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ABSTRACT: The melting kinetics of three-dimensional colloidal crystals consisting of poly(N-isopropylacry-
lamide) microgels was investigated by using UV-visible transmission spectroscopy. It was found that the melting
was initiated with a decrease of the interplanar spacing of the crystals and that crystallites broke into smaller
pieces at large overheating temperatures. The crystallites reach a minimum burst size before completely broken
apart. The complete melting occurs as the average thermal fluctuation of the particles reach around 19%. The
experimental results corroborate with recent computer simulations that conciliate the Lindemann criterion of
melting with Born’s mechanical instability.

Introduction

Phase transition in colloidal dispersions has been of consider-
able interest in recent years for both theoretical and practical
considerations.1,2 Colloidal dispersions display features analo-
gous to those occurred in atomic systems where rigorous
theoretical insight into the phase behavior is limited by the
many-body effects. Meanwhile, self-assembly of colloidal
spheres provides a viable approach for fabrication of nanostruc-
tured materials such as membranes, catalysts, gas separation,
storage media, and photonic crystals.3,4 Whereas current un-
derstanding of the equilibrium properties of colloids is well
advanced and the knowledge on nonequilibrium phase transi-
tions is also rapidly emerging, the dynamic behavior of various
phase transitions is still relatively little known.

Melting in atomic systems is one of the classical problems
in phase transitions and has been studied over the past decades.5,6

However, there are continuing efforts to explore the detailed
mechanisms about this phase transition.7,8 In contrast to atomic
systems5 and colloidal hard or charged spheres,9-13 the poly-
(N-isopropylacrylamide) (PNIPAM) microgels studied in this
work have temperature-tunable sizes and exhibit colloidal
crystalline structures.14-19 The kinetics of crystallization of
PNIPAM microgels was investigated at different volume
fractions by varying temperature.20 At room temperature, the
density and refractive index of these particles are close to those
of surrounding water.20 Recently, premelting at grain boundaries
and dislocations within bulk PNIPAM microgel crystals has
been observed by using real-time video microscopy.7 The
equilibrium phase behavior and the dynamics of PNIPAM
microgel assemblies with attractive pair potentials have been
studied by digital video microscopy.21

In this paper, we report measurements of the melting kinetics
of three-dimensional colloidal crystals consisting of PNIPAM
microgel spheres using the same UV-visible spectroscopy
method developed in ref 20. By inspecting an attenuation peak
that arose from the Bragg scattering of colloidal crystals, we
analyzed the variations of the degree of crystallinity, the relative
variation of average linear crystal dimension, the number density
and volume fraction of the crystals during the course of the
melting process at a number of overheated temperatures.

Experimental Section

Materials. N-Isopropylacrylamide was purchased from Poly-
sciences, Inc. Dodecyl sulfate, sodium salt 98%; potassium per-
sulfate; acrylic acid 99%; andN,N′-methylenebis(acrylamide) 99%
were purchased from Aldrich. Tetramethylethylenediamine (TEMED)
and potassium persulfate were bought from Bio-Rad Laboratories.
Water for sample preparation was distilled and deionized to a
resistance of 18.2 MΩ by a Millipore system, and filtered through
a 0.22µm filter to remove particulate matter.

Preparation of Microgels. PNIPAM microgels were prepared
using a precipitation polymerization method.22 Specifically, 3.78 g
of N-isopropylacrylamide monomer, 0.11 g of acrylic acid (AA)
monomer, 0.0665 g of methylenebis(acrylamide) (BIS) as cross-
linker, and 0.106 g of sodium dodecylsulfate (SDS) as a surfactant
were mixed with 240 mL of distilled and deionized water in the
flask. The solution was stirred at 300 rpm for 30 min under nitrogen
atmosphere. 0.166 g of potassium persulfate (KPS) dissolved in
10 mL of deionized water was added to start the polymerization
reaction. The reaction was carried out at 70°C for 4 h. After the
solution had cooled to room temperature, the final reaction
dispersion was exhaustively dialyzed in a dialysis tube for 7 days.

