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ABSTRACT
Control over the nucleation of new phases is highly desirable but elusive. Even though there is a long history of
crystallization engineering by varying physicochemical parameters, controlling which polymorph crystallizes or whether
a molecule crystallizes or forms an amorphous precipitate is still a black art. Although there are now numerous examples
of control using laser-induced nucleation, a physical understanding is absent and preventing progress. We will show that
concentration fluctuations in the neighborhood of a liquid-liquid critical point can be harnessed by an optical-tweezing
potential to induce concentration gradients. A simple theoretical model shows that the stored electromagnetic energy of
the laser beam produces a free-energy potential that forces phase separation or triggers the nucleation of a new phase.
Experiments in liquid mixtures using a low-power laser diode confirm the effect. Phase separation and nucleation through
an optical-tweezing potential explains the physics behind non-photochemical laser-induced nucleation and suggests new
ways of manipulating matter.
Keywords: nucleation, critical fluctuations, optical tweezers, phase separation, control, crystallization, liquids, critical
point

1. INTRODUCTION
In the late 1990s and early 2000s, it was shown that a nanosecond laser can be used to induce nucleation of crystals in a
supersaturated solution through a non-photochemical process. 1 Most excitingly, it was reported that the laser polarization
could be used to control which polymorph would nucleate, promising an unprecedented degree of control. 2, 3 Subsequent
work showed that laser pulses can induce nucleation of various crystals, 4-8 liquid crystals, 9, 10 and bubbles. 11 However,
these nanosecond-laser nucleation experiments defied all explanation. 12-14
A series of publications has shown that optical tweezing can be used to nucleate crystals from super-saturated 15-18 and
strangely even from under-saturated solutions. 19 Optical tweezing is a technique used widely in physics and biology and
involves the trapping of a high-refractive-index particle through optical forces. 20 Thus, it was assumed that in these
experiments the laser was tweezing pre-existing clusters or pre-nuclei. 16 However, these optical tweezing nucleation
experiments were only shown to work on a liquid–gas interface. This strongly suggest that heating, evaporation,
convection, and Marangoni effects play critical roles, 21 which would also explain why the method works in undersaturated solutions. These experiments also demonstrated polymorph selection. 15, 19 As in the case of non-photochemical
laser-induced nucleation, no sensible theory is available to describe the physics of these results. Thus, it is fair to say that
a physical understanding of all of these phenomena is still sorely lacking.
A possible explanation for these laser-induced nucleation experiments might come from thermodynamics. According to
classical Gibbs nucleation theory, nucleation is impeded by the fact that a growing nucleus has an energeticallyunfavorable interface that results in a barrier on the way to the crystalline state. 22, 23 This means that in a supersaturated
solution or supercooled liquid, the crystal is the thermodynamically most stable state but—in the absence of heterogeneous
nucleation sites—can only be accessed through random fluctuations leading to a nucleus exceeding a critical size. A
number of recent experiments have called into question the validity of classical Gibbs nucleation theory and invoked the
presence of so-called pre-nucleation clusters. 24-26 Although there have been experimental studies reporting pre-nucleation
clusters, 27, 28 they are still considered controversial. 29, 30
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However, a paper by Frenkel on protein crystallization showed that nucleation is sped up, not simply by increasing the
concentration, but by choosing a concentration that is near a (hidden) liquid–liquid demixing critical point. 31-33 This is
because critical concentration fluctuations give rise to liquidlike protein droplets that increase the probability of the
formation of a critical nucleus. The metastable critical point idea found some traction in the chemical engineering
community where it was related to the phenomenon of “oiling out” without too much detailed theoretical analysis. 23, 34, 35
Could liquid–liquid phase separation, oiling out, pre-nucleation clusters, and laser-induced nucleation all be aspects of the
same phenomenon? 26, 36, 37
On approaching a liquid-liquid demixing critical point, concentration fluctuations increase. As a result, it should be easier
for an external “force”, such as optical tweezing, to manipulate the concentration locally. 38-40 Optical tweezing normally
involves the trapping of a high-refractive-index particle by the small forces exerted by a focused laser beam. However, a
alternative view of nucleation is like a reaction where the supersaturated solution is the reactant state and the crystal
(nucleus) the product state. Switching on an optical-tweezing laser will lower the free energy of the product state (even if
the crystal nucleus does not exist yet), will therefore increase the driving force and lower the barrier for the nucleation
process, and increase the “reaction rate”. This simple but novel idea was first tested by us on liquid mixtures 41 and is
discussed further here.
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Figure 1. Principle of laser-induced phase separation (LIPS). (a) The presence of a laser in a liquid mixture near a liquid–
liquid critical point creates an optical trap for the high refractive-index liquid. 41 (inset) This creates a high-index-liquidenriched region in the beam, surrounded by a depleted region. (b) When LIPS takes place under the right conditions, it causes
nucleation of a new phase. 41

A simple model of a liquid mixture based on the regular solution model 42 including an extra term representing the stored
electromagnetic energy of a tweezing laser, shows that the concentration-dependent free energy is indeed more easily
perturbed near a critical point (Figure 1). 41 Experiments were carried out on nitrobenzene–decane mixtures using a simple
diode laser that showed that the optical tweezer can pull (high refractive index) nitrobenzene out of the mixture in a process
named laser-induced phase separation (LIPS). 41 Near the liquid–liquid binodal the laser can trigger the formation of phase
separated droplets through LIPS and nucleation.
Thus, LIPS effectively harnesses critical concentration fluctuations to drive the system towards the phase separated state.
It can explain all the laser-induced nucleation experiments even in the absence of an obvious critical point (that is, it may
be hidden in a metastable region such as below the liquidus).

