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Transient Phase-Induced Nucleation in lonic Liquid Crystals and
Size-Frustrated Thickening
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The crystallization behavior of amphiphilic ionic imidazolium liquid crystals has been studied with in
situ small- and wide-angle X-ray scattering. We found that below the melting point four crystal phases
exist. Their relative stability is checked by investigating the mutual transitions and using a heating scan.
The following sequence is observed: triclinic extended bilayériclinic double bilayer> perpendicular
double bilayer. A transient phase with a low density, which may not be stable at any temperature, is
observed to serve as the nucleation mechanism for all three phases. The large size of the transient crystals
is found to frustrate the layer thickening, which occurs from the double bilayer to extended bilayer
transition. The competition between the thermodynamic driving force and the imposed constraints leads
to the formation of wrinkles. The influence of water on the crystallization behavior is demonstrated to
be indirect, which reduces the size of the crystals.

Introduction

increasing the alkyl tail up to 12 carbons, a smectic liquid
crystal (or lamellar) phase can be obtaif&th. There is

Upon' cooling materlals from the melt, during crystal - .ngjgerable interest in the structural features of ionic liquid
nucleation a transient phase can occur that converts to thecrystals, for example, as oriented solvents or reactants, as

stable form during the later stages of growti.Not only  yompiates for the synthesis of mesoporous and zeolitic
are such transient phases intermediate states on route to thg, 5iarials. and in the formation of ordered thin films (see

final structure, but they also can be a key to the understandingref 16 and references therein). By analogy to the simple
of crystallization. The occurrence of a transient phase not n-alkanes, ionic liquid crystals can be a model system to
only can change the crystallization process, but may also g4y crystallization from an oriented liquid” 2 Crystal-
result in various different final structures and morphologies. lization from a smectic liquid crystal state with prealigned
However, transient states are intrinsically difficult to observe, molecules certainly has the required nucleation rate, while

and their study has been limited. In contrast to normal 10ng- {1« imidazolium headgroup may slow the transition from a

lived metastable states, there is no temperature at which themetastable to a stable state. Studies on this model system
transient phase will remain present indefinitely. To investi-

gate the transient states, computer simul&ticand time-

resolved techniques, such as synchrotron radiation, are
employed. For instance, with time-resolved synchrotron
X-ray scattering, a transient metastable rotator phase is

observed during the crystallization of hexadecane.

1-Alkyl-3-methylimidazolium salts are examples of room-

are expected to shed light on the phase behavior of fibfds
and the ongoing debate about preordering during polymer
crystallization?3-26

It was reported that liquid crystal 1-alkyl-3-methylimida-
zolium salts can crystallize into two different structures with
a layer spacing ratio of about'2.16.27.28Both structures have

temperature ionic liquids, which have some excellent proper- (11) Xu. W.; Angell, C. A.SgIgnge?003 302, 422-425.
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Phase-Induced Nucleation in lonic Liquid Crystals

a triclinic unit cell. The different layer spacings were
explained on the basis of structures comprising either a
double bilayer with interdigitated alkyl chains or an extended
bilayer in which the alkyl chains are packed end-to-end. This
was attributed to hydrogen bonding bridged by water
molecules between adjacent layé&t$lowever, direct evi-
dence for this especially during the formation process is still
absent. It is worth noting that the observation of different
characteristic layer spacings is quite general in lipids and
other amphiphilic molecules. Skin lipids (ceramides) crystal-
lize in structures with layer spacings of about 6 and 13
nm2%3% which result in different skin barriers. The under-
standing of the origin of the different layer spacings of
1-alkyl-3-methylimidazolium salts can be extended to other
amphiphilic molecules, which show similar structural fea-
tures??

