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Premelting is the localized loss of crystalline order at surfaces and defects at
temperatures below the bulk melting transition. It can be thought of as the
nucleation of the melting process. Premelting has been observed at the
surfaces of crystals but not within. We report observations of premelting at
grain boundaries and dislocations within bulk colloidal crystals using real-
time video microscopy. The crystals are equilibrium close-packed, three-
dimensional colloidal structures made from thermally responsive microgel
spheres. Particle tracking reveals increased disorder in crystalline regions bor-
dering defects, the amount of which depends on the type of defect, distance
from the defect, and particle volume fraction. Our observations suggest that
interfacial free energy is the crucial parameter for premelting in colloidal and
atomic-scale crystals.

The importance of melting in nature can hardly

be overestimated, and yet a detailed understand-

ing of the mechanisms that drive this transforma-

tion is still evolving. Scientists have speculated

for more than a century about how crystalline

solids melt (1–3). In the process, they have gener-

ated microscopic models emphasizing the role of

lattice vibrations (4, 5), dislocations (6, 7), grain

boundaries (8, 9), surfaces (10–14), dimensional-

ity (15), and combinations thereof. In contrast to

the continuous transitions that arise in ferromag-

netism and liquid-vapor systems, a first-principle

theory of the solid-liquid transition is difficult to

derive because of long-range many-body effects,

symmetry, and a lack of universality. Further-

more, experimental investigations to test under-

lying theoretical assumptions are extraordinarily

difficult, because they must track motions of in-

dividual atoms or defects within crystals. Never-

theless, recent experiments (16, 17) and theory

(18) have shown that atomic crystal surfaces at

equilibrium below the bulk melting point often

form melted layers. This premelting lowers the

energy barrier for liquid nucleation and effec-

tively prevents superheating of the solid (16, 19).

Many theories have suggested that a similar

premelting should occur at defects such as grain

boundaries, stacking faults, and dislocations

located within the bulk crystal, but these effects

have not been observed. Simulations of grain

boundaries (20, 21), for example, have found

that the free energy of the solid-solid interface

can be larger than two solid-liquid interfaces,

thereby favoring premelting near the grain bound-

ary. In this work, we imaged the motions of

particles in three-dimensional (3D) colloidal

crystals during the melting process. The images

reveal premelting near grain boundaries and dis-

locations. Furthermore, particle tracking enabled

us to quantify the spatial extent of local particle

fluctuations near a variety of defects, as well as

within the more ordered parts of the crystal.

Increased disorder was observed in crystal-

line regions bordering the defects as a function

of defect type (e.g., grain boundaries, disloca-

tions, and vacancies), distance from the defect,

and particle volume fraction. These observations

answer longstanding fundamental questions

about melting mechanisms, suggest that grain

boundary and dislocation premelting are impor-

tant effects in the melting process, and introduce

new quantitative measures of local disorder.

Besides their intrinsic importance for colloid

science and technology, all indications suggest

that interfacial free energy is the crucial pa-

rameter for premelting. Thus, these results are

also relevant for atomic-scale materials.

The colloidal crystals used for these

studies were equilibrium systems composed

of micrometer-sized, nearly hard-sphere par-

ticles (22). At a high volume fraction, these

particles are driven entropically to condense into

close-packed crystalline solids (23, 24). A key

feature of these measurements is our use of

microgel particles (25, 26), whose diameters

depend on temperature. Thus, by slightly

changing the sample temperature, we precisely

vary the volume fraction of particles in the

crystal over a significant range, driving the

crystal from close packing toward its melting

point at a lower volume fraction.

Particle synthesis. The temperature-

sensitive colloidal particles required for this in-

vestigation were synthesized by free-radical

polymerization of N-isopropylacrylamide

(NIPA) and 2-aminoethyl-methacrylate hydro-

chloride (AEMA) and cross linked with N,N ¶-

methylene-bisacrylamide in a buffer solution

(pH 0 4.0, 50 mM acetic acid) (27). The re-

sultant particles were centrifuged down and

resuspended in a different buffer solution (pH 0
8.3, 0.1 M sodium bicarbonate).

Succinimidyl ester (TAMRA), which is a

fluorophore that reacts with the AEMA amine

group 5-(6)-carboxytetramethylrhodamine, was

added to the preparation solution for fluores-

cence studies that are not reported here. The

microgel particles with TAMRA became slight-

ly smaller in size, but the presence or absence of

TAMRA changed the phase behavior of the

suspension only slightly.

