700
was “frozen” or preserved. Then, the particle assembly with a
crystalline structure was fully stabilized by the cross-linking
reaction (glutaric dialdehyde) in neutral pH in about 2 days.
Because of the higher mechanical strength of this crystalline
hydrogel, it is easy to remove from the test tube.

The mechanical properties of these nanostructured hydrogels
have been studied from uniaxial compression measurerfents.
The elastic shear modul@was determined from the slope of
linear dependence

650 1

linear fit

600 -

o=1§,=G(6 — 1/6? (5)
wheref is the value of the exerted forc& is the cross section
of the undeformed swollen hydrogels, andis the relative
deformation of the specimen. Figure 7 shows the shear moduli
of the crystalline hydrogels with different polymer concentra-
] tions. These hydrogels consist of the same micorgels with cross-
) i linking density (batch 5) of 2.5 mol %. When the concentrations
of the crystal hydrogels increases from 4.0 to 5.0 wt. %, the
shear modulus increases from 0.5310* to 1.32 x 10* dyn/
cn?. It is apparent that combination between the covalent
bonding process and the heatingpoling process can signifi-
Figure 6. (a) Turbidity vs wavelength curves measured with aJy  cantly improve the mechanical strength of a crystalline hydrogel.
vis spectrophotometer. The Bragg diffraction peak shifts to lower 4. Environmental Responses of PNIPAMeo-allylamine
wavelengths as the polymer concentration increases. From left to Hydrogel Opals. Creating crystalline hydrogels allows us to
right: 3.5, 3.0, 2.5, and 2.0 wt %. (b) Linear relationship between - ohtqin yseful functionalities not only from the periodic structure
wavelength of Bragg peak and the concentration of the microgel but also from the constituent building blocks. Because the
dispersions. The cross-linking density for these particles (batch 5) is ¥~ - © . g © e .
2.5 mol %. building blocks here are environmentally responsive colloidal
spheres, their sizes as well as the lattice spacing should be
be easily destroyed by any external disturbance such as smaltunable by external stimuli. As shown in Figure 8a, the
vibrations. The previous appro&éihas a limit that the particles-  crystalline hydrogel at room temperature displays a bright green
linking reaction had to be carried out under a harsh environment color. With the increase of the temperature, the color of the gel
(pH 12), and the mechanical strength of the bonded particle changes from green to blue at 3C and eventually to milky
assembly was weak due to its low polymer concentration. white at 35°C, just at the volume phase transition temperature
Guided by phase diagrams shown in Figure 4, we have of the particles. When the temperature is decreased to room
engineered crystalline hydrogels with higher polymer concentra- temperature again, the gel restored its color and volume. This

A (nm)

5501

(b)

tions. We started with a PNIPAMe-allylamine particle (batch
5) dispersion of 4.0 wt % at which the viscosity is too high to
allow the particles to form a periodic structure at room
temperature. This system was heated from 23 tdGla&nd then
cooled back to 23C with a rate about 0.4C/min. As shown

process is fully reversible.

It has been already established that colors of microgel
dispersions are related to the Bragg diffraction from periodic
arrays of microgels, which is shown as a peak in the-tig
spectrum in Figure 8b. It is noted as the temperature increases

by an arrow in Figure 4b, when the sample was cooled below from room temperature, the wavelength of the peak does not
Tm, the crystallization started. Here the dispersion had low change significantly and completely disappears above the
viscosity since the particles were only partially swollen. This melting temperature. In contrast, for a crystalline hydrogel
allowed the spheres to have enough freedom to self-assembleconsisting of a cross-linked microgels array, the wavelength of
into an ordered array. The sample was cooled further to below the Bragg peak decreases from about 580 to 520 nm upon the
Ty, at which the particle size and viscosity increased consider- increase of the temperature from 19 to 1 (Figure 8c). The
ably. The crystalline structure formed at the higher temperature change of the peak wavelength is due to the shrinkage of particle
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Figure 8. (a) PNIPAM-<co-allylamine crystal hydrogels switching colors with the change of the temperatures. From left to right, the temperatures
are 21, 32, 34, and 3%. The turbidity vs wavelength curves measured using a-\d¥ spectrophotometer. (b) PNIPARG-allylamine microgel
dispersion with the concentration 4.5 wt. %. (c) PNIPAWgHallylamine crystal hydrogels with the concentration of 4.5 wt %.
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Figure 10. UV —vis spectra of PNIPAMzo-allylamine crystal hydro-
gels as a function of BSA concentration.

size with the temperature, which causes the decrease of Because of residues of basic (i.esNH,) groups on the
interparticle spacing in crystalline hydrogels. In contrast, for a PNIPAM-co-allylamine microgels, the swelling capacity of the
microgel dispersion, the neighboring microgels are not cross- resulting hydrogel can be changed by controlling the pH value
linked. The temperature induced shrinkage of the microgels of the medium. The amine groups on the particles are partially
ionized in water at a neutral pH, causing swelling of the

cannot cause the change of interparticle distance.
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particles. At a higher pH, the ionization of the basic groups is with the temperature, which causes the decrease of interparticle
inhibited, causing the shrinkage of the particles. This shrinkage spacing in crystalline hydrogels. In contrast, for a microgel
of the building block size at higher pH values causes the lattice dispersion, temperature-induced shrinkage of the microgels
spacing to decrease, resulting in the color change. The colorcannot cause the change of Bragg diffraction wavelength. When
shift is determined by UWvis spectroscopy shown in Figure the pH value changes from 7 to 12, the wavelength of Bragg
9. When the pH value changes from 7 to 12, the wavelength of peak for the hydrogel decreases from 633 to 556 nm. A similar
Bragg peak for the hydrogel decreases from 633 to 556 nm. wavelength shift has been also observed in bovine serum
This change of the Bragg peak is especially useful and albumin (BSA) solution. As a result, the crystalline hydrogel
convenient for monitoring the base environment. may serve as an optical sensor to visually inspect environmental

The colors of crystalline hydrogels can also be changed with changes.
the change of protein concentration. Here we use bovine serum
albumin (BSA) solution to demonstrate this point. As shown  Acknowledgment. We gratefully acknowledge the support
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