In this work, we apply time-resolved X-ray scattering to
study the crystallization process of hexadecyl-3-methylim-
idazolium chloride ([G-mim]CI) and octadecyl-3-methylim-
idazolium chloride ([Ge-mim]Cl). Transient phases are
observed during nucleation to the final stable state. The
presence of water and frustration are found to be the major
factors for the formation of the different layer spacings.
Contrary to the idea of hydrogen bonding bridged by water,
the presence of water favors the formation of larger layer
spacings rather than preventing layer thickening.

Experimental Section

Materials. The [Cemim]Cl and [Ggmim]Cl materials (ca.
100%) were purchased from Acros and used after being dried in a
vacuum at 70C for 24 h. Materials with different water concen-
trations were obtained by exposing the samples to normal air for
different periods of time. The resulting water concentration was
measured by thermogravitometric analysis (TGA). The simplified
phase diagram is about K 66 Sm-A 222 | for;§@nim]Cl and K
72 Sm-A 222 | for [Gg-mim]Cl.14-16:27.28|n fact, as we show in
this work, four different crystal modifications can occur below the
melting point.

Characterization. Simultaneous WAXS and SAXS measure-
ments were made using an in-house setup with a rotating anod
X-ray generator (Rigaku RU-300H, 18 kW) equipped with two
parabolic multilayer mirrors (Bruker, Karsruhe), giving a highly
parallel beam of monochromatic Cwkadiation ¢ = 0.154 nm)
with a divergence of about 0.012The X-ray flux of this
arrangement is an order of magnitude larger than for conventional
pinhole collimation in combination with a nickel filter. The beam
size was defined by two sets of slit pinholes, while a guard slit
pinhole was placed in front of the sample to cut parasitic scattering
from the beam-defining slits and the mirrors. The SAXS intensity
was collected with a two-dimensional (2-D) gas-filled wire detector
(Bruker Hi-star). A semitransparent beamstop in front of the area
detector allowed us to monitor the intensity of the direct beam.
The WAXS intensity was recorded by a linear position-sensitive
detector (PSD-50M, M. Braun, Germany), which could be rotated
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A. R.; Lo Celso, F.; Triolo, A aiitabdadgr 2003 15, 3089-3097.
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Figure 1. (a) Integrated one-dimensional SAXS patterns and (b) corre-
sponding WAXS patterns of the jemim]Cl sample (1.9 wt % water)
during isothermal crystallization at 2. The numbers in the figure indicate
the crystallization time in seconds.

around the beam path to measure in either the meridional or the
equatorial direction. The SAXS and WAXS intensities were
normalized to the intensity of the direct beam attenuated by the
semitransparent beamstop and plotted,wshereq = 4sx(sin 6)/1

and @ is the scattering angle. A Linkam CSS450 temperature-
controlled shear system was employed as the sample stage. Samples
were tightly sealed in a nylon washer with Kapton windows. During
the experiments, the samples were first heated to the smectic phase
at 80°C and then cooled to the predetermined temperatures for
isothermal crystallization. Specific experimental procedures were
applied on some samples, which are described in the Results.
Because the phase behaviors of@im]Cl and [Gg-mim]Cl are
rather similar, in many cases we only present the results from one
of them.

Results

Figure 1a shows a series of representative integrated one-
dimensional SAXS curves (from 2-D patterns) of &im]-
Cl during isothermal crystallization at 5Z. This specific
choice of temperature was found to be the optimum for
observing the transient phase. The corresponding one-
dimensional WAXS patterns are displayed in Figure 1b. The
crystallization starts from an ordered smectic phase, which
has a scattering peak corresponding to a periodicity of 3.78
nm at 52°C. About 120 s after the crystallization temperature
is reached, crystals with a periodicity of 3.64 nm appear,
which give rise to sharp scattering points in the SAXS
patterns. This transient phase also shows peaks in the WAXS
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(002) The transition from the metastable transient phase is also
demonstrated by the appearance and disappearance of its
WAXS peaks (see Figure 2b). The integrated SAXS intensity
gives further evidence of the transition of smectic liquid
crystak-transient metastable crystatable crystal (see
Figure 2c), which increases for the transient phase and
decreases for the final stable crystals. This process nicely
coincides with the peak positions of the three phases in SAXS
patterns (Figure 2a). The SAXS patterns in both Figures 1a
and 2a show scattering peaks at the (002) position, which
have much higher intensity than that of a normal higher order
. : d 4 : : peak. Evidently, these scattering peaks are composed of a
06 08 12 15 18 21 (0071) peak from crystals with a double bilayer structure and

