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We investigated the hierarchical structure growth of myristic acid monolayers at the air—water interface
across different length scales in the two-phase coexistence region of the first order liquid expanded
(LE)-liquid condensed (LC) phase transition. A combined study of surface pressure—area (n—A) isotherm
measurements with Brewster angle microscopy (BAM) observations was done at different temperatures.
At the nanometer scale, the analysis of the n—A isotherm by application of a thermodynamic cluster
equation allowed us to obtain the m dependence of cluster size (cluster distribution) in the LE-LC
coexistence region. The cluster distributions showed a peak at the midpoint pressure of the transition.
At higher temperature the larger nanocluster size was obtained at the transition midpoint. At the micro-
meter scale, BAM showed that LC domains have characteristic textures depending on the temperature.
At low temperature domain density was lower and the average size of circular domains was larger.
A large number of circular domains revealed a virtual boojum texture from the initial to the late stage of
the transition. At the final stage some circular domains coalesced to form larger circular stripe domains
and others coalesced to each other without the formation of stripe domains, finally resulting in a uni-
form texture over the entire water surface. At high temperature the domain texture was predominantly
uniform, and a small number of domains only included straight line defects from the intermediate to the

Received 30th January 2024, late stage of the transition. All domains coalesced to each other without the development of any texture

Accepted 28th March 2024 including the stripe, different from the case at low temperature. The phase boundary line tension is
highly likely to play a key role for understanding the hierarchical growth and coarsening (coalescence)
process in the LE-LC transition between the different length scales from the nanometer to the micro-

meter scale consistently together.
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model systems for the study of molecular interactions and

dynamics in biomembranes.'® From an applied point of view,
Langmuir-Blodgett films transferred onto solid supports from

Introduction

Insoluble monomolecular films at the air-water interface

(Langmuir monolayers) have been of great interest for their
intriguing structural and dynamical properties.'” Langmuir
monolayers provide an excellent platform for studying two-
dimensional phase transition since they allow investigation of
naturally forming two-dimensional systems that are relatively
easy to prepare. Particularly, the existence of the so-called
“hexatic”” phases has attracted much attention as an example
of unusual physics in two dimensions.*® From the viewpoints
of rheophysics and microfluidics in two dimensions, they show
highly nonlinear material properties and rich flow behavior.””
For biophysics community, monolayers have provided important
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Langmuir monolayers are used for the fabrication of magnetic
or optoelectronic nanodevices and chemical or biochemical
sensors.'* The structure of the monolayer at different length
scales from nano to micrometer scales can be investigated
by means of various experimental techniques. The in-plane
nanoscopic order was measured by grazing incidence X-ray
diffraction (GIXD)'*™* from synchrotron sources. Polarized
fluorescence microscopy (PFM)*>'® and Brewster angle micro-
scopy (BAM)'”'® revealed the various phases dependent on
the tilt angle (with respect to the monolayer normal) and tilt
azimuth and the transitions between them at the mesoscale
or larger. Since the tilt angle is normally uniform across the
monolayer from the energetic perspective, PFM and BAM
textures usually arise from a long range ordering of the mole-
cular tilt azimuth. They include mosaic,"*° stripe,*** star,®
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23725 These textures can be understood in terms of

