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The ability of water in oil (w/o) emulsions stabilized with
nonionic surfactants to undergo a phase inversion to oil in water
(o/w) emulsions on cooling is well-known. We exploit this effect
and, by using surfactants that promote nucleation, achieve highly
anomalous crystallization behavior. In particular, crystallization can
be inhibited at the phase-inversion temperature (PIT), allowing
systems held at, or near, this temperature to undergo crystallization
either on heating or cooling. This new phenomenon is demonstrated
for 27.4 wt % aqueous glycine solutions emulsified in 90 wt %
decane using Span 20 Tween 20 blends (see Figure 1). On cooling
from ambient at I°C min-%, the original w/o emulsion inverts at
~7 °C for a 5 wt %total surfactant concentration, comprised of
5% Tween 20 and 95% Span 20. The micrometgred aqueous
droplets disappear at the PIT, and a more mottled texture develops

(see Figure 1b) as the ultralow droplet interfacial tension charac- Figure 1. Optical micrographs through crossed polarizers of 27.4 wt %

teristic of the PIT results in a large increase in the—oihter glycine solutio_ns in Tween 20:Span 20 (5:!_95) 90 wt % Qecane emulsions:
. . ) . (a) w/o emulsion aff = 24 °C; (b) on cooling at 1°C/min, the system
interfacial area through the continuous formation of numerous small gtarts to invert at = 7 °C. (c) On further cooling to 5C, glycine crystals

(tens of nanometers), transient self-assembled structures. Aftergrow in the o/w emulsion, and (d) on heating af@min, the system
holding at 7°C for 1 min, the system has fully inverted to an o/w reinverts, and glycine begins to crystallizes in the w/o droplets on holding

emulsion. On further cooling to 3C at 1 °C min™%, glycine at24°C.

crystallization begins in the continuous aqueous phase to give S 50

elongat_edﬁ-phase crystals, _Wlth the pqumorphlc fqrm being g 04 3

determined by X-ray diffraction. On heating this colloidal slurry Sg 4l Y

of crystals and w/o emulsion droplets to 10 at 1°C min~* and s& » {

leaving for 1 min, the system reinverts to a w/o emulsion, and on SET LI

further heating, crystallization starts again on holding at@4or g 10 — ,.I

5 min, this time producing spherical aggregateg-phase glycine 5 ° 45 6 7 8 910 1112

crystals confined within the regenerated aqueous droplets. Analo- Temperature / ‘C

gous results are obtained for Tween 20 Span 20 blends containingrigure 2. Graph of crystallization induction time, versus temperature
1 and 10% Tween 20, for decane fractions>dd.6. for 27.4 wt % glycine solutions in Tween 20:Span 20 (1:99) 90 wt % decane

In both the o/w and w/o systems, the nucleation is induced at emulsions, showing the maximum in induction time at/near the PIT. Indeed,

. . even at 24C, v is below the value at the PIT, despite the°Gstemperature
the droplet interface by the surfactants, as crystals can S'Ome’[lmeﬁncrease. For emulsions with an increased proportion (5 or 10%) of the

be seen growing rapidly from this interface, and the occurrence of Tween 20 nucleator, the induction times are reduced; however, a maximum
the f-phase, rather than the expecteghase, is consistent with  induction time is still always observed at/near the PIT.
previous studies on glycine crystallization in w/o emulsions fctuation produces a large variation 7 is the sum of two
stabilized with nonionic surfactantdndeed, even though the Span  main time periods: (i) the nucleation time and (ii) the time required
20 is a weakerp-phase nucleator than Tween 20, it is still for crystal growth of the nuclei to detectable dimensions. For a
sufficiently adept to hinder the crystallization of the and rate-limiting nucleation step; = N/J, whereJ is the nucleation
a-polymorphs by doping Span 20 emulsions with the cosurfactants rate andN is the number of particles per unit volume required for
AOT and a-aminohexadecanoic acid that promote these phases, detection of the solid phase, which can be taken as a constant for
respectively. However, significant amountsoephase crystals are  a given detection technique. The assumption of a rate-limiting nu-
obtained from Span 20 emulsions containing 13.9 wt % aqueous cleation step is justified in our systems since the observable crystal
glycine solutions by adding 5% acetic acid. Crucially, though, growth proceeds rapidly after the induction period in both the o/w
crystallization inhibition is still observed at the new PIT-e0 °C. and w/o emulsions; for instance, crystallization within an aqueous
The inhibitory effect on interfacial crystallization at/near the PIT  droplet is always completed within 2¢4ence, the maximum in
can readily be shown by holding the systems at different temper- obtained at/near the PIT clearly demonstrates the new phenomenon
atures and comparing the induction timeshefore crystallization of minimal interfacial nucleation in the vicinity of the PIT.
is observed. This is shown in Figure 2 for the Tween 20:Span 20 These findings are unprecedented. An extremely rapid rise in
(1:99) system. At/near the PIT,~ 40 min, while at temperatures  the nucleation rate], and hence rapid reduction i is expected
flanking thist falls steeply, and this is the origin of the large error on cooling glycine solutions, owing to the associated increase in
bars on the associated data points since any small temperaturesupersaturationu, the driving force for crystallizatio®.This is
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Figure 3. (@) Scanning electron micrographs showing (a) the unusual
morphology of glycine crystals grown at the phase inversion for a Tween