q (nm-1) the (002) peak from the extended bilayer crystals. This is
also confirmed by the peak width as it is found that the (002)
b peak is much sharper than (001). The transient phases of

1800 both ionic salts are also observed at other temperatures (small

supercooling) and during a nonisothermal crystallization with
a small cooling rate.

During the crystallization process, large size transient
L crystals are formed, as indicated by the very sharp scattering
/ " i peaks (instead of a homogeneous ring) in the 2-D SAXS
Rt patterns’® The nucleation of the final triclinic bilayers first
occurs from these large crystals, while the large crystals can
- Y . 0 also persist and do not transform to the extended bilayers.
12 14 16 18 Figure 3a shows a 2-D SAXS pattern of a crystallizegs{C

q (nm-1) mim]CIl sample, which reveals the coexistence of the triclinic
1.0+ . - i i and double bilayers where the large size of the crystals
‘M\/t"ans'e"t phase frustrates the required thickening. A strong off-speckle
0.8 scattering (streaks in thggdirection) accompanies the sharp

\ scattering peaks, which leads to a significant contribution

I{q) (arb. unit)

I(q) (arb. unit)

O

to the tail of the peak without influencing the width. Figure
&£ LW 3c shows the integrated one-dimensional SAXS pattern of
0.4 smectic phase“\‘ s these peaks. The integrated azimuthal angle range is il-
' S lustrated in Figure 3b by the fan sector. To obtain a single
Adiasag,, orientation scattering, the isotropic scattering pattern is
0.2 : . . . . employed as the background profile. A good fitting is
0 400 3800 1200 1600 achieved with a Lorentzian function rather than with a
crystallization time (s) Gaussian function (solid and dashedbtted lines in Figure

Figure 2. (a) Integrated one-dimensional SAXS patterns and (b) corre- 3c, respectlvely), while the peak is sharp an.d gives a
sponding WAXS patterns of [Gmim]Cl sample (1.8 wt % water) during ~ COITelation length on the order of 100 nm. Line shape
isothermal crystallization at 60C. The numbers in the figure indicate the  analysig?>~3° gives a value of-1.65 for the asymptotic slope
crystallization time in seconds. (c) Integrated SAXS intensity vs crystal- for the extended bilayer, while 2.6 is found for the double

izmtion time.
ization time bilayer (see Figure 3d).

patterns (see Figure 1b). Upon increasing the crystallization ~The influence of water on the crystallization behavior is
time, this transient phase transforms into a different crystal Presented in Figure 4 showing SAXS patterns of{@im]-
state. These stable crystals have a larger layer periodicity ofCl obtained during crystallization at S& at various water
5.72 nm and a completely different set of WAXS reflection concentrations. With a water concentration of 1.9 wt %, the
peaks, which have triclinic symmetry and are denoted as Sa@me transition process at 52 is observed (Figure 4a). A
triclinic extended bilayers. We designate the transient phasehigher water concentration leads to a faster transition process
as rotator double bilayers on the basis of their layer spacing (Figure 4b), while a lower water concentration completely
and similarity ton-alkanes and nonadecylcyclohexa&re.