Light Scattering Measurements.The average size and size
distribution of microgel particles were characterized by using
dynamic light scattering measurements. The light scattering spec-
trometer (ALV, Co., Germany) was equipped with a helium-neon
laser (Uniphase 1145P, output power of 22 mW and wavelength
of 632.8 nm) as the light source. The particles undergo a continuous
volume phase transition at about 34°C, similar to a neutral or
weakly ionized aqueous solution of PNIPAM polymers.23

UV)Visible Spectroscopy Measurements.The colloidal crys-
tal was prepared by evaporating the solvent in PNIPAM dispersion
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at a temperature higher than 34°C and then allowing the
concentrated dispersion to reach an equilibrium state at 19°C for
1 week. The dispersion of the PNIPAM particles at pH about 4.4
was put into a quartz cuvette with interior dimensions of 45× 10
× 10 mm and wall thickness of 1 mm. The crystalline grains or
crystallites gradually appeared and grew in size at this temperature.
Previous neutron scattering experiment revealed that the PNIPAM
colloidal crystal exhibits a face centered cubic (fcc) structure.16

Before each measurement, the sample was kept at 19°C for about
24 h and then submerged into a heat bath at four different
temperatures 28, 27, 26, and 25°C. The kinetics of melting of the
PNIPAM colloidal crystal was monitored by measuring UV-visible
transmission spectra on a diode array spectrometer (Hewlett-
Parkard, model 8543) with the wavelengths ranging from 190 to
1100 nm. The turbidity of the samples was obtained from the ratio
of the transmitted light intensity (It) to the incident intensity (I0) as
τ ) -(1/a) ln(It/I0), wherea is the sample thickness (1 cm). In the
crystal phase, the UV-visible spectrum exhibits a sharp attenuation
peak due to Bragg diffraction. The structure factorsSB(λ,t) were

obtained by subtracting the background from the transmission
spectra following a reported method.24,25

Theoretical Section

The degree of crystallinity,X(t), defined as the volume
fraction of crystallites in the sample, is related to the area of
the Bragg peak25-26

whereκ is a normalization constant andSB(λ,t) are the structure
factors of the colloidal crystals. The normalization constant is
obtained by considering thatX(tf)24h))1 at 19°C at which
the particle dispersion is fully crystallized. The relative change
of average linear crystallite sizeL(t) (in units of sphere diameter
2R) with time is obtained from the width of the Bragg peak at
half-maximum,

Figure 1. Progressive appearance during the melting of crystallites
consisting of PNIPAM microgel spheres after the sample was heated
from 19 to 27°C. From left to right, the duration of melting is in
seconds.

Figure 2. UV-visible spectra of the PNIPAM microgel dispersion
after the sample was heated from 19 to 26°C.

Figure 3. (a) Temperature at the center of the sample cell as a function
of time after the sample cell was heated from the initial to the final
temperature. Solid lines are obtained by the numerical calculation using
the thermal diffusion equation and parameters listed in the paper. (b)
Hydrodynamic radius of microgels as a function of time is determined
by combining Figure 3a and the relation ofRh ) 332.77- 4.09T in
the temperatures ranging from 12 to 29°C.

X(t) ) κ ∫∆λ
SB(λ,t) dλ (1)

L(t) ) πK
∆q(t)R

(2)
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whereK ) 1.155 is the Scherrer constant for a crystal of cubic
shape and∆q(t) is associated with the width of the peak at half-
maximum. As a dimensionless quantity,L(t) describes the
change of average linear crystallite size relative to the average
particle size. In this paper,L(t), R(t), and φ(t) delineate the
relative variation of average linear size of crystal, mean particle
size, and average effective volume fraction at the certain time,
respectively.

The number density of (relatively average sized) crystallites
are calculated from

The volume fractionΦc of microgel particles in the crystalline
state is given by

whereqm(t) is the scattering wave vector corresponding to the
peak at timet. The same equations from (1) to (4) have been

used for the analysis of crystallization kinetics.20 For PNIPAM
colloidal crystals, there is a strong, sharp peak in UV-visible
spectra.14,17,19 This peak is caused by Bragg light diffraction
from the microgel crystalline structure and makes the following
analysis possible.

Results and Discussion

Figure 1 shows representative snapshots of the colloidal
crystal consisting of PNIPAM microgel spheres as the sample
was suddenly heated from 19 to 27°C. The polymer concentra-
tion in the microgels is about 1.8 wt %. The turbidity as a
function of wavelength during the melting process is shown in
Figure 2. The evolution of the Bragg peak reflects the crystalline
progress in the suspension when melted. With increasing
temperature, the wavelength (λ) corresponding to the Bragg peak
position decreases (blue shift).

