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SYNTHESIS, USES AND COMPOSITIONS OF 
CRYSTAL HYDROGELS 

Priority is claimed from provisional patent application 
number Ser. No. 60/336,259, ?led on Nov. 15, 2001. 

FIELD OF THE INVENTION 

The present invention relates to the ?elds of polymer 
chemistry and material science. In particular, it relates to the 
process of producing monodispersed, hydrogel nanopar 
ticles and subsequent self-assembly and crosslinking, pro 
viding materials that are crystalline in structure displaying 
characteristic opalescence. 

BACKGROUND OF THE INVENTION 

Gels are three-dimensional macromolecular networks that 
contain a large fraction of solvent Within their structure and 
do not dissolve. When the trapped solvent is Water, the gels 
are termed “hydrogels”. Hydrogels exhibit high Water con 
tent and are soft and pliable. These properties are similar to 
natural tissue, and therefore hydrogels are extremely bio 
compatible and are particularly useful in biomedical and 
pharmaceutical applications. 

Hydrogels can be responsive to a variety of external, 
environmental conditions. A unique physical property of 
some hydrogel systems is reversible volume changes With 
varying pH and temperature. This unique property and other 
characteristics are thoroughly detailed in the scienti?c ref 
erence articles cited above. 
Some diversi?ed uses of responsive gels include solute/ 

solvent separations, biomedical tissue applications, con 
trolled drug delivery, sensors and devices, and in NMR 
contrast agents. These applications are disclosed in US. Pat. 
Nos. 4,555,344, 4,912,032, 5,062,841, 5,976,648 and 5,532, 
006, respectively. 

Polymer gels can be formed by the free radical polymer 
iZation of monomers in the presence of a reactive crosslink 
ing agent and a solvent. They can be made either in bulk or 
in nano- or micro-particle form. The bulk gels are easy to 
handle, but usually have very sloW sWelling rates and 
amorphous structures arising from randomly crosslinked 
polymer chains. In contrast, gel nanoparticles react quickly 
to an external stimulus, have organiZed local structure, but 
suffer from practical siZe limitations. 

Responsive polymer gels can be made by the co-poly 
meriZation of two different monomers, by producing inter 
penetrating polymer netWorks or by creating netWorks With 
microporous structures. These processes are disclosed in 
US. Pat. Nos. 4,732,930, 5,403,893, and 6,030,442, respec 
tively. Finally, a microparticle composition and its method 
of use in drug delivery and diagnostic applications have also 
been disclosed in US. Pat. No. 5,654,006. 

Hydrogels usually consist of randomly crosslinked poly 
mer chains and contain a large amount of Water occupying 
interstitial spaces of the netWork, resulting in amorphous 
structures. Without the addition of a coloring agent or 
opaci?er, hydrogels are clear and colorless When they are 
fully sWollen in Water. To create colors in hydrogel systems, 
there are tWo major approaches in the prior art as disclosed 
in US. Pat. Nos. 6,165,389, 6,014,246 and 6,187,599. The 
?rst is to form a poly(N-isopropylacrylamide) (P-NIPA) 
crystalline colloidal ?uid in an aqueous media and contain it 
in a glass cell. The second is to embed a crystalline colloidal 
array of polystyrene polymer solid spheres in a P-NIPA 
hydrogel. Both approaches have utiliZed the unique tem 
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2 
perature-responsive property of the P-NIPA, but each has its 
oWn limitations. The ?rst material is a colloidal ?uid: its 
crystal structure can be easily destroyed by a small mechani 
cal vibration. The second approach to make colored hydro 
gels requires the introduction of non-hydrogel solid spheres 
(polystyrene) as light-dilfracting materials. 
The concept for synthesizing crystal hydrogels based on 

crosslinking gel nanoparticles Was ?rst alluded to in provi 
sional patent application Ser. No. 60/336,259. The nanopar 
ticle netWorks as described in that patent application exhibit 
either a uniform color due to a short-range ordered structure 
or are colorless due to a randomly ordered structure. 

The primary scope of this invention relates to environ 
mentally responsive hydrogel nanoparticle netWorks that 
exhibit crystalline structures, are opalescent in appearance, 
are stable under mechanical vibration and temperature ?uc 
tuations, and consist of only hydrogel materials Without 
other embedded solid polymer spheres. 