The particles were then cleaned cyclically,

by first concentrating them with centrifugation

and then resuspending them in a buffer solution

(pH 0 4.0, 20 mM acetic acid). Finally, in order

to minimize particle aggregates, the suspensions

were centrifuged for a few minutes, the superna-

tant was collected, and the process was repeated

(È10 times). For temperatures below 32-C, NIPA

solubility increases with decreasing temperature.

Consequently, the NIPA-AEMA particle diam-

eter varies in our experimental temperature re-

gime (20- to 28-C) as a result of water moving

into and out of the microgel. The particles made

from NIPA-AEMA copolymer have higher

surface charge and are more stable against

aggregation in solution during processing than

are particles made from pure NIPA. Counterions

in the buffer solution ensure that the charges on

the particles are screened. In addition, the polym-

erization rate in our acidic solutions (pH 0 4.0)

was slow, resulting in reduced size polydis-

persity. Dynamic light-scattering measurements

at 25-C determined the particle radius to be

È375 nm, with a polydispersity less than 3%.

Microscopy and temperature control. Ex-

perimental observations were made with an up-

right microscope (Leica DMRXA2) equipped

with a 12-bit monochrome cooled camera

(QImaging RETIGA) and a motorized stage.

The dimensions of the sample chamber were 18

mm by 4 mm by 0.1 mm. The temperature of the

sample and objective lens (magnification �100,

1.4 numerical aperture) were controlled to within

0.1-C and were increased in 0.1-C increments.

Samples were left to equilibrate at each temper-

ature for 1 hour. In order to track premelted

regions and defects, we took bright-field video

images for 0.6 s at 100-nm intervals throughout

theÈ100-mm-thick chamber. Because the micro-

gel particles wereÈ95% water, their refractive

index was very close to that of water, allowing

us to obtain high-quality images throughout the

sample volume. In order to track individual par-

ticle movement, we used a video shutter time

of 2 ms. Image fields were chosen to contain

È400 particles, and particle positions were

determined at resolutions much smaller than

the particle radius or crystal lattice constant
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(28). Fifteen minutes of video were recorded at

each temperature.

Sample preparation. The particle sus-

pensions were loaded into the chamber using

capillary forces at 28-C; i.e., just below the

melting temperature. In this process, the sus-

pension was sheared. Initially we found that

well-oriented face-centered cubic (fcc) crys-

tals grew from the glass coverslip surfaces and

that the middle of the sample was fluid-like.

After loading, we annealed the sample at 28-C
for 24 hours, during which the samples crys-

tallized. Bragg diffraction (Fig. 1, inset) from

various parts of the annealed sample, measured

in the microscope with a Bertran lens, exhibited

no detectable change in peak positions. The

crystal had very few defects close to the glass

walls. We never observed premelting near the

walls; it is possible the walls stabilized the

crystal or that the (111) planes near the wall

surfaces were intrinsically stable (19). Interior

crystalline regions had many more defects. A

few defects in the sample interior are shown in

Figs. 2 and 3. Most of the defects we observed

were stacking faults, which caused the forma-

tion of partial dislocations (Fig. 3) (29). We

also observed vacancies. Typically, the crystals

lost their preferential orientation after melting

and recrystallization, displaying large crystal-

line regions with different orientations sepa-

rated by grain boundaries (Fig. 2).

Premelting from grain boundaries. One

of the common melting mechanisms exhibited

by our colloidal crystals is illustrated in Fig. 2.

The figure shows a small-angle (È13-) grain

boundary. The grain boundary is composed of

an array of dislocations, one of which is shown

in the inset of Fig. 2A. The number of particle

nearest neighbors along the grain boundary

varies from five to seven (red and blue particles

in the inset). These packing mismatches create

stress in the crystal near the grain boundary. The

dashed line in Fig. 2A shows a Shockley partial

dislocation that continues into the grain bound-

ary. The region to the right of the dashed line is

out of focus, and the particles in this portion of

the image appear darker than average, whereas

the region to the left is in focus and the particles

appear whiter than average.