The diffraction from the ordered colloidal arrays is associated
with a lattice spacing on the order of the wavelength of visible
light according to Bragg’s law:14 2nd sin θ ) mλ. The blue
shift of the Bragg peak as shown in Figure 2 is not due to the

Figure 4. Dynamics of melting for colloidal crystals consisting of poly(N-isopropylacrylamide) microgel spheres at various overheating temperatures.
Key: (a) degree of crystallinityX(t), (b) the relative variation of averaged linear crystal dimensionL(t), (c) the variation of number density of
crystallitesN(t), and (d) the volume fraction of the crystal phaseΦc(t).

N(t) ) X(t)/L3(t) (3)

Φc(t) ) 0.0130[qm(t)R]3 (4)
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change of the refractive index introduced by shrinkage of
microgels as the temperature is increased from 19 to 26°C.
The reduction of particle size would slightly raise the refractive
index thus lead to a small red-shift of the Bragg peak. Therefore,
the blue shift of the Bragg peak is attributed to the decrease of
the lattice spacing induced by the shrinking particles. In order
to retain the osmotic pressure of the crystalline phase in balance
with the liquid phase in the suspension, the reduction of the
particle size must be compensated by the decreasing of the lattice
spacing. The significant lattice contraction during melting was
not observed in hard-like colloidal systems before.

The hydrodynamic radius of the microgel in a dilute disper-
sion as a function of temperature was determined by dynamic
light scattering measurements and fitted by a relation ofRh )
332.77- 4.09T, whereT is the temperature ranging from 12
to 29°C. The change of particle size under a sudden temperature
jump is determined by measuring the temperature variation of
the sample in the cell as a function of time. Since the microgel
dispersion is mostly composed of the water (about 97 wt %),
its thermal diffusion coefficient is essentially the same as that
of water, which is 0.14 mm2/sat 20°C. The physical properties
of the quartz standard cell from Fisher Corporation are: heat
conductivityk ) 1.38 W/mK, densityF ) 2201-2600 Kg/m3,
specific heatc ) 700-770 J/kg‚K, and thermal diffusive
coefficient ) 0.69-0.90 mm2/s. The thickness of the quartz
wall was 1 mm and the distance from quartz wall to the center
was 5 mm. A thermometer was placed in the center of the cell
and was used to monitor the temperature change as shown in
Figure 3a. The numerical solutions obtained from the heat
equation match the experimental data very well (solid lines,
Figure 3a). Combining the temperature vs time relation (Figure
3a) andRh vs temperature relation (Rh ) 332.77- 4.09T), we
have determined the relation between the particle radius and
the time under a sudden temperature jump as shown in Figure
3b. For a concentrated dispersion, the particle size is generally
smaller. The mean particle sizeR(t) in the crystal phase is further
approximately corrected by multiplying 0.778 following a
treatment in a neutron scattering experiment.16 This correction
also worked well for crystallization kinetics.20 From the reduced
osmotic second virial coefficient from the static light scattering
and from the calculation, the PNIPAM microgels can be
considered as a hard sphere system below the critical solution
temperature.19 This temperature and time dependent radius was
then used for data analysis.

Figure 4a shows that after a brief thermal relaxation, the
degree of crystallites,X(t), declines rapidly as the sample was
heated from 19 to 28, 27, and 26°C. We have chosen the
constantκ such thatX(tf) ) 1 as the particles form a complete
crystalline lattice at 19°C. For X(t) < 1, this means that the
dispersion does not get fully crystallized. Some crystallites were
lost due to transferring the sample from one thermal bath to
another one at the UV-visible spectrometer. However, close
to the melting temperature (at 25°C), the declining rate ofX(t)
is slow. As the temperature was increased from 19°C to a higher
value, a thermal transfer process as described by Figure 3a took
place from the wall to the center of the sample cell. During the
initial time (2-3 min) corresponding the flat stage in Figure 4
(parts a-c), X(t), L(t), andN(t) do not change significantly. At
the initial stage, the decrease of the volume fraction of crystal
phase indicates that the particles in crystallites absorb thermal
energy and begin to shrink.

Figure 4b depicts the relative variation of average linear
crystallite sizeL(t) as a function of time.L(t) exhibits a plateau
before completely melting at 19 to 28, 27, and 26°C, suggesting

that the crystallite kept a minimum value (Lmin) before com-
pletely breaking apart. As the overheating temperature∆T
increases, the crystallite sizes decrease faster while the value
of Lmin is smaller.

The number densityN(t) of crystallites, calculated from eq
3, is shown in Figure 4c. A striking feature is that for large
overheating temperatures (19 to 28°C and 19 to 27°C), N(t)
shows a maximum in the early state and then rapidly decreases
with time. The increase ofN(t) suggests the crystallites break
into the many smaller pieces. That is, a single crystal may
collapse into two or three crystals separated by the fluid phase.
The decrease ofN(t) indicates the complete melting of some
crystallites, as expected during melting.