SUMMARY OF THE INVENTION 

The main objective of this invention is to provide a 
composition and process to create hydrogel nanoparticle 
crystalline netWorks that have a long-range ordered struc 
ture. Another objective is to produce crystal netWorks that 
are dimensionally stable under mechanical vibration and 
temperature ?uctuation, display a unique color and sparkle 
When vieWed at different angles and under different lighting, 
and consist of only mondispersed hydrogel nanoparticles 
Without embedded solid polymer spheres of a different 
composition. A further objective is to produce hydrogel 
crystal netWorks in the absence of any organic solvents. 
These objectives have been accomplished by producing 
monodispersed, temperature responsive nanoparticles in 
Water, self-assembly of these nano-spheres, subsequent 
crosslinking of nanoparticle spheres through covalent bond 
ing and polymerizing a hydrogel monomeric composition 
around the crystalline structure to enhance the mechanical 
strength. The nanoparticle self-assembly provides the hydro 
gels With crystal structures While the covalent bonding and 
secondary hydrogel encasing contributes to the mechanical, 
dimensional, and thermal stability of these materials. These 
netWorks di?fract light, resulting in a rich array of speckled 
colors. Furthermore, the crystal hydrogels in Water display 
an iridescent color With good transparency and no sedimen 
tation (Without adding an index-matching or a density 
matching ?uid). 

This invention disclosure Will also teach a process for 
crosslinking nanoparticles in aqueous media that is unique in 
its application to hydrogels. The covalent linkages betWeen 
nanoparticles lead to an unexpected thermal and dimen 
sional stability of the resulting crystal structure. For 
example, the colored refraction from crystalline facets at 
room temperature disappear When a sample Was heated to 
50° C., at Which point the gel netWork became cloudy due 
to phase separation. When the sample Was cooled back to 
21° C., the pattern reappeared Within 10 seconds. The 
process Was reversible through multiple iterations. In con 
trast, a non-crosslinked nanoparticle assembly of the same 
composition and concentration Was completely disrupted as 
the temperature Was raised to 32° C. It required approxi 
mately 1000 times longer for a non-crosslinked assembly to 
re-assemble into a crystal structure. 
The most important commercial property of these mate 

rials is the inherent presence of a long-range crystalline 
order. A crystalline lattice alloWs for the formation of one 
large bulk gel in Which any smaller piece of the material has 
the exact same physical properties as the bulk material. This 
is a property previously found only in hard materials such as 
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metals, semiconductors or opals. Applying crystallinity to a 
soft material With environmental responsiveness provides a 
stable material With potential applications not previously 
available to hydrogel polymer or gel-based systems. This 
alloWs the production of hydrogel-based systems incorpo 
rating their many useful properties While giving absolute 
control over the entire structure doWn to the nanometer 
scale. 
One consumer application of these neW materials 

described above could be a decorative home product or toy: 
the hydrogel nanoparticle Water dispersion Would be pre 
injected into a glass or plastic container of any desired 
shape. Then, by adjusting temperature and/or pH of disper 
sion, the nanoparticles can self assemble into poly-crystals 
With rich opalescent colors due to multiple light diffraction 
patterns resulting from these crystals. Then, the assembly 
Would be dimensionally stabiliZed by subsequent crosslink 
ing of the nanoparticles via heat and/or light. The complete 
process Will be safe, innocuous, and potentially inexpensive 
since the maj ority of the product is essentially Water. 

Another potential consumer product could be exotic opal 
escent jeWelry. These crosslinked, hydrogel nanoparticle 
Water netWorks could be encased inside a plastic, transparent 
shape retentive and formative material. Upon vieWing these 
netWorks at different angles and under various lighting 
conditions, multiple light diffraction patterns occur similar 
to those observed When vieWing a prism. A Wide range of 
colors and sparking effects result, enhancing the visual 
appearance as required and inherent to expensive diamonds 
or other precious gems used in jeWelry. 

The environmental responsiveness of the crystalline 
nanoparticle netWorks, coupled With their inherent stability 
and reversibility gives rise to sensor applications. As the 
nanoparticle environment changes, the optical properties of 
the material shoW a corresponding effect. This alloWs poten 
tial in-situ monitoring of changes in temperature, or chemi 
cal environment. Coupling this With the biological inertness 
of the material alloWs for the formation of in-vivo sensors. 
Incorporation of chemically degradable crosslinkers in the 
netWork could alloW for the formation of speci?c chemical 
sensors detecting changes in pH or the presence of speci?c 
enzymes. 
One pharmaceutical application relates to the controlled 