and boojum.
a Landau - de Gennes theory of tilted hexatic phases that is
modified to take into account the broken symmetry at the air-
water interface.” Infrared (IR) and UV-visible (UV) spectroscopic
techniques provide information on the conformation of the
adsorbed molecules and the chemical interactions between the
constituent molecules of the monolayer.>® With the develop-
ment over one century ago of methods for quantitative mea-
surements of the surface pressure-area (n-A) isotherms in
monolayers, it has been revealed that there are a variety of
phases and that the singularities such as kinks and plateaus in
the isotherm are signatures of the different phase transitions
appearing in the monolayer.’*?” Of the isotherms that exhibit
phase transitions, the isotherm behavior in the liquid
expanded (LE)-liquid condensed (LC) transition has been
much paid attention.’®?° It is usually found that the pressure
does not remain constant but there is an upward slope of the
n-A curve during the transition. Since in an exact thermo-
dynamic treatment a first-order phase transition is defined as
a transition for which there is a discontinuity in thermo-
dynamic function, the non-horizontal behavior in this transi-
tion region observed by most researchers is different from that
expected from a conventional first order transition. Mesoscopic
PFM and BAM observations, however, gave a direct evidence of
the two-phase coexistence (or a heterogeneous pattern
composed of the isotropic LE and anisotropic LC phases) and
the changes in the relative amounts of the phases followed the
lever rule in the nonhorizontal slope.? It is thus evident that
this broad transition is first order. It should be here remem-
bered that the sharpness of phase transition depends on the
number of molecules forced to cooperate in transition. Regard-
ing the appearance of non-horizontal plateau over a finite range
of pressures in the coexistence region, the formation of two-
dimensional molecular aggregates such as surface micelles®
or molecular nanoclusters**** was discussed. Experimental
observations by transmission electron microscopy (TEM)**?°
and atomic force microscopy (AFM)*®7® revealed the existence
of nanoclusters in the LE-LC coexistence region of monolayers
transferred onto solid substrates. Experimentally, direct obser-
vations by optical microscopy of such nanoclusters on the water
surface is, however, hampered by the fact that the length scale
of the clusters is beyond the resolution of optical microscopy.
Albrecht et al. attributed a finite slope of the isotherm to
the limited cooperativity of the transition and estimated the
size of the constant cooperative clusters.*® This approach was
improved to obtain the = dependence of cooperative cluster size
(cluster distribution) in the coexistence region.*® The LE-LC
transition in monolayers, although a first order transition, is
subject to strong in-plane density fluctuations. The computer
simulation study of cooperative phenomena in lipid mono-
layers and bilayers showed a first-order transition with strong
lateral density fluctuations and the density fluctuations in
monolayers manifested themselves microscopically as the
appearance of a dynamic heterogeneity or creation and anni-
hilation of clusters and persistently fluctuating in size.*" The
clusters are thus regarded as fluctuating objects of correlated
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lipids characterized by a correlation length (or an average linear
cluster size) that depends on thermodynamic conditions. The
density fluctuations in monolayer manifest themselves not only
as the formation of dynamic clusters in the surrounding phase
microscopically, but also as the appearance of a compressibility
peak macroscopically. Any type of physical measurement is
normally carried out on various length scales and the specific
quantity measured on some length scale is often difficult to
relate to physical properties that refer to measurements corres-
ponding to other length scales. For monolayers that are
strongly anisotropic systems, this problem is particularly severe
since the monolayer displays distinct structures on the differ-
ent length scales. In fact, cluster and domain distributions in
two-phase coexistence region were investigated at each size
scale with various experimental techniques and theoretical
analysis. The size of clusters on the water surface estimated
by isotherm analysis is found to be in the nanometer

333949 wwhile the size of domains observed by PFM and
16,23-25,42

range,
BAM lies typically in the tens of um (or even to mm).
However, the hierarchical relation between cluster formation
on the nanometer scale and domain growth on the micrometer
scale is still not clear at present. It would be essential to deeply
understand the growth behavior of monolayers in the LE-LC
transition from the cluster formation at the nanometer scale to
the domain growth and coarsening at the micrometer scale
across the different length scales consistently together. The
present study focused on the hierarchical growth and coarsen-
ing across the different length scales from nanoclusters to
mesoscopic domains. We investigated the LE-LC transition of
myristic acid (MYA) monolayers at the nanometer and micro-
meter scales simultaneously by combining the macroscopic
isotherm measurements with the BAM observations at different
temperatures. It was stressed that the interfacial line tension is
crucial for understanding the hierarchical structure growth of
monolayers from nanoscale to microscale.

Cluster size distribution n(rn) in the
LE-LC coexistence region

In short, we summarize the derivation of a thermodynamic
cluster equation involving the isotherm data from which we can
obtain cluster size distribution n(r) numerically.*® Over a finite
pressure interval, thermodynamic equilibrium is established if
the compression is made slowly enough. One can regard the
reversible process of LE-LC transition as a process of transfor-
mation of LE and LC clusters to each other or as a two-state,

“all-or-none” transition, [LE] & [LC], with the two-state, iso-
thermal equilibrium constant K = [LC]/[LE], where [LE] and [LC]
are the densities of molecules in LE and LC phases, respec-
tively. The fraction of molecules in the LC phase, or the order
parameter, ¢ = [LC)/([LE[+[LC]) can be defined thermodynami-
cally with K (= &/(1 — &)). Molecules normally would not
undergo the transition independently of each other but
simultaneously in clusters of n molecules. The change of free
energy per cluster at transition nAG (AG: the difference of Gibbs
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free energy per molecule) can be related to K, InK(n,T) =
—nAG(n,T)/kT. At a constant temperature, the pressure depen-
dence of K(n) is K(rn) = exp(—nAA(n — m,,)/kT), where m,, is the
surface pressure at the midpoint of the broad transition. One
needs to relate the isothermal compressibility,”” wr (= —(1/A)-
(0A/0m)yr) with the surface pressure dependent cluster distribu-
tion, n(r). When monolayer occupies a molecular area A located
in the coexistence region, ¢ is expressed by the application of
the “lever rule”, ¢ =~ (A — Arg)/(Arc — Arg) = (1/AA)-(A — Arg),
where A, A;c are the LE, LC phase boundary areas, respec-
tively, and AA is the transition area width. Utilizing the chain
rule, (0£/0A)r = (0&/0m)r-(On/0A)r, we finally obtain the following
equation to extract the distribution n(rn):

