
 

Crystal-to-Crystal Transition of Ultrasoft Colloids under Shear
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Ultrasoft colloids typically do not spontaneously crystallize, but rather vitrify, at high concentrations.

Combining in situ rheo–small-angle-neutron-scattering experiments and numerical simulations we show

that shear facilitates crystallization of colloidal star polymers in the vicinity of their glass transition. With

increasing shear rate well beyond rheological yielding, a transition is found from an initial bcc-dominated

structure to an fcc-dominated one. This crystal-to-crystal transition is not accompanied by intermediate

melting but occurs via a sudden reorganization of the crystal structure. Our results provide a new avenue to

tailor colloidal crystallization and the crystal-to-crystal transition at the molecular level by coupling

softness and shear.

DOI: 10.1103/PhysRevLett.120.078003

Concentrated suspensions of Brownian spheres are known

to undergo crystallization and/or a glass transition, depend-

ing on their size polydispersity and interaction potential [1].

With respect to hard spheres, quiescent crystallization in

dense suspensions of soft colloids is in general more

complicated, due to shape fluctuations and adjustment

[2,3]. Whereas microgel-based particles crystallize at

roughly the same packing fraction as hard spheres [4–6],

hairy particles may do so at larger concentrations, depending

of the relative core-to-grafted arm size ratio or the rate of arm

exchange in the case of micelles [7–10]. Particles with small

cores and long hairs, such as star polymers, cannot crystal-

lize easily because arm fluctuations delay or hinder this

process [11,12], despite the opposite expectations due to

enhanced osmotic pressure [3]. The slowdown of the

nucleation process can also be attributed to interpenetration

and clustering, which may act as an effective polydispersity

suppressing crystallization [13]. It is therefore common for

soft colloids to become kinetically trapped in metastable

states [14]. Colloidal glasses may crystallize eventually over

time; i.e., thermodynamic equilibrium is reached,

irrespectively of softness [11,12,15]. The action of an

external stimulus, such as shear flow, can promote either

formation or melting of ordered states, depending on its rate

and strength [16,17]. Hence, the delicate interplay between

interparticle forces and hydrodynamic interactions provides

the conditions for achieving and tuning colloidal crystal-

lization or dynamic arrest [16–26].

The ability of shear to induce crystal formation in soft

colloids is significant and well documented [27–32].

Depending on the rate of applied oscillatory or steady shear,

a rich variety of crystal phases can be formed, which are often

able to sustain large deformations [28–32]. However, pro-

moting crystallization in sheared glassy or jammed systems is

challenging since their original microstructures are non-

equilibrium states that may undergo phase or layering

transitions while deformation of soft particles is possible

[33–35]. Ultrasoft colloidal stars, for which the size and

number of arms determine the interactions between particles

[9,36], display a very rich glassy phenomenology [35,37]. At

the level of particle microstructure, the interpenetration of the

arms is primarily responsible for their complex rheological

behavior [37–39], implying that shear could promote crystal

formation of stars via their cooperative rearrangement, which

is mediated by arm disengagement. This avenue to crystal-

lization for hairy ultrasoft colloids is yet to be explored.

In addition to shear-induced order, order-to-order tran-

sitions under the influence of an external stimulus are
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ubiquitous in colloidal systems. In particular, microgels have

been found to undergo a crystal-to-crystal transition upon

changing temperature in equilibrium [40] and in the presence

of an electric field [41]. For block copolymer micelles

[27,29,31,42] and microgel dumbbells [43] such transitions

have been observed with increasing shear rate. It has been

argued that the crystal-to-crystal transition occurs via two-

step transformations, accompanied by the formation of an

intermediate fluid phase [29,40,43], which favors local

rearrangements and subsequent recrystallization. Such inter-

mediate melting was thus suggested to be a generic mecha-

nism for the occurrence of crystal-to-crystal transitions [44].

However, whether such a transition and mechanism hold for

ultrasoft colloids is an important open question.

In this Letter we investigate the consequences of an

imposed shear flow on the crystallization of colloidal stars

in the vicinity of their glass transition by means of in situ

rheo–small-angle-neutron-scattering (rheo-SANS) experi-

ments and molecular dynamics simulations (MD). We find

that shear promotes crystallization, both under oscillatory

(experiments) and steady (simulations) conditions.