delivery of active compounds for the treatment of a variety 
of diseases. A drug can be entrapped inside the crystal 
netWork during the crosslinking step that dimensionally 
stabiliZes the netWork. By regulating the crosslinking den 
sity and type, multiple ordered lattices can be produced. 
Crystalline lattices contain ordered voids depending on the 
type of lattice formed. These “holes” in the netWorks Would 
alloW different molecular Weight actives based on siZe to 
elute out at a controlled rate. One can also envision using 
biodegradable crosslinkers, so as they degrade, the netWork 
Will break apart, releasing the active, entrapped compound. 
One important reason to use these materials for controlled 
drug delivery is the presence of opalescence. This property 
provides a direct visual indication that the netWorks are 
uniform, homogeneous and have been manufactured appro 
priately. Simple turbidity techniques can be used to detect 
non-homogeneity in the crystal lattice, providing feedback 
on sample quality and uniformity. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a schematic illustration of a crystal hydrogel that 
consists of a crystal assembly of covalently bonded mono 
dispersed hydrogel nano-spheres. 

FIG. 2 is a graph depicting hydrodynamic radius distri 
butions (f(Rh)) of NIPA-HEAc nano-spheres synthesiZed 
under different surfactant concentrations (see Table 1) in 
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4 
Water at T:25.0° C. and 360° C., respectively. Here the 
polymer Weight percent C:1.37><10_5 g/ g, and the scattering 
angle is 20°. 

FIG. 3 shoWs the optical property of the NIPA-HEAc 
colloidal crystals. The turbidity is plotted as a function of 
Wavelength for tWo NIPA-HEAc colloidal crystals in Water 
at room temperature. The peak indicates crystal structure. 
The nanoparticles of tWo hydrogels in Water at 25° C. had an 
average hydrodynamic radius of 150 nm and 160 nm, 
respectively. 

FIG. 4 shoWs photographs of the covalently bonded, 
self-assembled NIPA-HEAc nanoparticles at various par 
ticle concentrations. From left to right: 3.5, 3.8, 3.9, 4.1, 5.0, 
5.5, 6.0, and 7.9 Wt %. Here, the average hydrodynamic 
radius of the NIPA nanoparticle spheres in Water at 25° C. 
Was 150 nm. 

FIG. 5 shoWs the effect of NIPA-HEAc particle siZe on the 
formation of crystal hydrogels. The average hydrodynamic 
radii for the tWo red samples (left) and the tWo green 
samples (right) in Water at room temperature Were 175 and 
150 nm, respectively. From left to right, the particle con 
centrations Were 3.0, 3.1, 3.8, and 4.0 Wt %. 

FIG. 6 shoWs the mechanical strength of the crystal 
hydrogel. The NIPA-HEAc crystal hydrogels Was taken out 
from the glass tube and placed in a pH:2.5 solution before 
(top) and after (bottom) applying a Weight (a transparent 
dish) to compress it. The bar represents 1.165 cm. 

FIG. 7 shoWs a display based on crystal hydrogels. A 
NIPA-HEAc crystal hydrogel in a glass tube is transparent 
and exhibited a colored, speckled iridescent pattern at 21° C. 
(left) until the temperature Was raised to 50° C. (right), at 
Which point the pattern became invisible. As the sample at 
50° C. Was cooled back to 21° C., the patterns reappeared 
Within 10 seconds. 

FIG. 8. Environmental responsive behavior of the crystal 
hydrogel that consists of covalently bonded, self-assembled 
NIPA-co-allylamine nanoparticles. The average hydrody 
namic radius for the particles in Water at 23° C. is 140 nm. 
(a) Temperature dependence: from left to right, top to 
bottom: 21, 32, 34 and 35° C., respectively; (b) pH depen 
dence: from let to right, pH:6.5 and pH:11. 

FIG. 9 shoWs the crystal hydrogels that consists of 
covalently bonded, self-assembled NIPA-co-acrylic acid 
nanoparticles With different hydrodynamic radii at room 
temperature in Water: (a) Rh:237 nm and (b) Rh:248 nm. 

FIG. 10. pH effect on volume and color of a crystalline 
hydrogel consisting of bonded NIPA-HEAc nanoparticles 
encased in a NIPA-co-sodium acrylate hydrogel matrix. (a) 
The optical pictures of the sample at various pH values, (b) 
The change of the diameter of the sample as a function of 
pH. 