AA (D&
wr(m) =~ (%)T
nAA(n — TCm))

n(aa? P (’ kT
ART () o (_MAA(T— ) >
P kT

By solving the eqn (1) into which the measured data {(4,m,kx)}
are incorporated, numerically, one can obtain the cluster size
distribution #n(m) in the LE-LC coexistence region.

1)

Experimental

Myristic acid (MYA) was purchased from Sigma and claimed to
be >99% pure. It was used without further purification. The
monolayer was formed by preparing n-hexane (Merck, ACS)
solution of MYA at a concentration between 0.5 and 0.8 mmol 1"
and by spreading about 25 pl of this solution onto the acidified
pure water contained in a custom-built Teflon trough. The pH of
the aqueous (Millipore Milli-Q at 18.1 MQ cm) subphase was
adjusted to pH 2 with dilute hydrochloric acid in order to avoid
ionic dissociation of the MYA carboxylic head groups. After
evaporation of the solvent for 20-30 min, the monolayer was
compressed at a rate of 0.01 nm>molecule”'-min~". Langmuir
isotherms were obtained by compressing monolayers uniaxially
under the action of the barrier of the trough and the monolayer
surface pressure (m) and the molecular area (4) were mea-
sured using a commercial film balance (R&K GmbH, Potsdam,
Germany) equipped with Wilhelmy-type pressure measuring
system and were automatically stored on disk. The surface
pressure sensibility was 0.1 mN m~". The isothermal compres-
sibility xr was calculated from the numerical derivative of the
isotherm using the digitally stored isotherm data. It was calcu-
lated over 60-120 interpolated points to avoid spurious finite
difference noise. A Teflon-coated thermocouple immersed in the
subphase was used to measure the subphase temperature and it
was controlled within 0.1 °C by circulating water and two water
cooled Peltier elements mounted directly on the back side of the
copper plate. The copper bottom was coated with a 0.3 mm thin
black Teflon foil. A home-built Brewster Angle Microscopy (BAM)
visualized the Langmuir monolayer. A spatially filtered and
collimated laser light from a diode module (30 mW, / = 660 nm,
He-Ne) mounted on the first arm was sent onto the air-water
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interface at the Brewster’s angle (0z &~ 53°). The incident beam
was linearly polarized in the plane of incidence by a Glan-
Thompson polarizer. The reflected beam from the monolayer
was focused onto a 5x microscope objective mounted on the
second arm. It was directed onto a CCD camera after passing a
second Glan-Thomson prism (analyzer). Because the monolayer
is not parallel to the focal plane of the microscope, only a
region of about one-third of the field of view is in focus.
Moreover, images obtained with this configuration are dis-
torted, and the dimension parallel to the incidence plane is
scaled by a factor of cos(fg) ~ 0.6. Images presented in this
paper were corrected for this geometrical distortion. The ana-
lyzer was oriented at ~60° with respect to the plane of
incidence throughout the experiments to optimize the contrast
in the images. Spatial reflectivity modulations are correlated
to coexistence of optically different monolayer phases with
different packing density and lateral ordering. Phases with
long-range orientational order result in modulations in the
polarization state of the reflected light, which result in char-
acteristic bright textures in BAM images. Akamatsu and Ron-
delez reported a detailed study of the LE-LC transition for MYA
monolayers by isotherm measurements and fluorescence
microscopy.*® Below a well-defined temperature T*(= 24.0 =+
0.5 °C), there were two successive phase transitions, namely
LE-LC, transition at low pressure followed by a very weak, first-
order LC;-LC, transition at high pressure. Above T* the LE
phase did not go through the LC; but directly transformed into
the LC, phase. Fluorescence microscopy observations in the
coexistence region showed that below T* the shape of the
growing LC; domains were circular and highly deformable,
while above T* the LC, domains were highly ramified that
evolved very slowly towards their equilibrium circular shape.
Ay corresponds to the onset of the LE-LC; transition below T*
and of the LE-LC, transition above 7*. In the present study we
focused our attention on the LE-LC; transition below T7* in
which only equilibrium circular domains were observed and we
hereafter refer LC; phase as LC phase.