2. RESULTS AND DISCUSSION
The phase transition considered here occurs when two liquids are miscible at high temperature but separate into two phases
when the temperature is lowered (that is, it has an upper consolute point). The free energy of such a system can be described
by the regular solution model, 42 which is a simple but surprisingly comprehensive physical description of the mixing and
demixing of two liquids. 41 The red curves in Figure 2 show the change in free energy when the mole fraction is changed
in a small sub-volume in the sample. When a laser is focused into the small sub-volume, an additional energy term -n2I
(where n is the refractive index and I the laser intensity) must be added representing the total stored electromagnetic energy,
which gives rise to an optical-tweezing potential 20 that will tend to pull in the liquid with the highest refractive index.
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The blue and green curves in Figure 2 show the predicted effect of the additional optical-tweezing term. In the mixed
regime, this will give rise to laser-induced phase separation (LIPS), while in the metastable regime, the laser can trigger
nucleation. Our calculations predict that these effects would occur at very reasonable laser powers of 10-100 mW. 41
Simulations show that the high refractive-index liquid is drawn into the laser volume at a rate limited by diffusion leaving
behind a depleted volume that slowly fills up by diffusion from the rest of the sample.
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Figure 2. Summary of the laser-induced phase separation (LIPS) and laser-induced nucleation experiments. (a) A plot
of the change in free energy DF in a liquid mixture of mole fraction x0 when the mole fraction is changed to xlaser in a small
volume. Here the initial mole fraction is x0 = 0.5, the laser intensity is increased from red to blue to green. When the laser
power is increased, the minimum in the free-energy potential shifts to higher mole fraction causing phase separation. (b) As
in (a) but with initial mole fraction x0 = 0.3 and for a metastable mixture. When the laser is off, a free-energy barrier prevents
the system from phase separating. At high laser power the barrier disappears, causing the system to transition from metastable
to unstable.

Experiments were carried out on nitrobenzene–decane, aniline–cyclohexane, nitromethane–octanol, and phenol–decane
mixtures. All these mixtures have upper consolute temperatures near room temperature. Samples were held in a
cryogenically cooled stage mounted in a modified microscope, 26, 43, 44 which allowed a 785-nm (<200 mW) or 1047-nm
(<8 W) laser beam to be focused in the sample.
When a laser is focused in the fully mixed sample while it is being observed by phase-contrast microscopy, a bright spot
becomes visible (Figure 3). This shows that laser-induced phase separation (LIPS) takes place and that the fraction that is
separated out of the mixture has a higher refractive index as confirmed by fluorescence microscopy experiments. 41
Temperature dependent experiments show that LIPS strongly increases in strength on cooling as the binodal is approached
and concentration dependent experiments show that the effect maximizes near the liquid–liquid critical point.

Figure 3. Laser-induced phase separation (LIPS) in aniline–cyclohexane (left) and phenol-decane (right).
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Nucleation induced by LIPS could be demonstrated when the temperature was set on the binodal temperature for a given
mole-fraction x. When the laser is switched on, a LIPS droplet is seen in phase-contrast imaging (see Figure 4). Switching
the laser off triggers the nucleation of phase-separated droplets that ripen into a single droplet that slowly (minutes)
disappears again through remixing. This effect can be understood as the interplay of LIPS, diffusion, and heating. 41
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Figure 4. Laser-induced nucleation triggered via the LIPS effect in nitrobenzene–decane. (left) In the mixed regime near
a binodal, LIPS produces a droplet enriched in nitrobenzene. (middle) Switching off the laser triggers nucleation, followed
by Ostwald ripening. (right) As before but for longer LIPS period (120 s vs. 60 s).

3. CONCLUSIONS
Near phase-transition boundaries (liquid–gas, liquid–solid, liquid–liquid, etc.), concentration fluctuations will occur that
maximize near a critical point. We have shown that an optical-tweezing potential, only relying on the stored
electromagnetic energy in the laser focus, can control such fluctuations to enrich one component in a mixture or to trigger
the nucleation of a phase-separated droplet by placing the mixture below the binodal.
This effect is different from laser-induced photothermal phase separation, which relies on liquid mixtures with a lower
consolute boundary that is crossed through a trivial heating effect. 45-47 The LIPS effect is similar to but much larger than
the optically biased diffusion of molecules described previously, which is only significant for molecules excited on
resonance. 48 Since nearly all crystals have a higher refractive index than their corresponding solution, this effect can in
principle explain all previous laser-induced crystal-nucleation results.
The effect described here does not depend on the presence of pre-nucleation clusters 36 that can be trapped or tweezed by
the laser. 49 Instead, it creates an optical-tweezing potential that lowers the free energy of the phase-separated state
enhancing the probability for nucleation. This is a generic effect but will be enhanced near a liquid-liquid critical point.
Phase manipulation and nucleation can be induced with a straightforward low-power laser diode suggesting future practical
applications in the manipulation of matter.
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