FIG. 11. Electric ?eld effect on volume and color of a 
crystalline hydrogel consisting of bonded NIPA-HEAc 
nanoparticles encased in a NIPA-co-sodium acrylate hydro 
gel matrix. (a) The optical pictures of the sample at various 
electric ?elds, (b) The change of the diameter of the sample 
as a function of the electric ?eld strength. 

FIG. 12. Salt concentration effect on volume and color of 
a crystalline hydrogel consisting of bonded NIPA-HEAc 
nanoparticles encased in a NIPA-co-sodium acrylate hydro 
gel matrix. (a) The optical pictures of the sample at various 
salt concentrations, (b) The change of the diameter of the 
sample as a function of salt concentration. 

FIG. 13. Temperature effect on volume and color of a 
crystalline hydrogel consisting of bonded NIPA-HEAc 
nanoparticles encased in a NIPA-co-sodium acrylate hydro 
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gel matrix. (a) The optical pictures of the sample at various 
temperatures, (b) The change of the diameter of the sample 
as a function of temperature. 

FIG. 14. Comparison of UV-Visible spectra of NIPA 
HEAc nanoparticle dispersion and a crystalline hydrogel 
that consists of covalently linked NIPA-HEAc nanoparticles 
encased in a NIPA-co-acrylamide hydrogel matrix. (a) UV 
Visible spectrum for NIPA-HEAc nanoparticles in Water. 
The solid polymer content is 2 Wt %, and (b) UV-Visible 
spectrum for the crystalline hydrogel. The peak is caused by 
Bragg diffraction of the crystalline particles. As the tem 
perature changes, the peak position of hydrogel nanopar 
ticles (a) does not change, but the peak position attributed to 
the crystalline hydrogel (b) does change. (0) Optical images 
of this crystal hydrogel at various temperatures. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

A conceptual model is shoWn in FIG. 1. The manufac 
turing methods consists of three steps: (1) synthesis of 
monodispersed polymer gel nanoparticles having speci?c 
reactive groups suitable for crosslinking, (2) self-assembly 
of the nanoparticles into a crystal structure, and (3) covalent 
bonding of the netWork to form a stable lattice. Additionally, 
polymerizing a hydrogel monomeric composition around 
the crystalline structure can enhance the mechanical strength 
if needed. The covalent bonding contributes to the structural 
stability, While self-assembly provides large crystal grain 
structures, resulting in refractive colored facets throughout 
the netWork in addition to light scattering properties exhib 
ited by natural crystals. 

Monodispersed hydrogel nanoparticles can be prepared 
by an emulsion method. Preferred major monomer is N-iso 
propylacrylaimde (N IPA) or other related analogs. Preferred 
co-monomers are hydroxyethyl acrylate (HEAc), ally 
lamine, acrylic acid, and other related analogs. For example, 
co-polymer nanoparticles composed of 90% NIPA and 10% 
2-hydroxyethyl acrylate using an emulsion polymerization 
method Were produced. The size distribution of nanopar 
ticles Was characterized using a light scattering spectrometer 
(ALV-5000). The hydrodynamic radius of the resultant 
nanoparticles in Water Was narroWly distributed With a size 
variance of about 1% as shoWn in FIG. 2. The NIPA has a 
thermally responsive property, While the HEAc provides 
hydroxyl (iOH) groups for subsequent crosslinking. 

The NIPA-HEAc nanoparticle Water dispersion Was con 
densed to a desired concentration by either ultra-centrifug 
ing or evaporating method. At a suitable polymer concen 
tration, nanoparticles form a crystalline structure. To 
quantify this observation, the turbidity of the NIPA-HEAc 
colloidal crystal as a function of light Wavelength Was 
measured as shoWn in FIG. 3 using a spectrophotometer. 
Corresponding to the appearance of colored speckles, the 
turbidity of the colloidal crystal exhibited a peak at a speci?c 
Wavelength, AC. AC is proportional to the periodicity of the 
crystal. The colored speckles of the samples arise directly 
from selective Bragg di?‘raction at kc. Speci?cally, the 
Bragg condition of 2nd sin GImLC is satis?ed With the 
diffraction angle 0:900 and m:l. Here n is the refractive 
index of the hydrogel nanoparticles. Because the periodicity 
can be adjusted by varying either the concentration or the 
particle size, the colors of the samples can be shifted 
accordingly. 