Results

n-A isotherms of MYA monolayers at different temperatures are
shown in Fig. 1. The LE-LC transition plateau region is clearly
seen to be nonhorizontal, being similar to previous data per-
formed at similar conditions.** ** The latent heat of the transi-
tion, AQ, can be determined from the Clausius-Clapeyron
equation: AQ = AA-T-dnpg/dT, where m; g is the onset pressure
of the LE-LC transition, AA(= Ajg — Arc) the molecular area
change during the transition. In the above equation the tem-
perature T is expressed in kelvin. To determine the change in
latent heat corresponding to the transition, one has to measure
molecular areas Arg and A;c of the LE and the LC phases,
respectively, and transition pressure m;g. Of these my and A;g
can be determined rather accurately from the abrupt change
in the isotherm slope. Since the termination of the transition
on compression is normally not clearly observed in the m-A
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Fig. 1 Surface pressure m as a function of molecular area A for mono-
layers of myristic acid (MYA) at different temperatures. The dashed lines
indicate how the extrapolation method was used to estimate the A c
during the LE-LC transition. Letters indicate positions of the corres-
ponding BAM images in Fig. 5.

0.5

isotherm, the extrapolation method was used to estimate the
Arc or the AA during the LE-LC transition.*® The A4;¢ is
obtained as the intercept between the extrapolated plateau
and the large slope of the LC phase (dashed lines in Fig. 1).
In the inset of Fig. 2, ;g is plotted as a function of T. Each
point corresponds to an average of five to seven independent
experiments. We can obtain the slope dnyg/dT = 1.15 mN m™*
from the linear fit to the data. By using this value, from the
Clausius—-Clapeyron equation we plot AQ as a function of T in
Fig. 2. Extrapolation to T* & 24 °C gives AQ ~ 7.0 k] mol *,
corresponding well to the value reported in the previous
study.”’ Fig. 3 shows the isothermal lateral compressibilities
rr(m) calculated from the isotherms shown in Fig. 1. They show
pronounced peaks that shift toward higher pressure with
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Fig. 2 Heat of transition AQ as a function of temperature T for MYA

monolayers. Inset: Film pressure m g, the onset of the LE-LC transition as a
function of T. Dashed lines are the linear least-squares fits to the data.
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Fig. 3 Isothermal lateral compressibility k1 — surface pressure © charac-

teristics for MYA monolayers at different temperatures.

increasing temperature. The transition midpoint pressure 7y,
defined as the position of the maximum in wr(r), can be
evaluated easily from this figure (n/=12°C=6.7mNm™;
nl=19°C = 13.8 mN m~!). The shift to a higher surface pressure
of the compressibility peak with increasing temperature corre-
sponds to the change of transition pressure of the corres-
ponding isotherm due to temperature variation. The higher
the temperature, the higher the onset transition pressure. The
increase in transition pressure with increasing temperature is
explained by the increased thermal energy, which results in an
increased entropic contribution to the chemical potential that
can only be balanced by an increased enthalpic contribution.
The average cluster size distribution, n(r), is obtained by using
the measured isotherm data {(A,n,kr)} and the cluster eqn (1)
(Fig. 4). We obtain n’=12"¢ ~ 93 (471712°€ ~ 28.2 nm?) and

nT=19"C ~ 229 (47=19°C ~ 59.5 nm?) at the transition midpoint
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Fig. 4 The average molecular cluster size distribution in the LE-LC
coexistence region of MYA monolayers at different temperatures. They
were obtained by solving the cluster egn (1) substituted with the values of
n—-A and kt—n data shown in Fig. 1 and 3.
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at 12 °C and 19 °C, respectively. Here the average cluster area,
Acusters 15 calculated using the relation, Acjuster ® Mmid-Amid,
where n.,;q and Anq is the average cluster size and the mole-
cular area at m,,, respectively. From the data of Fig. 1 and 3 one
can obtain amniq = 0.303 nm? and 0.260 nm? at 12 and 19 °C,
respectively. We introduce the asymmetry parameter o as a
measure of the skew of a cluster distribution, o = (m, — )/
(my + my), where my(my) is the half width at half maximum
(HWHM) towards higher (lower) surface pressure values. The
cluster distribution is larger at the higher pressure region
(0r=12oc = 0.22;a7_19oc = 0.54) with increasing temperature.
In Fig. 5 we show BAM images of coexistence between domains
of LC phase and surrounding LE phase in MYA monolayers at
12 °C and 19 °C. During repetitive compression and expan-
sion upon monolayer, nucleation events occurred randomly
throughout the monolayer (not shown here), indicating homo-
geneous nucleation. At the initial stage of the LC domain
growth (b, g), circular domains grow, indicating the presence
of a finite line tension at the LE-LC boundary. The domains
grow in size but not in number at the expense of the LE phase
throughout the nonhorizontal coexistence plateau as long as
the monolayer is steadily compressed at both temperatures.
At 12 °C many domains contain virtual boojum textures from
the initial to the late stage of the transition (Fig. 5(b)-(d)), while
at 19 °C circular domains with line defects or uniform textures
are only observed from the initial to the late stage (Fig. 5(g)-(i)).
At the final stage of the transition at 12 °C (Fig. 5(e)), some
domains coalesce to each other to form isolated stripe domains
and others coalesce without going through the formation of any
other textured domains, while at 19 °C all LC domains simply
coalesce without the formation of striped or any other textured
domains (Fig. 5(j)). Area ratio @ [ = A.c/(Arg + ALc)] of the area of
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the LC phase to the total area of the image (digitized from the