The SAXS and WAXS patterns of {emim]Cl during a (52 Jhe 1 Ime SAxS pattens Gauernant noie) sifeinc
crystallization process at 6 are displayed in parts a and Information. ) '
b, respectively, of Figure 2. Similar to that of f@mim]Cl, (32) SS&?;—,%?JZQ?WVS"”' B. I; Shalaginov, A. isesidasitiegs.
the crystallization starts with a layer spacing (3.97 nm) (s33) cailie, A.C. R. Acad. Sci. Pari¢972 B274 891-893.
slightly smaller than that of the original smectic phase (4.10 (34) rfgsalnseg_,g/iel\g-: Ostrovsky, B. I.; de Jeu, W. Sikifeibiiet 1991
nm), while the structure with larger spacing (6.20 nm) (35) Wong, G. C. L.; de Jeu, W. H.; Shao, H.: Liang, K. S.; Zentel, R.

develops after the initial formation of the transient phase. Nature 1997 389, 576-579.

(D) (arb. uni)
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Figure 3. (a) Two-dimensional SAXS pattern of a {£mim]Cl sample after isothermal crystallization at 80. (b) A quarter from (a) illustrating the
integrating azimuthal angle range, where points@\denote the scattering points from the triclinic extended bilayer and perpendicular and triclinic double
bilayers, respectively. (c) Integrated one-dimensional scattering pattern at point A in (b) within the azimuthal angle range indicated inqbblgd) D
logarithmic plot of intensityl vs q — qi of peaks at points A and B in (b).

suppresses the transition to triclinic crystals with a larger or mim]Cl sample initially with triclinic extended bilayers alone
smaller spacing (Figure 4c). Alternatively, here the final state at different temperatures during a heating scan, while SAXS
has a slightly smaller layering (3.54 nm) than that of the patterns of the [G-mim]Cl sample originally containing
transient state (3.69 nm). The corresponding WAXS patternstriclinic double bilayers are displayed in Figure 6b. During
of Figure 4c are shown in Figure 4d. Several small diffraction these processes, the samples keep their initial morphology
peaks appear at the beginning of crystallization and disappeaand structure till melting into the smectic phase. The SAXS
after the transition; this is further confirmation of the presence and WAXS patterns of a crystallized {£mim]Cl with only
of the transient phase. We cannot deduce the formed crystathe perpendicular double bilayers during a step heating
structure on the basis of limited scattering peaks. Neverthe-process are given in parts ¢ and d, respectively, of Figure 6.
less, the layer spacing of 3.54 nm suggests that it is anThe X-ray scattering patterns reveal that a transition from
orthorhombic or monoclinic double bilayer structure with the perpendicular double bilayers to the triclinic extended
interdigitated alkyl chains (nearly) perpendicular to the layer bilayers occurs at a temperature aroundG5This transition
surface. For convenience, we denote this phase as perpendoes not occur if we start from a sample with triclinic bilayers
dicular double bilayers. (see Figure 6a,b).
In our experiments, it is rather difficult to obtain the

triclinic double bilayer structure with interdigitated alkyl Discussion

chains. Figure 5A displays a SAXS pattern of ad@im]-
Cl sample by a fast quenching from 8Q. The sample has
a low water concentration, as it was dried at D in a

g of about 2.25 and 1.77 nri respectively. Following a

melting point, the original crystal size is expected to be
preserved. Figure 5B shows the SAXS pattern of the as revealed by X-ray scattering obtained during the heating
crystallized sample following a slow cooling with a rate of scans. The triclinic extended bilayer structure is the most
1 °C/min from 80°C. At the end only the triclinic extended

bilayer structure is formed.

The above experimental results show the phase behavior
of these ionic liquid salts is far more complicated than just
a simple crystal to smectic transition. Four crystal phases
vacuum for 48 h. In this case, triclinic and perpendicular are observed: triclinic extended, triclinic double, perpen-
double bilayers are formed, which give scattering peaks at dicular double, and transient rotator double bilayers. In fact,
different sets of WAXS peaks were observed from the
slow cooling, only the latter is obtained. Another sample was transient phases, which suggests the rotator double bilayers
dried at 40°C in a vacuum for one week and contains 1.3 can have different packings. This is hardly a surprise because
wt % water. Because this temperature is far below the n-alkanes are known to have five rotator phases.