The crystalline structure Was then stabilized by linking 
nanoparticles together using a small molecular crosslinker. 
Preferred crosslinking agents include divinylsulfone (DVS), 
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6 
glutaric dialdehyde, a mixture of l-ethyl-3-(3-dimethylami 
nopropyl) carbodiimide hydrochloride (EDC) and adipic 
acid dihydrozide, and epichlorohydrin (EPO). For example, 
after the self-assembling occurred, divinylsulfone Was added 
to bond the NIPA-HEAc nanoparticles at room temperature. 
The more crosslinking agent used the higher the rigidity and 
the loWer the pore size of the resulting crystal hydrogels. 
Thus, one can choose an appropriate amount and type of 
crosslinker to provide the mechanical strength and porosity 
desired for a variety of diversi?ed applications. Since this 
crosslinking process is carried out directly in Water, it is 
particularly useful for hydrogels. Furthermore, because the 
colloidal particles are linked together by covalent bonding, 
they cannot be re-dispersed into a solution, in contrast to 
Well-knoWn colloidal aggregates described in the prior art. 

The resultant NIPA-HEAc crystal hydrogels are shoWn in 
FIG. 4. In contrast to other colloidal ?uids knoWn in the art, 
these hydrogels are solids and thus do not signi?cantly 
deform due to gravity. This is apparent by vieWing these 
netWorks When their formation tubes are inverted. 

It is obvious by one skilled in the art, other suitable 
monomers With functional groups, crosslinkers, surfactants 
and initiators can be used, absent of compatibility problems. 

Formation of a crystal hydrogel depends strongly on the 
polymer concentration in the pre-gel nanoparticle solution. 
In general, below 1 Wt %, the particles are too far apart and 
could not be easily bonded together. Conversely, When the 
concentration is above 10 Wt %, the nanoparticles are too 
close to each other and then lose the mobility that is required 
to form crystals. There are many factors that can make this 
polymer concentration vary between 1 to 10 Wt % become 
narrower including particle size, functional groups on the 
particle surface, reaction temperature, pH values, quality of 
solvent (Water or organic solvent), condensation methods 
(evaporation or ultracentri?lgation), etc. BeloW the polymer 
concentration range for the crystal formation, the nanopar 
ticles are in a ?uid state. Above this range, the bonded 
nanoparticles exhibit a uniform color With no iridescence 
and the methods of manufacture have been disclosed in the 
aforementioned provisional patent application. 

For example, this invention relates to the formation of 
crystal hydrogels using a very narroWly distributed, mono 
dispersed NIPA-HEAc nanoparticles as building blocks. 
These crystal hydrogels unexpectedly exhibit a striking 
colored speckled array due to light di?‘raction by large-sized 
crystal domains. The crystal grain size also decreases With 
increasing concentration Within this concentration range 
from 2.9 to 5 Wt %. Also, as the particle size increases, the 
color shifted to the red region and the crystal phase occurred 
at a loWer concentration as shoWn in FIG. 5. 
The crosslinked crystal hydrogel netWorks have good 

mechanical strength relative to other colloidal crystals that 
are ?uids and have a zero static shear modulus. The NIPA 
HEAc crystal hydrogel Was taken out of a glass tube and 
immersed in a pH:2.5 solution at room temperature as 
shoWn in the top panel of FIG. 6. The colored speckles of the 
sample are a clear indication that the sample has retained the 
crystal structure of its colloidal precursor. After applying a 
Weight (a transparent dish) on the sample’s upper surface, 
the sample Was compressed (the bottom panel, FIG. 6) and 
greatly deformed. The fractional increase in length Was 80% 
along the radial direction and 40% along the longitudinal 
direction. Once the Weight Was removed, hoWever, the 
netWork immediately returned to its original shape due to its 
elasticity and re-exhibited the iridescent pattern, as shoWn in 
the top panel. It is also noted that colored speckles are 
usually associated With rigid materials such as precious 
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opals that can deform slightly, or With colloidal ?uids that 
have no de?nite shape. Here, a soft material that is elastic, 
Wet, and exhibiting an iridescent pattern has been created. 