BAM) vs. A is plotted in Fig. 6. This plot is based on the
assumption that the dark regions are homogeneously popu-
lated with LE phase. Each data point represents an average
of five to seven images taken in different regions of the trough.
The error bars correspond to the standard deviation of
three independent measurements. This result indicates that
although LC domains are heterogeneously distributed over the
whole area of the monolayer the lever rule for the average
amount of LC phase is valid. The domain growth behavior
observed at the present experimental conditions clearly shows
that thermodynamic equilibrium between both phases is estab-
lished. The values of A;y from the isotherm measurements

(Al{j}jzc =0.344 nm; 47 717°C = 0.294 nm) can be directly

compared with the position of the LE-LC phase boundary
(A3=0%"C =0.346 nm; A5=19°C = 0.297 nm) located by BAM
using image analysis and the lever-rule technique. They corre-
spond well to each other. The high-density boundary of the two-
phase coexistence region, Arc, can also be estimated from the
lever-rule analysis (A= € = 0.236 nm; 47=10/C = 0.230 nm),
being in good agreement with the estimated values from the

I12°C¢ = 0.235 nm; A7 71%°C = 0.231 nm).

isotherm data (
Sometimes, already before the onset of the transition found
in the isotherm, A g, the LC phase starts to nucleate in the form
of two-dimensional small particles at random positions. The
occurrence of nuclei depends on the conditions of supersatura-
tion, i.e., the local pressure excess generated. The above obser-
vation indicates that the surface pressure is not always uniform
over the whole surface of the monolayer depending on the
conditions of compression.

Fig. 5 Mesoscopic LC Domain Growth in the LE-LC coexistence region of MYA monolayers at different temperatures. (a)—-(e) 12 °C; (f)—(j) 19 °C.
Molecular areas: (a) 0.344 nm?, (f) 0.295 nm? (Nucleation stage, LC phase Area ratio & ~ 0.0); (b) 0.321 nm?, (g) 0.280 nm? (Initial stage, ® ~ 0.2);
(c) 0.291 nm?, (h) 0.266 nm? (Intermediate stage, ® ~ 0.5); (d) 0.256 nm?, (i) 0.242 nm? (Late stage, @ ~ 0.8); (e) 0.248 nm?, (j) 0.237 nm? (Final stage,

@ ~ 0.9). The scale bar is 100 pm.
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Fig. 6 Area ratio @ of the area of the LC phase to the total area of the
image (digitized from the BAM) vs. A, the surface molecular area. Dashed
lines indicate the linear least-squares fits to the data. The errors corre-
spond to the standard deviation of the determined individual @ values.

Discussion
Dynamic heterogeneity at the nanometer scale

In the usual first-order transition all elements of the system
would go between the two states together at a single pressure or
temperature. The LE-LC transition has characteristics largely
different from the conventional first-order phase transition,
since the former occurs through the formation of LC islands
dispersed in a continuous phase of LE molecules. Since mono-
layers are quasi-two-dimensional systems, the existence of large
density fluctuations is expected.?”” The isothermal lateral com-
pressibility, xr is related to the fluctuations in the molecular
area density p, (number of molecules per unit area) by the
fluctuation-dissipation theorem:*®