The four phases show different thermodynamic stabilities

stable phase, which has a melting point of abouf&5or

[Ciemim]Cl. The second most stable phase is the double
The thermodynamic stability is further studied by a heating bilayer structure with a melting point of about 82. The

scan. Figure 6a shows SAXS patterns of a crystallizeg [C  perpendicular double bilayer transforms to the triclinic
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Figure 4. SAXS patterns of [@-mim]Cl samples with different water

concentrations during isothermal crystallization at’&3 (a) 2.9 wt %,
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Figure 5. SAXS patterns of [@e-mim]Cl samples obtained through (A)
(0.5 wt % water) quenching and (B) (1.3 wt % water) slow cooling
(2 °C/min) from 80°C.

Evidently, the transient phase has a high molecular
mobility, and similar structures of the rotator phases of
n-alkanes are expected. This is indeed supported by the
observation of only a few diffraction peaks in WAXS (see
Figure 1b). In generalp-alkanes with similar molecular
lengths (Gs and Gg) have two rotator phases, Bnd R,
which show orthorhombic and hexagonal symmetry, respec-
tively.1® In these two rotator phases the alkyl chains are
perpendicular to the layer surface. The layer spacing of the
transient phase is slightly smaller than that of the smectic
phase. This suggests the alkyl chains in the smectic phase
are somewhat overstretched and the transient phase may have
a lower packing density of alkyl chains than that of the
smectic phase. The overstretching seems plausible if we
consider the abnormally high isotropization temperature
(Tiso = 222°C). The crystallization temperature is far below
this point. Following the idea of microphase separation in a
block copolymer, the alkyl chains are stretched further with
increasing supercooling\T = Tis, — Tk, WhereTk is the
crystallization temperatu@.Similarly, in our materials the
large smectic temperature range may result in the over-
stretching of the short alkyl chains. The low packing density
of the transient phase can be checked by measuring the
scattering intensity. Comparing the scattering intensities from
the smectic, transient, and final stable crystal phases, we find
that the transient phase gives the highest scattering intensities
(see Figure 2c). The imidazolium and chloride ions are
located at the interface of the smectic layers, which yields a
higher density than that of the alkyl chains (see Figure
7).1471627.28Dyring the smectic liquid crystalcrystal transi-
tion, the packing density of imidazolium and chloride ions
is not expected to vary significantly. Thus, the increase of
the scattering intensity reveals the decrease of the density
in the alkyl layers, because the scattering intensity is
proportional toAp? where Ap is the density difference
between the layer center and interfdédhis implies that
the alkyl layers in the transient phase have a density lower
than that of the smectic phase. This is in line with the rotator
| phase (R in puren-alkanes as well as for alcohols and
olefin derivatives, which show a negative linear compress-
ibility. 38

(36) Hamley, I. W.The Physics of Block Copolymefxford University

is the least stable phase. Finally, there is the transient phase,  Press: New York, 2000.

which appears at slight supercooling and which may be

thermodynamically unstable at any temperature.

37) Lindner, P., Zemb, Th., Edbleutrons, x-rays and light: scattering
methods applied to soft condensed matidsevier: Amsterdam, 2002.
(38) Sirota, E. B.; King, H. E., Jiggience1998 281, 143.
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Figure 6. SAXS patterns of amphiphilic salt crystals obtained during a
heating scan: (a) [&-mim]Cl with only the triclinic extended bilayer,
(b) [C16-mim]CI with only the triclinic double bilayer, and (c) with only

the perpendicular double bilayer. The numbers in the figure indicate the gjgn js r(;J.|ati\/(;’.|y small. In this case. the thermodynamic