The covalent linkages betWeen nanoparticles also lead to 
a remarkable thermal stability of the crystal structure. FIG. 
7 shoWs the temperature dependence of a crystal hydrogel in 
a tube after polymerization. The iridescent pattern (left 
panel) at room temperature became invisible When the 
sample Was heated to 50° C., at Which point the gel became 
cloudy due to phase separation (right panel). When the 
sample at 50° C. Was cooled back to 21° C., the pattern 
reappeared Within 10 seconds, and this process Was revers 
ible. In contrast, a non-crosslinked nanoparticle assembly 
With the same concentration Was completely disrupted as the 
temperature Was raised to 30° C. It required about 1000 
times longer for a non-crosslinked assembly to re-assemble 
into a crystal structure. It is apparent that disturbed nano 
particles in a crosslinked assembly are able to return to their 
equilibrium crystalline positions quickly through restorative 
forces provided by the netWork’s elasticity. The fast and 
reversible response rate of these crystal hydrogels could be 
a major advantage in developing sensor or display technolo 
gies as compared to using conventional colloidal crystal 
arrays knoWn in the art. 

It is noted from the left panel in FIG. 7 that the crystal 
hydrogel in Water displays an iridescent color With good 
transparency and no sedimentation (Without adding an 
index-matching or a density-matching ?uid). This is because 
the building blocks are hydrogel nanoparticles Which con 
tain up to 97 Wt % Water; both the refractive index and the 
density of the particles are nearly matched With those of the 
surrounding Water. The crystal structures of these systems 
are further enriched by their unique tWo-level structural 
hierarchy: the primary netWork consists of crosslinked poly 
mer chains inside each nanoparticle, While the secondary 
netWork is a crosslinked system of the nanoparticles. The 
mesh sizes of the primary and the secondary netWorks are 
usually around l-l0 nm and l0-500 nm respectively. 

There are a variety of crosslinkers that can be used to 
bond nanoparticles into a crystal hydrogel including divi 
nylsulfone (DVS), glutaric dialdehyde, a mixture of l-ethyl 
3-(3-dimethylaminopropyl)carbodiimide hydrochloride 
(EDC) and adipic acid dihydrozide, and epichlorohydrin 
(EPO). 

To use glutaric dialdehyde as a crosslinker, NlPA-co 
allylamine nanoparticles Were ?rst synthesized using an 
emulsion polymerization. Allylamine offers the free amine 
function groups on the surface of the particles for further 
crosslinking. The hydrodynamic radius of the nanoparticles 
in Water Was narroWly distributed. The average hydrody 
namic radius at 23° C. is about 140 nm. After using ultra 
centrifuge With the speed of 40,000 rpm for 2 hrs, We 
obtained condensed particle dispersions With solid content 
betWeen 3 and 4%. Then, 25 Wt % glutaric dialdehyde Was 
added and mixed into the solution. The crosslinking reaction 
Was carried out at room temperature for 24 hours, resulting 
in a bright iridescent crystal hydrogel. 

Because the crystal hydrogel composed of poly(NlPA-co 
allylamine) nanoparticles arranged in a close-packed struc 
ture, the lattice spacing betWeen particles Will undergo a 
change in responsive to environmental stimuli. FIG. 8a 
shoWs that the color and volume changes of the crystal 
hydrogel as a function of temperature. As the temperature 
increases, the volume of the gel decreases and its color shifts 
from green to blue and eventually to milky White When the 
temperature is above the volume phase transition tempera 
ture about 34° C. FIG. 8b shoWs the pH dependent volume 
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8 
and color change of the NlPA-co-allylamine crystal hydro 
gel. This is caused by the dilferent degrees of ionization of 
amine groups on the polymer chains at different pH values. 

To use a mixture of l-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) and adipic acid dihy 
drozide as a crosslinker, poly(NlPA-co-acrylic acid) (NlPA 
co-AA) nanoparticles Were ?rst synthesized using emulsion 
polymerization. Acrylic acid o?‘ers 4COOH groups on the 
surface of the particles for further crosslinking. 
The NlPA-co-AA nanoparticles (210 nm) Were then con 

centrated beloW 50° C. for tWo days. The NlPA-co-AA 
nanoparticle Water dispersion at a solid content of 3.1 Wt % 
Was put into a special cylindrical tube With a large amount 
of holes (0.5 mm in diameter) in the Wall and the bottom. 
The NlPA-co-AA particles self-assemble into a crystalline 
array Within 5 h. Then, the tube Was half-immersed into 
1 -ethyl-3 -(3 -dimethylaminopropyl) carbodiimide hydro 
chloride (EDC or EDAC) (5 Wt %) and adipic acid dihy 
drazide (AADD) (5 Wt %). This assembly Was kept at 4° C. 
for 24 hours and then 5% EDC and AADD solution Was 
replaced With a fresh 7 Wt % EDC and 7 Wt % AADD 
solution. After another 24 hours, the NlPA-co-AA nanopar 
ticles Were covalently bonded into a crystalline hydrogel as 
shoWn in FIG. 9. 
To use epichlorohydrin (EPO) as a crosslinker, poly 