Figure 2B shows the same region at higher

temperature (lower particle volume fraction). In

order to minimize the interfacial free energy

caused by stress and surface tension, particles

near the grain boundary start to premelt. The

inset of Fig. 2B shows these particles jumping

rapidly from one site to another. In contrast,

melting is not observed near the partial dis-

location (dashed line); its interfacial free energy

is apparently less than that of the grain bound-

ary. In Fig. 2C, the temperature is slightly higher

and melting has erupted along the grain bound-

ary. At this stage, the sample volume fraction is

higher than the bulk melting particle volume

fraction, and the melted region has engulfed the

partial dislocation. The width of the premelted

region continues to increase as the temperature

is raised from 28.0- to 28.2-C (Fig. 2, B to D).

Premelting from dislocations. In addi-

tion to grain boundary premelting, the colloidal

crystals display premelting from partial dis-

locations (Fig. 3). This effect is more apparent

when the grain boundaries are relatively far

from the partial dislocations. Figure 3, A and B,

show images of the 61st layer (green) and the

62nd layer (red and yellow), respectively, of the

colloidal crystal at 25.0-C.

Figure 3C shows a superposition of these

layers. Both of these layers represent (111)

planes in the crystal. The Burger’s circuit in the

61st layer (green) yields a zero Burger’s vector,

indicating no defect in the layer. Because a dis-

location is present in the next layer, some of the

particles are slightly out of focus. The Burger’s

circuit for the 62nd layer (yellow) reveals a

Shockley partial dislocation with a Burger’s vec-

tor of 1
6
ð112Þ (29). The inset contains a 3D il-

lustration of the Shockley dislocation, showing

the 61st layer and the undisplaced particles in the

62nd to 64th layers in green and the displaced

particles in the 62nd to 64th layers in yellow.

In monodisperse nearly hard-sphere colloi-

dal crystals, the difference in the energy be-

tween fcc and hexagonal close-packed (hcp)

structures is very small (30, 31) and stacking

faults are common (32). Shockley partial dis-

locations arise as a result of these stacking

faults. Face-centered cubic crystals stack in the

pattern ABCABC along the (111) direction, and

hcp crystals stack in the pattern ABAB. The

green particles in Fig. 3A are in the A positions,

whereas the red and yellow particles are in the B

and C positions of the next layer, respectively.

This stacking fault opens up gaps between the

two close-packed structures within the crystal

(two gaps are visible in the image and make an

Fig. 1. Bright-field image of the
NIPA particle colloidal crystal
showing no defects; the slice is of
the seventh layer from the cover-
slip. Each bright spot corresponds
to the central region of a 0.75-mm-
diameter particle. Because of sam-
ple preparation and annealing, the
primary defects are partial disloca-
tions that exist in the interior of the
crystal. Scale bar, 5 mm. (Inset)
Bragg diffraction (wavelength 0
405 nm) of the same sample.

25.0oC

AA

θ ~13o

B

θ ~13o

28.0 oC
C

θ ~13o

28.1 oC 28.2 oC

D

27.2 oC

Fig. 2. Premelting of the colloidal crystal at a grain boundary. The figure shows bright-field images at
different temperatures (i.e., particle volume fractions) of two crystallites separated by a grain boundary
(crystallites tilted at an angle q È 13- with respect to one another). (A) Sample at 27.2-C. The solid and
dashed lines show the grain boundary and a partial dislocation, respectively. The grain boundary cuts the
two crystals along two different planes (the yellow line has two slopes). It is composed of an array of
dislocations; the two extra planes are indicated by lines in the inset. (B) Sample at 28.0-C. The grain
boundary starts to premelt; nearby particles undergo liquid-like diffusion (inset). The partial dislocation,
denoted by the dashed line, is not affected. (C and D) The same sample at 28.1- and 28.2-C,
respectively. The width of the premelt region near the grain boundary increases. Scale bars, 5 mm.
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angle of 120-C with respect to one another).

Nearby particles fluctuate into and out of these

gaps. The angle the gaps make with the (111)

plane suggests that the gaps cut the crystal along

(100) planes, as shown in the 3D illustration.

Finally, Fig. 3D shows the 62nd crystal layer at

28.2-C. At this temperature, which is higher

than the grain boundary premelting tempera-

ture, the crystal has begun to premelt from the

partial dislocation.

Positional fluctuations. Using the

Lindemann parameter L, which is a mea-

sure of the particle mean square fluctuation, we

have quantified these observations as a function

of sample temperature and volume fraction (Fig.