temperature°C).
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of the ionic liquid crystals to the crystallization temperature,
the highly stretched alkyl chains easily adopt a crystal
structure with a high mobility, which is similar to the
behavior of the rotator phases wialkanes and nonadecyl-
cyclohexane. This transient phase has a short lifetime. The
transient phase has three possible destinatitimes triclinic
extended bilayer, perpendicular double bilayer, and triclinic
double bilayer. The metastability and chain mobility of the
transient phase are expected to promote the nucleation and
growth of three phases. However, only the former two are
usually obtained, while a fast cooling is required for the
formation of the triclinic double bilayers. This suggests that
the transient phase may not be the necessary pathway to the
formation of triclinic double bilayers. At the same crystal-
lization temperature, the thermodynamic driving force to the
extended bilayer is higher than that of the double bilayer on
the basis of its higher melting temperature. After nucleation
through the transient phase, a fast crystallization rate of the
extended bilayer is achieved due to the low nucleation barrier.
This consequently reduces the chance for growing the
triclinic double bilayers. In addition to the competition from
the extended bilayer, the perpendicular double bilayer is
another competitor. This phase has the advantage of a faster
kinetic pathway because the layer spacing is similar to that
of the transient phase. Having to compete with these two
phases, it is certainly difficult for the triclinic double bilayer

to catch the opportunity for growth. Only if the extended
bilayer is frustrated significantly by the large size of the
crystal (this will be discussed later) does the triclinic double
bilayer have a chance to grow (see Figures 2 and 3). During
a heating scan, the perpendicular double bilayer transforms
into the triclinic extended one; no transformations are
observed between the triclinic double and the perpendicular
double bilayers or the triclinic double and extended bilayers.

The crystallization starts from an ordered melt, with a
specific molecular orientation and layer spacing, which
assists subsequent crystallization. Kinetically, during the
formation of a crystal with a layer spacing comparable to
that of the smectic precursor, the molecules only need to
perform local conformational adjustment rather than a large-
scale motion. The sharp scattering points in the SAXS
patterns indicate a fast formation of large metastable
crystals®® The transition to the stable phase begins in these
large crystals, as the azimuthal angle position of both phases
is at the same place (see Figure 3). These large crystals are
also the last regions to transform into the stable triclinic
extended bilayerg.In some cases the large crystals transform
into the perpendicular double bilayer structure rather than
the triclinic extended one. The ultimate destination is
controlled by the size of the transient crystals. The layer
spacing of the triclinic extended bilayer is about 1.6 times
that of the transient phase. Therefore, a significant expansion
along the layer normal has to take place. When the crystals
are small and randomly oriented, as in the situation of the
normal powder diffraction, the pressure against this expan-

driving force is enough to overcome the resistance and the

The relative stability and transformations among these triclinic double bilayer is obtained (see Figures 1, 4a,b, and
phases are schematically shown in Figure 7. Upon cooling 5). Increasing the crystal size, the distance that the molecules
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Figure 7. Scheme describing the relative stability and mutual transitions of the smectic phase and the four crystal phases.

have to diffuse becomes too large and the pressure starts to RRRRRRRR P Vg
inhibit the transition from occurring. Instead, the alternative Eﬁ; Miiﬂﬂ % feyrr
structure-the perpendicular double layeis formed. We call IR Wi
this effect size frustration. bl it % 4
The choice of either the triclinic extended or the perpen- LS LU IR
dicular double bilayer is certainly not a simple yes or no g | W
situation. The triclinic extended bilayer is thermodynamically A m% or mm“%mm
stable, which always drives the molecules toward this state. panns :-f:-f:; \\\\\“mmmm s
We believe there is another alternative mechanism to avoid AAAAAARN ‘}*H‘}‘}‘?‘H
_ _ : > M : WAL g
the pressure against thickening or thinning. As discussed Lﬂgﬂh’ﬂﬂ Ve VUMY
above, a negative pressure in the lateral sides of the bilayers fﬂg{‘{‘--’{"ﬂ W ;ﬁﬁ::ﬁmﬁ:ﬁmﬁ:%::m{:
is created during the transition from the transient phase to ST Y
the triclinic extended bilayer, while the layer normal direction RARAARNS % ik
creates a positive pressure. This picture is somewhat similar fTiTiTi‘liTiTiTiT i m
to the phenomenon of wrinkling. Compression of a rigid fiber Rotator phase z':;'n:?::'mn TR