The volume fractionΦc of microgel particles in the crystal
state is calculated from eq 4 and shown in Figure 4d. As∆T
increases,Φc decreases more rapidly. From 19 to above 25°C,
the colloidal crystallites completely melted, while from 19 to
25 °C, the crystallites did not completely melt. Specifically, at
around 25°C, Φc decreases slowly and remains near 0.55, the
equilibrium crystal volume fraction. However, other overheated
crystallites (19f26, 27, and 28°C) reach metastable volume
fraction (below 0.55) before completely melted as shown in
Figure 4d. Instrumental errors for the hydrodynamic radius
measured by dynamic light scattering, turbidity, and wavelength
measured by a UV-vis spectrophotometer are about(4 nm,
(0.02 cm-1, and(0.5 nm, respectively.20 The error bars were
estimated by analyzing error propagation in eqs 1-4, as shown
in Figure 4a-d for measurements from 19 to 28°C. The error
bars should be similar for measurements with different tem-
perature jumps.

One simple criterion of crystal melting, originally developed
by Lindemann5 has been subjected to a number of investiga-
tions.5,27,28In terms of the mean-squared displacement of each
particle on a crystalline lattice〈u2〉, and the distance between
nearest-neighboring particlesAh, the Lindemann criterion indi-
cates that, at the melting point, the relative thermal fluctuation
is approximately given by

The experimental resultsδL for hard spheres vary from 0.10 to
0.19.5,11,29 Following refs 30 and 31, the height of the Bragg
peak in the UV-visible spectra is proportional to the Debye-
Waller factor exp(-2M), with M ) q2u2/3 (whereq ) 4π[sin
(θ)]/λ). The relative thermal fluctuation for the melting of
PNIPAM microgel crystals thus can be calculated.

Figure 5 depicts the relative thermal fluctuation as a function
of time during the melting process. As the temperature increases
from 19 to 25°C, δL approaches to about 15%, where the
crystallites are in a coexistence regime and not completely
melted. As the crystal heats from 19°C to 28, 27, and 26°C,
the relative thermal fluctuation rapidly increases with time. All
crystallites are completely melted whenδL is about 19%,
consistent with the microscopy experiment7 showing that the
PNIPAM microgel crystals melted asδL approaches 18%.

We can compare the Lindermann criterion of melting5 with
Born’s mechanical instability criterion32 experimentally. Such
a comparison has been recently carried out by a computer
simulation.27 The bulk modulus of the colloidal crystal can be
calculated as following:

δL )
x〈u2〉

Ah
(5)

B ) - V(∂Π
∂V)T

(6)
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For a face-centered cubic PNIPAM crystal, the equation of
state is33

From eqs 4, 6, and 7, we obtain the bulk modulus of the
crystalline phase:

whereqm is the scattering wave vector corresponding to the
peak. As shown in Figure 4d, theΦc decreases with time during
melting, which results in the change of bulk modulusB. This
shows that the bulk modulus decreases during the melting.
Therefore, these results are consistent with the Born instability
idea: melting is preceded by a continuous softening of the lattice
with increasing temperature. The crystal no longer has adequate
rigidity to resist melting when one of its elastic moduli is
sufficiently small but not zero.27

Conclusions

The melting kinetics of colloidal crystal consisting of poly-
(N-isopropylacrylamide) (PNIPAM) microgel spheres has been
studied by using UV-visible transmission spectroscopy. The
turbidity peak in transmission spectra respect to the wavelength
is related to the Bragg diffraction peak appearing at light
scattering spectra. The degree of crystallite, the relative variation
of average crystallite, number density of crystallites, and volume
fraction of the crystal phase have been analyzed as a function
of time as the crystal is overheated at different temperatures. It
is found that the wavelength of the Bragg peak shifts to a shorter
wavelength, indicating the decrease of interplanar spacing during

the melting process. There is a striking peak ofN(t), indicating
that crystallites are broken into smaller pieces at higher
overheating temperatures. The completely melting occurs as the
average thermal fluctuationδL reaches about 19%. The microgel
crystals melt with the increase of the Lindmann parameter as
well as the decrease of elastic modulus, supporting a recent
computer simulation that relates the Lindemann criteria to
Born’s instability.
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Figure 5. Lindemann parameterδL as a function of time of PNIPAM
crystallites during the melting at different overheating temperatures.
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