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Abstract 

A statistical mechanical deconvolution procedure for the experimentally measured surface pressure –

area isotherms has been presented to obtain the surface pressure dependence of the liquid expanded 

(LE) and liquid condensed (LC) nanocluster size distributions in the LE – LC phase coexistence region 

of the first order phase transition of Dimyristoyl phosphatidylcholine (DMPC) monolayers at the air-

water interface. This study presents the application of the deconvolution formulation introduced 

originally by Freire and Biltonen for experimentally measured specific heat to calculate 

submicroscopic lipid cluster distribution function in the phase coexistence region [E. Freire, R. L. 

Biltonen, Biopolymers, 1978, 17, 481-496] and carries their formulation to surface pressure isotherms. 

The present procedure involves the extraction of the pressure partition function calculated from the 

isotherm and utilizes the general relation between molecular density fluctuations and macroscopic 

lateral compressibility. In this procedure the high-density LC phase boundary has been determined 

uniquely. The average nanoscopic cluster sizes obtained in this study have been compared with the 

results from previous experimental studies. The cause for the finite difference between the values of 

LC phase boundary area obtained from each of the present deconvolution procedure and the 

conventional extrapolation method to the same isotherm has been discussed from the viewpoint of 

slow hierarchical growth from nanoscopic clusters to macroscopic domains in the coexistence region.  
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Introduction  

The determination of the surface pressure () – molecular area (A) isotherms is the most common 

macroscopic measurement that is performed on monolayers formed at the interface between air and 

water (Langmuir monolayers).1 Much of our knowledge of the phase behavior of monolayers has been 

gained from such studies.2 Over several past decades fluorescence microscopy (FM)3,4 and Brewster 

angle microscopy (BAM)5,6 have allowed the inferred phases and the transitions between them of 

these monolayers to be determined by direct observation.7,8 Of the isotherms that exhibit transitions, 

the isotherm behavior in the liquid expanded (LE) – liquid condensed (LC) phase transition region has 

been much addressed due to the appearance of a non-horizontal plateau in the coexistence region.9,10,11  

Although it was suggested that this transition is not first-order, FM and BAM clearly showed the two-

phase coexistence (or a heterogeneous pattern composed of the LE and LC domains) through the 

transition region and the changes in the relative amounts of the phases followed the lever rule.7 The 

first-order character of this broad transition is thus no doubt. The results of the computer simulation 

study of cooperative phenomena in lipid monolayers and bilayers showed a first-order transition with 

strong lateral density fluctuations.12 The density fluctuations in monolayers manifested themselves 

microscopically as formation of dynamic clusters within the thermodynamic majority phase 

theoretically. 13  Experimental observations by transmission electron microscopy (TEM) 14 , 15  and 

atomic force microscopy (AFM) 16 , 17 , 18  revealed the existence of nanoclusters in the LE-LC 

coexistence region of monolayers transferred onto solid substrates. Direct observations by optical 

microscopy of such nanoscopic clusters on the water surface is, however, hampered by the fact that 
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the length scale of the clusters is in the nanometer range that is beyond the resolution of optical 

microscopy. Angelova et al. made experimental observations of three-dimensional cluster nucleation 

and growth of domains in supersaturated monolayers. 19 , 20 , 21  In relation to the non-horizontal 

coexistence plateau in the isotherm Albrecht et al. attributed a finite slope of the isotherm to the limited 

cooperativity of the transition and estimated the size of the cooperative clusters using the van't Hoff 

approach combined with the relation between the order parameter and the equilibrium constant.22 For 

the  dependence of cooperative cluster size during the transition the above study was extended to the 

use of the experimental integral equation that involved isotherm and compressibility data.23 Freire and 