embedded in a soft matrix generally leads to a wrinkled
structure®® By analogy wrinkles are expected to form during Figure 8. Scheme showing the formation of wrinkles due to the large crystal
he | hickeni ’ Ei 8). Th di . | size of the transient phase. The real wavelength of the wrinkles will contain
the ay_er thickening (see |gur_e ) )- € _tWO' 'menS'Ona_ many more layers, as indicated from the rather small correlation length.
scattering pattern and the peak fitting and line shape analysis

on the one-dimensional curves support the formation of
wrinkles (see Figure 3). In thg or 26 direction, strong
streaks are observed around the scattering points. Compare
to that of the scattering at points B and C in Figure 3b, the
width of the peak at point A is much wider, which indicates

a smaller correlation length. This small correlation length | i | he th A ion d |
could originate from a wide distribution of layer spacings n SrTeCtle riyerﬁj thel t grma uctuation festroys tLans a
and a frequent change of the layer orientation. It is a tional order;® which leads the structure fact@® in the

characteristic feature of wrinkles to periodically change the direction perpendicular to the layers to have an asymptotic

layer orientation, which consequently reduces the effective POWer-law form:

correlation length. In fact, the occurrence of wrinkles in large

crystals has been reported before by Nazaki & iallarge 50,00, ~ 1

crystals ofn-alkane. 10, — Oyl
Using a scattering instrument with synthetic multilayer

mirrors for the X-ray optics, it would normally not be whereg, represents the wave vector along the density wave

possible to distinguish a Gaussian peak from a Lorentzianand g is the position of themth order of diffraction. The

peak, due to limited instrument resolution. The unambiguous exponenty, is given by

discrimination of the scattering peak shape at point A (Figure

3b) suggests the amplitude of the wrinkles is rather I&gfé.
he peak fitting and line shape analysis surprisingly show
at the large crystal size frustration mechanism results in
the extended bilayer structure forming a state more like a
liquid crystal glass (mesoglass) rather than a true crifstaft

1)

2=1m

(41) Jedme, B.; Commandeur, Jatiure 1997 386, 589-591.
(39) Groenewold, Jpkusicae\?001, 298 32—45. (42) Landau, L. D. InCollected paper of L. D. Landauer Haar, Ed.;
(40) Nozaki, K.; Hikosaka, M gahdiitingi 2000 35, 1239-1252. Gordon & Breach: New York, 1965; pp 19216.
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N = G ks T/(87(BK)2 (2) triclinic extended one with a higher stability (see Figure 6c,d).
This suggests that the presence of water changes the kinetic

which is directly related to the elastic constants of the smectic Pathway rather than the thermodynamic force. Therefore, the
structure: K is the bending modulus anB is the layer effect of wgter on the thickening |s_|nd|r¢ct. On the basis of
compression modulusT(is temperature, anég is Boltz- the above |dea} of _S|ze—frustrat§d t_hlckenlng, the role of water
mann'’s constant). Following Caille’s calculati#ha plot of on the crystallization pf these ionic salts can be understood.
log Svs q — q; for the smectic layers gives a slope with a The \{vater dpes nothing but reduce the size of the grystals.
limit at —2 (see Figure 3d) due to the LandeReierls This in fact is common kqowledge both for edible kltchgn
instability 42 while a crystal with long-range order can give salt and for other inorganic saltg.. Afte_r the sample is glrle_d
a value smaller thar2.32-35 Because the isotropic scattering at temperatu_res _below the melting point, the crysta_l size is
part was already subtracted in Figure 3d, the scattering curvePreserved. Via this effect, a low water content can still allow
is more or less like the situation for single-crystal diffraction. the thickening of the bilayers (see Figure 5B).
Both scattering peaks at B and C in Figure 3b give slopes
smaller than—2, whereas the peak at A, scattered by the