Moreover, we provide unambiguous evidence of a crys-

tal-to-crystal transition under shear. Results from measured

and calculated diffraction patterns, which are in good

agreement, suggest a two-step process. At first the fluid

forms a bcc-like crystal (first step), which later transforms

into a fcc-like one (second step) through a sudden change in

the crystal structure. Differently from previous observa-

tions [29,40,43], we do not find evidence of an intermediate

liquid phase between the two crystals.

We investigate 1,4-polybutadiene stars with functionality

f ¼ 203 arms and arm molar mass of 30 500 g=mol [45].

The hydrodynamic radius in toluene (an athermal solvent)

is 45 nm and the overlap concentration c� ¼ 27 mg=ml.

The softness of the stars can be quantified by the softness

parameter SP ¼ 0.11 [35,46], as described in the

Supplemental Material [47]. We study different concen-

trations (2c�–2.2c�), corresponding to a range of packing

fractions η ≈ 0.15–0.167 [9], in the vicinity of the mesta-

stable glassy regime shown in the phase diagram of

Fig. 1(a). Samples do not crystallize in the absence of

an external field for the investigated time (1 day). The

rheological characterization was performed by means of

dynamic oscillatory measurements using a sensitive stress-

controlled rheometer operating in the strain-controlled

mode (see Fig. S1 of Ref. [47]). Rheo-SANSmeasurements

were carried out at the Swiss spallation neutron source

(SINQ) of the Paul Scherrer Institut in Villigen,

Switzerland. The rheo-SANS setup combined SANS and

a stress-controlled rheometer, which offered the possibility

of performing measurements in the radial (velocity-

vorticity, v⃗, v⃗ × ∇⃗ v⃗) and tangential (velocity gradient-

vorticity, ∇⃗ v⃗, v⃗ × ∇⃗ v⃗) planes, as illustrated in Fig. 1(b).

Further details are provided in Ref. [47].

The experimental investigations are complemented by

numerical simulations of particles interacting via a coarse-

grained, ultrasoft effective potential, which mimics the

interactions between star polymers [36,48]. We perform

MD simulations for N ¼ 2000 stars with functionality

f ¼ 203 at different packing fractions [Fig. 1(a)]. We

use a steady shear protocol at fixed shear rate _γ comple-

mented by Lees-Edwards boundary conditions [49] and a

dissipative particle dynamics thermostat [50–52]. To quan-

tify crystallization, we calculate local and averaged bond

order parameter distributions [53,54], assigning solidlike

nature to each particle [55] and also distinguishing between

different crystal structures [56]. We also monitor the

fraction of solidlike particles and define a crystallization

time tX when this fraction reaches 20% [57]. Numerical

results are averaged over five independent realizations.

To compare experimental and numerical results obtained

under different shear protocols, we use the Péclet number

Pe ¼ _γτB, where τB is the Brownian time defined in terms

of the self-diffusion coefficient at infinite dilution. With

this definition Péclet numbers vary in the range 10−5 ≲

Pe≲ 10−1 (see Ref. [47]). The experimental shear rate is

_γ ¼ γ0ω, with γ0 the strain amplitude and ω the frequency.

In both experiments and simulations we also calculate the

degree of order parameter (DOO) which captures the

increase of the intensity in the diffraction patterns asso-

ciated with the growth of crystalline order in the system.

More details are provided in Ref. [47].

For the investigated packing fractions, the system at rest

is a metastable liquid or glass as revealed by linear

viscoelastic measurements (see Fig. S1 of Ref. [47]),

reflecting the proximity of the studied state points to the

fluid-crystal (fcc) boundary predicted theoretically [9,11].