(NlPA-co-AA) nanoparticles Were synthesized using emul 
sion polymerization. These particles Were cooled doWn to 
room temperature and precipitated With acetone. The pre 
cipitated particles Were dried for 2 days and then re-sus 
pended in acetone. The Poly-NlPAAm-co-AA particles self 
assemble into a crystalline structure at 10 Wt % 
concentration at room temperature. Then, epichlorohydrin 
(EPO) (10 Wt. %) Was added into the solution. The crosslink 
ing reaction Was conducted in the oven at 90° C. for 6 hours. 
The resultant crystal gel Was then taken out from the tube 
and immersed into acetone. Acetone Was then gradually 
replaced With Water to obtain a crystalline hydrogel. 
The crystal hydrogels can be strengthened by ?lling the 

pores betWeen nanoparticles With a secondary hydrogel 
matrix. This is a tWo-step process including: (1) covalently 
bonding neighboring nanoparticles to stabilize the periodic 
structure, and (2) polymerizing the secondary matrix around 
nanoparticles. Here, the covalent bonding betWeen particles 
contributes to stabilizing periodic structure, While the for 
mation of the hydrogel matrix around each particle contrib 
utes to enhancing mechanical strength. Without the ?rst step, 
polymerization of the secondary hydrogel matrix can com 
pletely disrupt the periodic stacking of the particles. 

To obtain this high strength crystal hydrogel, NlPA-HEAc 
nanoparticles Were ?rst made folloWing the method 
described above. This NlPA-HEAc nanoparticle dispersion 
Was then diluted With monomer solution that contained 
NIPA monomer, sodium acrylate as ionic group, photo 
sensitive initiator of 2,2-diethoxyacetophenone, and N,N' 
methylenebisacrylamide as a crosslinker. The polymer con 
centration of the particles Was 2.0 Wt %, While the monomer 
concentration Was in the range betWeen 2.5 to 6 Wt % in the 
?nal dispersion. The dispersion Was thoroughly bubbled 
With nitrogen gas to remove oxygen. This dispersion Was 
heated to 40° C., at Which point divinylsulfone (DVS) as a 
crosslinking agent Was added to the system. Then, the 
dispersion Was cooled beloW 25° C., and NaOH solution Was 
added to adjust the pH to 13. The formation of colloidal 
crystals yielded colored speckles as a result of typical Bragg 
diffraction. After observing the iridescence from the sample, 
the nanoparticles Were crosslinked to stabilize the crystal 
structure for 24 hours. The polymerization of the secondary 
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hdyrogel matrix Was carried out using a UV lamp to initiate 
polymerization of the NIPA and sodium acrylate monomers. 
The sample Was kept in the nitrogen environment for 24 hr 
for completing gelation. This resulting crystal hydrogel 
consists of periodically stacked NIPA-HEAC nanoparticles 
for Bragg diffraction encased in the NlPA-co-sodium acylate 
polymer for enhancing materials strength and providing 
other environmentally responsive properties to the crystal 
line hydrogel. 

The shear modulus of the crystal hydrogel encased Within 
a secondary hydrogel matrix is about the same as that of the 
pure hydrogel matrix but much higher than that of 
covalently bonded nanoparticles Without the support of the 
secondary hydrogel matrix. 
The crystal hydrogels not only have all of the properties 

that conventional hydrogels exhibit but also have unique 
periodic structures. As a result, the crystal hydrogels change 
in volume and color in response to external stimuli including 
pH, electric ?eld, salt concentration, and temperature. 

FIG. 1011 shows the optical pictures of a crystal hydrogel 
consisting of covalently bonded, periodically stacked NIPA 
HEAc nanoparticles encased Within a NlPA-co-sodium 
acrylate matrix at various pH values. The gel sWelled fully 
at pH:7 With large crystal grain siZes. As pH decreases or 
increases, the gel shrank and the crystal siZe becomes 
smaller and the crystal density increases. The detailed rela 
tionship betWeen the gel siZe and the pH is shoWn in FIG. 
10b. 