4). Inset 1 shows the time evolution of mean

square displacement (MSD) for particles in the

bulk crystal at three different temperatures. On

short time scales, the MSD exhibits free particle

diffusion; on long time scales, the particles are

caged by nearest neighbors and the MSD asymp-

totically approaches a constant. This asymptotic

constant corresponds to twice the variance of the

particle’s displacement from its equilibrium

position (33, 34). We computed the 3D L by

using the measured 2D MSD and assuming that

particle fluctuations were isotropic. We used the

relation L 0 1
rnn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
4

r2ðt Y VÞh i
q

, where r
nn

is the crystal nearest-neighbor distance, and

br 2 (t Y V)À is the asymptotic value of the

2D particle MSD.

In the main plot of Fig. 4A, L experiences a

change in slope at 24.7-C. At this temperature,

the hydrodynamic diameter of the particles as

measured by dynamic light scattering is È754

nm (inset 2), and the nearest-neighbor distance

derived from pair correlation functions mea-

sured by microscopy is È750 nm. Thus, at this

temperature, it is reasonable to assume that the

particles are close packed with a volume frac-

tion of È0.74. Below this temperature, the par-

ticle motions are constrained, and L varies less

strongly with temperature. With this assump-

tion, we can deduce the particle number density.

This number density and the measured hydro-

dynamic radius (inset 2) determine the particle

volume fraction as a function of temperature

(upper scale of Fig. 4A). The crystal appears to

melt at a particle volume fraction of È0.54,

which is close to the hard-sphere prediction of

0.545 (24). The lattice constant in the solid

regions, derived from our measurements of

the particle pair correlation functions, also de-

creases sharply near this volume fraction. Al-

though our particles are not perfect hard spheres

(22), the melting point suggests that they may

be approximated reasonably well as such.

The Lindemann melting criterion, which pre-

dicts melting for L È 1/8 (4), continues to pro-

vide a useful benchmark nearly 100 years after it

was originally suggested. The data for L in Fig.

4A are taken from deep within the crystalline

regions of the sample, below the melting point.

At 28.3-C, the sample begins to melt, and a

coexistence of liquid and solid domains is ob-

served. In Fig. 4B, we show local measurements

of L near various crystalline defects and near

the premelt boundary just before bulk melting

(28.3-C). We find that the particle fluctuations in

the proximity of these regions are measurably

larger than those in the bulk crystal. Further-

more, we find that the magnitude of these fluc-

tuations decreases approximately exponentially

as the measurement position is translated away

from the premelt region toward the interior of

the bulk crystal. Extrapolation of our exponential

fits of L to zero distance suggest that L È 0.18 in

the premelt region, twice its interior value of

È0.085 at the same temperature. Evidently, the

greater number of vacancies in the premelted

region increases the free volume for particle

A B

(111)

(112)

C D

28.2oC

25.0oC25.0oC

Fig. 3. Melting of a colloidal crystal initiated at a Shockley partial dislocation in the absence of
grain boundaries. (A and B) Bright-field images of the 61st and 62nd layers at 25.0-C, respectively.
Colloidal particles fluctuate more in the 62nd layer because of the gap created by the dislocation.
(C) Superposition of 61st (green) and 62nd (red and yellow) layers. The image shows particles in
positions A (green), B (red), and C (yellow). (Inset) 3D illustration of the 61st to 64th layers
(bottom to top) showing the displacement of the yellow spheres in the 62nd to 64th layers. (D)
62nd layer at 28.2-C, where the crystal starts to premelt at the dislocation. Scale bars, 3 mm.

Fig. 4. (A) L as a
function of colloidal
crystal temperature
(and computed particle
volume fraction f).
These data are for
regions far from defects.
The curve exhibits a
change in slope at
24.7-C. The crystal
melts at 28.3-C, f
È0.55. (Inset 1) Time
evolution of 2D particle
MSD; L is derived from
the MSD plateau value.
The error bars for f, L,
and temperature are
0.02, 0.004, and 0.1-C,
respectively. (Inset 2)
Measured microgel par-
ticle hydrodynamic ra-
dius Rh as a function of temperature. (B) The local L as a function of distance from a vacancy, a partial dislocation, and a melt front. Within 1 mm of the defects, the
particle motion was too rapid and calculation of L was unreliable.
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movement, so that the nearby particle fluctua-

tions are large. Even the particles near isolated

vacancies have large L, but the decay of L to

bulk values is fastest from isolated vacancies.

Conclusions. We have demonstrated that

premelting occurs at grain boundaries and

dislocations located within colloidal crystals.