(Apa”)

o) AT ©)

where Ap, is the density deviation from its mean density value
(pa)y Apa = pa — (pa), and (Apa>) = (pa>) — (pa)> The left-hand
side of the eqn (2) is the relative mean square fluctuations in
molecular area density. Hence, peaks in #xr may be interpreted
as indications of large molecular area density fluctuations.
From the eqn (2) and the observed compressibility data it is
seen that the monolayer is subject to large molecular area
density fluctuations. Moreover, by utilizing the cluster eqn (1)
involving the compressibility and the fluctuation-dissipation
theorem (2), such local density fluctuations are manifested as a
kind of cluster formation process. The average linear cluster
size obtained from the present cluster equation is a measure of
the correlation length that describes the range over which the
cooperative molecular density fluctuations are operative. The
occurrence of the clusters on the nanometer length scale clearly
indicates that the molecular density fluctuations are coopera-
tively correlated in space with a correlation length corres-
ponding to the average linear cluster size. Strong theoretical
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evidence for the presence and origin of the dynamically hetero-
geneous states, e.g., the dynamic heterogeneity in lipid bilayers
was given by the theoretical calculations on specific molecular
interaction models of lipid bilayers.**° It was demonstrated
that although the average cluster size is an equilibrium prop-
erty these clusters are dynamic and highly fluctuating entities
induced by the cooperative density fluctuations of the bilayer
and that they nucleate, grow, and disappear in time with finite
lifetimes that depend on their size and the thermodynamic
conditions. The appearance of dynamic heterogeneity is thus a
natural consequence of the fact that the monolayer is a many-
particle system sustaining strong lateral cooperative molecular
area density fluctuations. It is extremely difficult experimentally
to obtaining direct information on dynamic heterogeneity of
the monolayer on the water surface, since this type of hetero-
geneity is manifested at nanoscopic length scales which are
not easily accessible using current experimental techniques.
The macroscopic manifestation of the persistence of dynamic
nanoclusters or dynamic heterogeneity is however accessible
from the corresponding thermodynamic response function by
the combination of the thermodynamic cluster eqn (1) and the
equilibrium fluctuation-dissipation theorem (2). The present
thermodynamic scheme explicitly indicates the close relation-
ship between microscopic dynamic heterogeneity characterized
by average linear cluster size and macroscopic lateral compres-
sibility determined from isotherm. Experimental advantage of
the present thermodynamic procedure for obtaining a nano-
cluster size distribution in the LE-LC coexistence region is that
the physical quantities (4,n,k1;A4,m,,) involved in the thermo-
dynamic cluster eqn (1) are all experimentally accessible
from macroscopic measurements and that no adjustable para-
meters are required. As a conceptual advantage of the present
approach, the dynamic character of clusters formed at the
nanometer scale is clearly manifested by the existence of large
molecular area density fluctuations revealed by the macro-
scopic compressibility involved in the eqn (1).

Ratio of interfacial line tensions at two different temperatures

A fluctuation-based approach seems to be more effective for
the analysis of phase transitions in monolayer since from the
Ginzburg criterion a wider temperature region for critical
behavior is expected than in three dimensions.”" It was pre-
viously reported that the critical behavior from the thermody-
namic as well as the structural data in lipid monolayers is
consistent with the 2D Ising universality class.” In this class
the observables such as correlation length £ and line tension 4
follow general power laws and scaling relations, ¢ oc |(T — T.)/
T.| ™ and A oc |(T — T.)/T.|*.*" The critical exponent for line
tension p is related to that for correlation length v through the
number of dimensions in the system d, (u = (d — 1)v). For
monolayer (d = 2), u = v, so we have 1 oc ¢, Since the average
linear cluster size accessible in this study is a measure of ¢,
taking the above inverse relation between 4 and ¢ into con-
sideration, we can expect the decrease in line tension with
increasing temperature from the temperature dependence of
n(r) at the nanoscopic level (Fig. 4). This is indeed consistent
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with previous fluorescence microscopy observations in which
LC domain shapes became less progressively compact on
compression with increasing temperature.’>** The present
BAM observations show the increase of number of mesoscopic
LC domains with increasing temperature T. Previous fluores-
cence microscopy imaging studies revealed qualitatively similar
results.”>> Consider the case that the number of mesoscopic
LC domains is determined by the nucleation process.”>>® Along
the classical nucleation theory (CNT), the temperature depen-
dence of the nucleation rate J for steady-state nucleation is
given by J ~ exp(—AE/kT).”” The activation energy AE to
nucleate an LC domain at the expense of the LE fluid is given
by AE = mi’Aicnig/AQAm, where An is the degree of
supersaturation.®®>® The increase of number of domains is
expected with increasing temperature if AE is nearly constant
although factors determining AE depend on temperature.>
Assuming that the activation energy AE and the supersatura-
tion An are almost kept constant for the experiment at
two different temperatures, and by using the above expression
for AE that involves a macroscopic latent heat AQ from the
CNT the ratio of the line tensions at 12 °C and 19 °C,
(}ulgoc/)qzoc)CNT is given by (;,lgoc/imoc)CNT% {(AQIQOCX
T Cx AIXC)/(AQ™°C x nl% € x 1% C)}'/2. Let us compare
this estimated value with the corresponding value
(A9oc/Azeoc)™ ' DI C /DL S, obtained with the aver-
age linear cluster size Dejuster (= 2 X (Actuster/T)"'?) determined
by nanocluster analysis. After the calculation we get
(ﬂulgoc/ilzoc)CNT% 0.54 and (/l]goc//llzoc)nano ~ 0.65. We find
that these two procedures are in fairly good agreement with
each other.