FIG. 11a shoWs the pictures of a hydrogel crystal under 
various electric ?elds and FIG. 11b shoWs the gel siZe as a 
function of the electric ?eld. It is apparent that the gel 
shrinks as the electric ?eld increases. The color of the gel 
also becomes more intense and shifts to blue color. The 
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FIG. 14 shoWs temperature-dependent UV-visible spectra 
for non-bonded NlPA-HEAc nanoparticles in Water and a 
crystal hydrogel made With covalently bonded, periodically 
stacked NlPA-HEAc nanoparticles encased in a NIPA-co 
acrylamide matrix. As the temperature increases, the Bragg 
peak does not change for the nanoparticle dispersion but 
signi?cantly changes for the crystal hydrogel. The color 
changes of the crystal hydrogel from red to blue as the 
temperature increases, suggesting that these unique crystal 
line hydrogel materials can be used as sensors. 

EXAMPLE 1 

Synthesis of NlPA-HEAc Nanoparticles 

3.79 g NIPA monomer, 66 mg methylene-bis-acrylamide 
as crosslinker, 0.120 g sodium dodecyl sulphate as surfac 
tant, and 260 mL deioniZed Water Were mixed in a reactor. 

2-hydroxyethyl acrylate (HEAc) (9.5% molar ratio) used 
to provide functional groups Was added to the pregel solu 
tion. The solution Was heated to 70° C. under nitrogen for 40 
min. 0.170 g of potassium persulfate dissolved in 21 mL of 
deioniZed Water Was added to start the polymerization 
reaction. The reaction Was carried out at 70° C. under 
nitrogen atmosphere for 4 hours to ensure that all monomer 
Was reacted. After cooling doWn to room temperature, the 
?nal reaction dispersion Was exhaustively dialyZed in a 
dialysis tube for 10 days While the deioniZed Water (con 
ductivity of less then 1 uS~cm_l) outside the tube Was 
changed tWice a day. The dispersion Was ?rst evaporated at 
60° C. and then dried at 120° C. The concentration of the 
dialyZed dispersion Was calculated from the Weight differ 
ence in the drying process. 

TABLE 1 

Compositions for synthesis of NIPA-NEAc nano-spheres With different radius 

NIPA HEAC BIS SDS Water PPS Reaction Reaction Rh 
Sample (5;) (g) (g) (g) (g) (g) T (° 0) t(hrs) (MR) 

1 3.79 0.397 0.066 0.120 260 0.170 7011 4 150 
2 3.79 0.397 0.066 0.100 260 0.170 7011 4 175 

~ ~ ~ electric ?eld causes electrolys1s 1n the Water solvent and an EXAMPLE 2 

ionic gradient results causing a gel volume change. This 
effect Was not observed When the electrodes Were placed Compositions for Synthesis Of NIPA_HEAC Crystal 
outside the insulating container holding the gel and its Hydrogels 
solvent While apply1ng an electr1c ?eld. 50 

FIG. 1211 shows the pictures of a hydrogel crystal under 
various salt concentrations and FIG. 12b shoWs the gel siZe 
as a function of salt concentration. It is apparent that the gel 
shrinks as the salt concentration increases. The color of the 
gel also becomes more intense and shifts to blue color upon 
an increase in salt concentration. The addition of increasing 
amounts of NaCl deteriorates the hydrogen bonding betWeen 
the NIPA and Water, and therefore decreases the volume 
phase transition temperature of the NIPA from 34° C. to 
room temperature. 

FIG. 1311 shows the optical picture of a hydrogel crystal 
at various temperatures and FIG. 13b shoWs the gel siZe 
variation as a function of temperature. As the temperature 
increases, the gel shrinks due to intra-chain hydrophobic 
interaction. 

The environmentally-induced color change of the crystal 
hydrogels can be revealed using UV-Visible spectroscopy. 
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The dispersion of the particles Was dialyZed to remove all 
small molecules, and the dispersion Was concentrated With 
ultra-centrifuging. After the concentrated dispersion Was 
heated above the phase transition temperature, divinylsul 
fone (DVS) as a crosslinking agent Was added to the system 
dropWise in order to make DVS homogeneously dispersed 
throughout the solution. Then, the dispersion Was cooled 
beloW 25° C., and NaOH solution at pH:13.0 Was added. 
The formation of large colloidal crystals in a very narroW 
concentration range (ca. 3~5 Wt %), at 20° C., yields colored 
speckles from typical Bragg diffraction as shoWn in FIG. 4. 

The effect of polymer concentration on formation of the 
crystal hydrogels is shoWn in Table 2. Here, the average 
hydrodynamic radius of the NlPA-HEAc nanoparticle 
spheres in Water at 25° C. Was 150 nm. 