extended bilayers, has a slope-f.65. Here, the long-range With in situ small- and wide-angle X-ray scattering, the
order is destroyed by external compression rather than bythermal stability and the crystallization behavior of§@im]-
thermal fluctuations as in the case of a smectic layers. Theng| and [Gemim]Cl have been investigated. Four crystal
ksT in eq 2 should be replaced by a compression (elastic) phases were observed in these amphiphilic ionic salts, each
energy. Taking into account the confinement by the environ- yjith a different thermal stability. The low-density transient
ment, crystals with wrinkles may even represent a thermo- phase, which may not be stable at any temperature, shows
dynamically stable state. However, the coupling between the high molecular mobility and serves as a nucleus for the
elastic properties and the environment is more complicatedformation of the other three crystal structures. The most
during a dynamical development procésand the competi-  staple phase is the triclinic double bilayer, with a melting
tion from other phases can complicate matters further. For point of 65 °C for [Cy-mim]Cl, which can be obtained
example, in Figure 8 inserting a double bilayer structure may through direct crystallization from the smectic phase or by
assist in the switching of the orientation, as it may reduce transformation from the perpendicular double bilayer struc-
the required energy for bending. This picture is supported tyre at a temperature of about 56 during heating. The
by the X-ray scattering results. The double bilayer structure triclinic double bilayer is the second most stable one, which
is found to have the same orientation as the triclinic extended melts directly at a temperature around 82. The large
structure, as evidenced by the sharp scattering points in thegrystal size of the transient phase prohibits the thickening
SAXS patterns (see Figure 3). from the double bilayer to the extended bilayer structure.
The idea that molecular water bridges prevent the triclinic \wrinkles form as the compromise between the kinetic
double layers from thickening is not consistent with our pathway and the thermodynamic driving force. The presence
observatiort® Following a fast quenching, the triclinic double  of water tends to reduce the crystal size, which in turn affects
bilayer structure can be obtained in the sample containing athe subsequent crystallization. Our results demonstrate that
low water content, as determined by TGA (see Figure 5). amphiphilic ionic salts not only have potential for various
Moreover, the presence of water promotes the formation of gpplications but also can serve as an interesting model system
extended bilayers rather than double bilayers (see Figure 4)for fundamental studies on nucleation. The effect of water
Thus, the presence of water does not have a direct correlatiorynd the size frustration mechanism may be shared by other
to the formation of triclinic double bilayers. Without the  amphiphilic lipids such as ceramides and fatty a@ied2°3°
influence of water, the perpendicular double bilayer domi-
nates in crystallization. The presence of water apparently  acknowledgment. We thank Wim H. de Jeu (AMOLF,
promotes the bilayer thickening. The question is as follows: Amsterdam) for helpful discussions and providing the op-
How do water molecules enhance the mobility? In all the portunity to use the SAXS/WAXS setup and Ben Norder (Delft)
crystalline phases, the water molecules will avoid the region for TGA measurements. This work forms part of the research
of the alkyl chains. Assisted by hydrogen-bonding or hydro- program of the Dutch Polymer Institute.
philic interactions, it is likely that the water resides prefer-
entially at the interface of the bilayers. However, as suggested Supporting Information Available: Two-dimensional SAXS
by Downard et af® the hydrogen bond bridges between patter_ns_of [C;g_-mim]CI during crysta_llization at 60C (ZIP). This
adjacent layers suppress the thickening. During the heatingmate”al is available free of charge via Internet at http://pubs.acs.org.
scan, the initial perpendicular bilayer transforms into the CmM048811F
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