These observations confirm an important mech-

anism for theories of melting. The amount of

premelting depends on the nature of the in-

terfaces and defects. Particle tracking has

enabled us to study particle fluctuations both

nearby and far from these defects in ways that

are inaccessible to experimental probes of

atomic crystals, revealing the excess free energy

in these regions through higher values of L.
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Structure of a Synaptic gd
Resolvase Tetramer Covalently
Linked to Two Cleaved DNAs

Weikai Li,1 Satwik Kamtekar,1 Yong Xiong,1,2 Gary J. Sarkis,1*

Nigel D. F. Grindley,1 Thomas A. Steitz1,2,3.

The structure of a synaptic intermediate of the site-specific recombinase gd
resolvase covalently linked through Ser10 to two cleaved duplex DNAs has been
determined at 3.4 angstrom resolution. This resolvase, activated for re-
combination by mutations, forms a tetramer whose structure is substantially
changed from that of a presynaptic complex between dimeric resolvase and the
cleavage site DNA. Because the two cleaved DNA duplexes that are to be
recombined lie on opposite sides of the core tetramer, large movements of both
protein and DNA are required to achieve strand exchange. The two dimers
linked to the DNAs that are to be recombined are held together by a flat
interface. This may allow a 180- rotation of one dimer relative to the other in
order to reposition the DNA duplexes for strand exchange.

Enzymes that catalyze site-specific recombina-

tion rearrange DNA in all three kingdoms to

integrate, excise, or invert DNA segments for a

variety of biological purposes. Site-specific re-

combinases are classified into the tyrosine and

serine recombinase families, and the detailed

mechanisms by which they achieve specific

recombination are gradually emerging (1).

The gd resolvase is a 20.5-kD transposon-

encoded enzyme that belongs to the resolvase-

invertase family of serine recombinases and

catalyzes a recombination between two 114–

base pair (bp) sites (res) that are arranged in

the same orientation on negatively supercoiled

circular DNA, resulting in the formation of two

catenated DNA molecules. Each res site con-

tains three different subsites, which are called

sites I, II, and III, and each subsite binds a re-

solvase dimer (Fig. 1A). Six resolvase dimers

and two res sites assemble into a higher-order

structure called the synaptosome. Resolvase di-

mers bound at sites II and III of the two res sites

initiate the formation of this assembly and ac-

tivate the resolvase dimers bound at site I for

synapsis, strand cleavage, strand exchange, and

religation (2). Cleavage is achieved by a trans-

esterification reaction that covalently links the

Ser10 (S10) residue of each subunit to a 5¶ phos-

phate at the center of site I, freeing the 3¶ hy-

droxyl group of the adjacent nucleotide (3, 4).

While covalently linked to the protein, the

strands are exchanged with a resulting net

180- rotation (5–7). The four rearranged ends

are then joined by an attack of the free 3¶ hy-

droxyl groups on the phosphoserine linkages.

Several crystal structures of wild-type gd
resolvase have been determined, including a

domain containing the active site (8, 9), the

full-length protein (10), and a resolvase dimer

complexed with a site I DNA analog (11). gd
resolvase has an N-terminal catalytic domain

followed by an extended a-helical arm (the E

helix) and a C-terminal DNA binding domain.

Two states of the molecules have been captured

in these structures. First, crystals of the unlig-

anded gd resolvase identify one interface that

promotes the formation of a dimer via the E

helices and a second higher-order interdimer in-

terface (termed the 2-3¶) that is essential for res

site synapsis (8–10, 12, 13). Second, the struc-

ture of a wild-type gd-resolvase dimer complexed

with a 34-bp analog of site I (11) captures a state

before synapsis. In this structure, both catalytic

S10 residues are distant from the scissile phos-

phates of the site I DNA, which is consistent with

the inability of the wild-type protein to cleave

linear DNA containing only a site I sequence.

Two models have been proposed for the

structure of the synaptic tetramer bound at site

I and the consequent strand-exchange mech-

anisms (10, 11, 14). In one model, two site I

DNAs are held in close proximity inside a pro-

tein scaffold (10, 11), whereas in the other they

lie outside of a protein core and are separated

by more than 50 ) (10, 11, 14). The DNA in-

side model was initially appealing because the

DNA strands could be exchanged through sub-

tle movements of the protein and the DNA at

the cleavage sites, analogous to those subse-

quently observed with the tyrosine recombinase

Cre (15). However, DNA phasing experiments
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