Biltonen demonstrated that the partition function of a bilayer system is experimentally accessible by 

means of the integral equation from scanning calorimetric data of lipid bilayers.24 They applied a 

statistical mechanical deconvolution procedure based on the canonical approach to the measured 

specific heat to produce a lipid domain (submicroscopic cluster) distribution function in the gel-liquid 

crystalline phase coexistence region of the temperature-driven main transition that was consistent with 

the measured specific heat. In their study the experimental partition function describing the gel or the 

liquid-crystalline cluster distribution used the single gel or liquid-crystalline state as a reference state 

and was defined by the definite integral in which depending on the choice of the reference state the 

onset temperature or the end temperature was included. Here, it should be noted that the determination 

of both LE (liquid-crystalline) and LC (gel) phase boundaries is required for the estimation of the 

cooperative cluster size during the isothermal or isobaric transition in all the above methods.22,23,24 
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Concerning the phase boundaries in the LE-LC transition the measurement of the molecular area ALE 

of the low density LE phase boundary can be made normally rather accurately from a break in the 

slope of the isotherm. We have, however, difficulty in accurately determining the high density LC 

phase boundary ALC, since the termination of the phase transition on compression is not clearly 

observed in the isotherm.9 This boundary has often been estimated as the intersection of the LE-LC 

plateau and the extrapolation of the steep portion of the isotherm beyond the transition from the 

isotherm.25,26,27  There has been, however, so far no definite method of determining the value of ALC 

without ambiguity from only a single isotherm measurement. To detect the boundaries of the transition 

the area fraction of LC phase domains as a function of molecular area has been compared with the 

isotherm by using optical microscopy with image analysis technique. The combined study of BAM 

with the lever rule technique using image analysis showed that the molecular areas extrapolated to the 

coexistence boundaries with the lever rule correspond well to those estimated by the tangential 

extrapolation method to the compression isotherm.28  There have, on the other hand, often been 

reported apparent violations of the lever-rule, with much less LE or LC molecular area observed than 

that expected from isotherm result.29,30,31,32 Here it may be important to remember that the fluctuation 

- dissipation (FD) theorem in equilibrium provides relationships between thermodynamic response 

functions and variances in the corresponding physical quantities.33  The microscopic cooperative 

clusters are measures of lateral density fluctuations that can be closely related to the isothermal 

compressibility as a thermodynamic response function macroscopically via the FD theorem. To obtain 
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some information about both the nanoscopic cluster growth and the relations between nanoscopic 

clusters and macroscopic domains in the two-phase coexistence region, in this study we develop a 

statistical mechanical deconvolution scheme to experimental isotherm data that allows the 

simultaneous determination of LE and LC nanoscopic cluster size distribution functions and LC phase 

boundary in the first order LE-LC phase transition.  

 

Experimental 

Dimyristoyl phosphatidylcholine (DMPC) was purchased from Avanti Polar Lipids, Inc. and claimed 

to be >99% pure. Lipids were dissolved in n-hexane: ethanol (9:1) to a concentration between 0.4 and 

0.5 mmol/l, and used without further purification. The solution was spread onto the pure water 

(Millipore Milli-Q at 18  cm, pH 5.5) contained in a custom-built Teflon trough. After evaporation 

of the solvent for 20 – 30 min, the monolayer was compressed at a rate of 0.01 nm2/molecule/min. 

Langmuir isotherms were obtained by compressing monolayers and the monolayer surface pressure 

() and the molecular area (A) were automatically stored on disk. The isothermal area compressibility 

A
T  was calculated from the digitally stored isotherm data. Thermocouples immersed in the subphase 

were used to measure the subphase temperature and the subphase temperature was controlled within 

0.1 oC 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 Teflon foil. The surface pressure 

- area isotherms were measured using a commercial film balance (R&K GmbH, Potsdam, Germany) 

equipped with Wilhelmy-type pressure measuring system. The surface pressure sensibility was 0.1 
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mN/m.  

 

Theoretical Background 

Freire and Biltonen developed a statistical mechanical deconvolution process based on the canonical 

and grand canonical approach24,37 to the measured specific heat to produce a submicroscopic lipid 

cluster distribution function in the phase coexistence region of the temperature-driven main transition. 