50 {m e— (D)

temperature range, particularly since the PIT and maxinpgm
values are readily varied by using different oil and surfactant blends.
Moreover, this strategy may provide a generic method of controlling
w/o emulsion nucleation rates, provided the inhibition mechanism
is operative on doping the systems with cosurfactants that direct
the nucleation to the required polymorph and morpholf§dsurther
studies investigating this aspect are in progress for a range of dif-
ferent crystallizing materials. In addition, the intriguing recent
finding!! that water-oil interfacial tensions can decrease on cooling
to ~0 mN nrtin the presence of ionic surfactants, provided the

20:Span 20 (1:99) system, and (b) the spherical aggregate morphology growngj| surface freezes, suggests that tunable nucleation rates may also

at higher temperatures from the w/o emulsions.

shown by classical nucleation thedrwhich predicts] to increase
by a factor of~10%° between 24 and 8 instead of the observed
decrease, since

30 expl=f(0)ygy-af Aut’]

where 6 is the contact angle between the critical nucleus and
nucleating substrateprmally considered a constant for a particular
system,f(6) = (2 — 3 co% 6 + cos 0)/4, and yqy—aq iS the
interfacial tension between the glycine critical nucleus and the
aqueous medium.

The origin of this highly anomalous behavior is the low droplet
interfacial tensiony,w, that occurs at the PIT, which produces a
substantially greater contact angt®, between the interface and
glycine nucleus, as shown by Young’s equation:

CcoSO =y, — Vglyfsur/ygl)/*aq

This increases the activation energy for nucleatidGy,., as

3 2
AG:;et: 167";7/glyfaqvm2f(0)/ [3(kTAﬂ) ]
where Vy, is the glycine crystal molecular volume. Hence, the
nucleation rate), is dramatically decreased according to

J 0 exp(—AG;/kT)

By using classical nucleation theory and inputting values of
Yaly—aqg = 35 MN nTt®andye, = 22 mN nTt at 24°C;” we can
estimaté the contact angle to increase from61 to 97; this
explains the highly anomalous crystallization kinetics observed.
Furthermore, for very low,,, values, the droplets can deform/
disappear with very little energy cost, which may result in insuf-
ficient time for a stable nucleus to form before the transitory
interface is disrupted. This kinetic effect will only function in the
immediate vicinity of the phase inversion, whetg, is sufficiently
low, if the interface relaxation time is less than the time scale re-
quired for nucleation. In contrast, the raising of the contact angle,
6, occurs continuously on cooling to the PIT and will produce nu-
cleation inhibition, provided this effect outweighs that of the con-
comitant supersaturation increddeamediately below the P1Tyqy
increases, and so there is a rapid reduction in the induction time,
as shown in Figure 2. Consequently, the minimal interfacial nu-

cleation temperature would always be expected to be at, or just

above, the PIT.
The crystals that eventually develop at/close to the PIT have an

unusual morphology, consisting of spherical needle aggregates with
some elongated crystal offshoots (see Figure 3). This aspect is

considered in more detail in the Supporting Information.

The strategy of using w/o emulsions stabilized with nonionic
surfactants to induce interfacial nucleation provides a relatively
simple, tunable method of controlling nucleation rates over a wide

be possible using these systems.

In conclusion, we demonstrate the phenomenon of minimal
interfacial nucleation in phase-inverting systems for the first time
and show that the minimal interfacial nucleation temperature is
expected to be at, or just above, the PIT. The morphology of crystals
grown at/near the PIT is also unusual. This methodology provides
considerable control over nucleation rates and may offer a paradigm
shift in controlled crystallization strategies through the use of
tunable contact-angle nucleators.
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