Effect of the line tension on LC domain nucleation, growth and
coarsening

The dependency of line tension on cluster and thus domain
size is essential. Domain size depends on the cluster nucleation
rate and the ease of the cluster coalescence, both of which
strongly depend on the line tension. According to the CNT, the
interfacial line tension between the nucleating LC domains and
the surrounding LE fluid regulates the rate of nucleation
in supersaturated solution and therefore it dominates the
nucleation density.>® In systems with lower line tensions the
nucleation process is faster and the minimum size for a
nucleus to be stable is lower. Therefore, the nucleation density
should increase as the line tension decreases. In previous
computer simulation studies®® the formation of a domain wall
with low line tension in the gel-fluid transition was ascribed
to the appearance of a large number of intermediate chain
conformations states with defects along the cluster boundary
microscopically. Therefore, the lowering of line tension of
clusters would lead to a screening of the interaction between
the clusters, and the coarsening (or the coalescence of clusters)
would be hindered effectively. From the above arguments,
small and more numerous micron-sized domains will occur
at low line tension at high temperature, while high line tension
at low temperature should result in a low nucleation density,

1376 | Phys. Chem. Chem. Phys., 2024, 26, 11370-11378

View Article Online

Paper

causing the formation of fewer large micron-sized domains by
facilitating cluster coalescence. Our BAM observations are
consistent with the above picture of line tension-driven domain
nucleation, growth and coarsening. We have attempted to
explore the dependence of line tension on change in size
and texture in the “circular” LC domain. As described in the
Experimental section, 7* (= 24.0 + 0.5 °C) separates the LE-LC,
transition from the LE-LC, transition in the 7-A phase dia-
gram. The structure of the LC domains strongly depends on the
experimental conditions, especially the temperature relative to
T*. Suresh et al. observed the unstable growth of LC domains in
MYA Langmuir monolayers in the vicinity of 7*.°* At a tem-
perature of 20 °C, LC domains already showed an irregular,
non-characteristic shape. For this reason, the isotherm and
BAM measurements in the present study have been performed
at two temperatures (e.g., 12 °C and 19 °C) where stable circular
LC domains can be observed, of different distances from 20 °C.
From the BAM measurements we have found that circular LC
domains show simultaneous changes of size and texture from a
large boojum texture at 12 °C (e.g., at high line tension) to a
small uniform texture at 19 °C (e.g., at low line tension).
At 19 °C we could not observe the coalescence of LC domains
until at the final stage of the transition substantially. This
result also strongly supports the idea that the decrease of the
line tension effectively affects the slowing of growth and
coarsening of domains.

Effect of the line tension on the formation of textures in LC
domain

Interfacial line tension effect or the decrease of line tension
between the coexisting phases works not only for growth and
coarsening of nanoclusters and mesoscopic domains, but also
for the appearance of different textures of domains at different
temperatures. In the situation where elastic constants and line
tension are of the same order of magnitude, we can expect to
see domains that have a non-uniform molecular orientation
and an anisotropic overall shape. The continuous variation of
gray level (which corresponds to the continuous variation of
molecular tilt azimuth) inside each LC domain is apparent
from the initial to the late stage of the transition at 7= 12 °C
(Fig. 5). The particular distribution of molecular tilt azimuth is
consistent with a texture called a virtual boojum with no line
defects.>®™ In this texture, the defect core is placed outside the
droplet to avoid the core energy higher compared to the splay
energy, at the cost of a violation of normal boundary conditions
to the LE-LC boundary imposed by the anisotropic part of line
tension. Cusps are apparent in the boundaries closest to the
defect core of virtual boojum domains. The appearance of such
a cusp implies that the anisotropic part of the line tension
of the LE/LC boundary is strong with respect to its isotropic
part so that normal boundary conditions can be satisfied
better, otherwise, droplets would remain round. As already
described by Fischer et al,' without any connection to the
boundary conditions, the uniform texture should be dominant.
The significant decrease of line tension at high temperature
would promote the decoupling of the orientational texture from
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the boundary conditions, resulting in the predominance of the
uniform texture in the domains. In fact, at 19 °C, many LC
domains observed in the experiments showed uniform texture
and only a small number of domains included line defects inside.