In all cases the samples were sheared at rates corresponding

to the solidlike region of the linear viscoelastic spectrum

(Fig. S1 of Ref. [47]). To monitor the crystallization

process, we report in Fig. 2 the DOO for the amorphous

structure (fluid or glass) to crystal transition observed in

[Fig. 2(a)] experiments and [Fig. 2(b)] simulations,

(b)(a)

FIG. 1. (a) Theoretical state diagram of star polymers [9,14] in

the ðf; ηÞ plane. State points investigated in this work are marked

with symbols. (b) Schematic illustration of the rheo-SANS

experiments and measured diffraction patterns in the radial

and tangential plane. See text for details.
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showing the same qualitative trends: (i) there is an

induction time for crystallization to occur; (ii) at the same

star packing fraction crystallization is faster and more

pronounced with increasing Pe; (iii) under the same

shear conditions, an increase of η facilitates and speeds

up crystallization. These features are also evident in

Fig. 2(c), where the crystallization time tX is reported as

a function of Pe for different values of η. It is also found

experimentally that frequency has a stronger influence on

the DOO [Fig. 2(a)], and thus on the nucleation time, with

respect to strain amplitude. These results confirm earlier

results for hard sphere systems [18,21,22,58,59], sug-

gesting that in general large enough shear rates are needed

in order to induce crystallization. Some quantitative

differences between simulations and experiments (the

former being more sensitive to shear rate) are attributed

to the different protocols used.

The calculation of bond order parameters [54,56] in

simulations reveals that the fluid-to-crystal transition in

most cases, and always for large enough Pe, gives rise to

a fcc-like crystal (see Fig. S2 of Ref. [47]). While for very

low values of Pe (Pe≲ 10−3) no crystallization takes place,

for intermediate values of _γ we observe a two-step process: at

first a transition occurs from the fluid to a bcc-like crystal,

later followed by a second transition to a fcc- or hcp-like

crystal. Both transitions are accompanied by clear disconti-

nuities in the energy of the system (Fig. S3 of Ref. [47]). A

crystal-to-crystal transition is found for 0.159 ≤ η ≤ 0.167

at sufficiently small Pe. On decreasing the packing fraction

the crystal-to-crystal transition is observed by increasing Pe.

Such a behavior is also found in experiments at η ¼
0.167 upon continuous application of strain amplitude from

0.1% to 300% (within 600 s) with a frequencyω ¼ 5 rad=s,
as reported in Fig. 3(a): a transition from amorphous glass-

to-crystal takes place at Pe ∼ 1.4 × 10−4 (γ0 ¼ 0.5%),

followed by a crystal-to-crystal transition at strain ampli-

tudes higher than 120% (Pe≳ 3.3 × 10−2), well above

rheological yielding. A crystal-to-crystal transition was

only observed for ω ¼ 5 rad=s and not for larger frequen-

cies, suggesting that not too high shear rates are required to

induce the first transition to an intermediate crystal struc-

ture. Although it is not straightforward to compare param-

eters obtained with different shear protocols, these findings

are in qualitative agreement with simulations.

From the radial rheo-SANS diffraction patterns shown in

Fig. 3(a) we can speculate that a transition takes place

between two hexagonal ordered structures oriented along

different directions. To verify this interpretation, we rely on

numerical simulations and calculate diffraction patterns

from the particle coordinates [60]. In Figs. 3(b1) and 3(b2)

we report the diffraction patterns in the radial direction of

the first and second crystal, respectively. The numerical

results are again in good agreement with the experimental

SANS patterns [Fig 3(a)], despite the difference in the used

shear protocol. To visualize the two (fluid-to-crystal and

crystal-to-crystal) transitions, movies of simulations are

presented in Ref. [47], while snapshots of the two crystal

structures in the tangential plane are reported in Figs. 3(c1)

and 3(c2). After completing the first step [Fig. 3(b1)], the

crystal is organized into two different layers oriented

orthogonally both to the vorticity and to the velocity

gradient directions due to the bcc geometry, while after

the second step the layers reorganize and become orthogo-

nal with respect to the gradient direction only [Fig. 3(b2)].

These features are clearly evidenced by looking at the

calculated density profiles along different directions,

respectively, for bcc [Fig. 3(d1)] and fcc or hcp particles

[Fig. 3(d2)]. We observe oscillations in the density in both

the velocity-gradient and vorticity directions after the first

step. However, after the second step, a flat profile is observed

for the vorticity axis, while oscillations survive in the ∇⃗ v⃗

direction. The layers of fcc particles are only orthogonal to

∇⃗ v⃗ at all times. Figure 3(d2) also shows that an enhance-

ment of oscillations along the ∇⃗ v⃗ axis after the second step

for fcc-ordered particles is associated with a decrease of the

same oscillation for bcc-ordered ones. These features clearly

indicate that the formation of a bcc lattice is responsible for

the peculiar structure observed in the first step. Indeed, the

layering orthogonal to the vorticity is completely lost once

these particles reorganize into an fcc lattice, giving rise to the

layers commonly observed in other shear-induced experi-

ments [29,34,42,58].

To connect our findings with previous observations of

crystal-to-crystal transformations, we investigate whether
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in our system there is evidence of intermediate melting, at

least locally, which could help the (re)organization into a

different lattice. To this aim we monitor the fraction of

particles of each species (liquid, fcc, bcc, hcp) during the

second step, finding that melting does not occur during the

bcc- to fcc-like transition (see Fig. S4 of Ref. [47]). This

constitutes a striking difference with respect to the case of

thermoresponsive microgels studied in Ref. [40] and may

be attributed in part to the different protocol used in that

work, where the transition was induced by varying the

temperature, rather than by shear. On the other hand,

Refs. [29,43] reported intermediate melting in the presence

of shear, without notable soft particle deformation. For the

star polymers under shear studied in the present work, the

reorganization of the crystal lattice between two competing

structures occurs without intermediate melting even at the

local level. Instead, we observe a sudden change, i.e., a

“flipping,” between the bcc and fcc lattice, which provides

an alternative mechanism to realize a crystal-to-crystal

transition in this system. These findings are linked to the

peculiar nature of star polymers, which allows for a direct

transformation between two crystals, thanks to their ultra-

soft interactions. Indeed, according to the theoretical phase

diagram [Fig. 1(a)], for the studied state points the system is

approaching a glass transition but its underlying equilib-

rium state is the fcc crystal. Being dominated by Yukawa-

like repulsions at low packing fractions, the free energy

difference between the fcc and bcc structure is very small

[61]. Thus, the competition between these two crystalline

structures, which is influenced by Pe, determines the final

state of the sheared system. Based on our results we suggest

that at high enough Pe the system experiences a fluid-to-

crystal transition directly into the fcc crystal due to the large

rearrangements induced by shear. On the other hand, at

lower Pe shearing is not strong enough and the system is

only able to complete the crystallization process in two steps,

by first attaining an intermediate (metastable) bcc-like state

and then reaching a state comprising a mixture of bcc and fcc

structures. This is confirmed by the fact that at even lower Pe

crystallization is not observed, whereas the threshold value

of Pe to achieve a two-step crystallization increases with

decreasing packing fraction. Importantly, once the second

step is reached, the crystal does not melt upon shear

cessation, but remains stable over time in both experiments

and simulations. We stress that the final structure with layers

parallel to the flow is in agreement with previous studies of

shear-induced crystallization [29,34,42,58]. However, the

intermediate structure occurring after the first step and the

mechanism behind the crystal-to-crystal transition are novel

features of the present study, which are attributed to the

ultrasoftness of colloidal star polymers.

In summary, the application of shear induces crystalliza-

tion of ultrasoft star polymer suspensions at packing

fractions in the vicinity of the glass line. The good agreement

between experiments and simulations, despite the different

shear protocol used, strongly supports the generality of the

results. In most cases, a fluid-to-crystal transition under shear

is found, which is facilitated by increasing Pe and increasing

the packing fraction. However, for 0.159 ≤ η ≤ 0.167 there

exists an intermediate range of Pe where stars undergo a

distinct crystal-to-crystal transition. The transition consists

of a transformation from a bcc-dominated to an fcc-domi-

nated crystal, which occurs via a flipping of the crystal

structure and not by an intermediate melting, differently

from previous studies. Our results indicate that the combi-

nation of shear and softness is important for shedding light

on the fundamental physics underlying phase transitions, as

well as tailoring the organization of soft materials with
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desired properties. To this end, the tunable softness of star

polymers is very valuable and future directions will include

the control and manipulation of crystal-to-crystal transitions

in different regions of the phase diagram, changing both

functionality and packing fractions.
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