Consistency with other experimental results

Finally, let us shortly compare the cluster sizes obtained
from the present thermodynamic cluster analysis with those
reported in the previous experimental studies on monolayers
and bilayers. With regard to the limited cooperativity of mole-
cules in monolayers at the air-water interface, it was suggested
that the non-horizontal slope in the isotherm for DPPC mono-
layers results from the finiteness of the transition involving the
cooperative clusters of about 60-190 molecules from the van’t
Hoff analysis using the isotherm.*® Electron microscopy and
diffraction study of phospholipid monolayers transferred from
water surface to solid substrates showed the coexistence of
LE and LC domains with correlation length of some 10 nm,
corresponding to the average linear cluster size.”* AFM was
applied for the main transition of supported DMPC bilayers as
a quantitative structural calorimetry from a specific image
analysis and provided a cooperative cluster size of 195
molecules.*® In calorimetric studies the size of a cooperative
cluster of the lipid bilayer undergoing chain melting transition
is estimated by the ratio of enthalpy derived from the van’t
Hoff enthalpy to the corresponding calorimetric enthalpy. The
gel-liquid crystalline transition in dilute aqueous suspensions
of DMPC bilayers gave a cluster size of ~200 molecules.®®
Theoretically, Israelachvili*' developed a model for n-4 curves
involving the critical micelle area where the amphiphiles form
surface micelles in monolayers. On the basis of the shapes of many
measured m-A curves, it was concluded that nanoscale surface
micelles of aggregation numbers in the tens to hundreds must
exist. The values obtained from our thermodynamic scheme are
thus generally consistent with the past experimental and theore-
tical studies. We note that the present thermodynamic procedure
from n-A isotherm measurements is much simpler to be made
compared to the other methods that have been done.

Conclusions

The LE-LC transition evolution in MYA monolayers has been
investigated from the viewpoint of the formation, growth, and
coarsening (coalescence) of nanoclusters and mesoscopic
domains on the different length scales simultaneously. The
LC domains with several tens to over one hundred micrometers
in diameter were observed by BAM measurements, while the
nanocluster distributions were determined from the applica-
tion of a thermodynamic cluster equation utilizing the mea-
sured m-A data. In the nanometer range each cluster is well
known to be a dynamic object that nucleates, grows, and
disappears again and this phenomenon has been referred to
as dynamic heterogeneity. The monolayer density fluctuations
in the transition region are manifested in the formation of
dynamic clusters of correlated molecules characterized by an
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average cluster size on the nanometer scale. In this study the
formation of nanoclusters was revealed with the cluster equa-
tion involving the m-A data and the derived macroscopic
response function, i.e., isothermal compressibility, which is a
measure of the lateral density fluctuations, via the fluctuation—-
dissipation theorem. The ratio of interfacial line tensions at
two different temperatures was discussed and determined
from both the inverse relation of 4 and correlation length ¢
(~ average linear cluster size) at the nanometer scale and the
classical nucleation theory (CNT) with thermodynamic para-
meters derived from the macroscopic isotherm measurements.
The line tension ratio obtained from the two approaches
corresponded to each other reasonably well. We found that
the size and the number of LC domains at the micrometer
level are strongly correlated with cluster distribution at the
nanometer level through the temperature-dependent line ten-
sion at the LE-LC boundary. It is highly suggested that dynamic
heterogeneity (the formation of dynamic clusters) at the nano-
meter scale can effectively lead to static heterogeneity (the
coexistence of LC domains and the surrounding LE phase) at
the micrometer scale in the two-phase coexistence region. The
close relationship between the two types of heterogeneities
evidently indicates the existence of hierarchical structure in
monolayer growth across the different length scales. Such a
hierarchical approach could provide an effective method for
deeply understanding the LE-LC transition in monolayers in
which distinct structures are formed on the different length
scales. The formation of nanoclusters will inevitably cause the
creation of an interfacial environment which is defined by the
borders between the clusters and the surrounding bulk liquid.
The formation of interfacial regions with molecular chains
with conformationally more disordered states would imply that
of interface with a low line tension. The lowering of the line
tension at the interface between LE and LC phases is extremely
likely to promote the prolongation of the lifetime for individual
clusters, resulting in the slowing down of the domain growth
and coarsening. The line tension at the LE-LC phase boundary
is therefore expected to play an essential role for understanding
the hierarchical structure formation in monolayer growth from
the nanometer range to the micrometer range consistently.
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