In analogy with their approach, we have formulated a deconvolution scheme to the isotherm utilizing 

the general relation between the pressure partition function and the generalized partition function34 to 

produce LE and LC cluster size distribution functions in the phase coexistence region of the isothermal 

first order LE - LC transition. The present deconvolution procedure also utilizes the equilibrium FD 

relation from which the crossover-point of LE and LC cluster distribution curves coincides with the 

peak position of isothermal compressibility at the transition midpoint in the diffuse LE-LC 

transition.35,36,37 

 

The pressure partition function Y , the generalized partition function  , and the cluster 

partition function   

We consider a monolayer in the two phase coexistence region of the first order LE-LC transition. Let 

 LELE Nm  and  LCLC Nm  be the total number of clusters (molecules) in LE and LC phases, 

respectively, and Tkkami
ke B   the statistical weight of  or LC  LEi   phase cluster containing k 

molecules ( i
km  : the number of i phase clusters containing k molecules, a  : the average area per 
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molecule). For the cluster model24, 37, assuming that individual clusters can be regarded as independent 

subsystems (no interactions exist between them), the separation into a product between LE and LC 

clusters is possible and the surface pressure partition function  LCLCLELE NmNmY ,;,   in the 

monolayer system can be written as follows:  

 

im  is the total number of i phase clusters ( 





1k

i
km ), iN  is the total number of i phase molecules 

( 





1k

i
kkm ). The pressure partition function,  ,,TNY ii  of i phase can be written as follows: 

 

 

where the summation runs over all sets of numbers of i phase clusters im . The degeneracy factor W 

is the number of different ways of distributing iN   indistinguishable molecules into i
km   boxes 

without restricting the occupation number per box. The partition function   ,,Ti   of the 

generalized ensemble can be expressed by a polynomial expansion in the activity term e  and the 

coefficients of this expansion are the pressure partition functions related to the Gibbs free energy of 

the system. The generalized partition function   ,,Ti  for the cluster model can be expressed as 

a product of cluster grand partition functions i
  finally: 
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We used the multinomial theorem to go from the first line to the second line. The whole partition 

function for the cluster model,   ,,T  can also be written formally in terms of cluster partition 

function, i
  as   

 
  i

i

mi

m
i

T     LCor  LE
,, , where the summation runs over all sets of number 

of clusters  im  consistent with the specification of the system. It is useful to define reference states 

to which to refer the relative statistical weights37 and we choose the LE state as reference state. Taking 

the partition function giving LE(LC) state a statistical weight equal to one 

(      TkggY B
LCLEexpLCLE  , g is the Gibbs free energy per molecule), the average cluster size 

distribution function  ik  and the relative probability of the cluster size  kPi  of i phase can be 

calculated from the experimental surface pressure partition functions,  NY i   using the relation 

between the pressure partition function and the cluster grand partition function.  NY i   can be 

represented from the relation between the surface area and the pressure partition function, 

  TNYTka ,B ln  , as follows:  

 

         

where  LCLE aa  and  LCLE   are the area and the surface pressure at which all molecules exist in 

the liquid expanded (condensed) phase, respectively. Defining the ratio    NYNYs LCLE , the 

statistical weight of a cluster containing k molecules in the LC phase is given by ks . 

The LE and the LC cluster partition functions are given by the equations using the above experimental 

partition functions,  NY LE  and  NY LC : 
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where the LE phase has been chosen as reference state. For very large systems  N ,  NY LE  

and  NY LC  approach a limit LEY  and LCY , which are independent of N (thermodynamic limit).  

In the thermodynamic limit  LE0 Yee   , the average LC phase cluster size  LCk  is given by 

the equation: 

  

 

 

 

In an analogous procedure, we can obtain    1LELELE  YYk  . Using these relations we can obtain 

 ik   LC LE,i  from the measured isotherm.  

 

Equilibrium Fluctuations of the Cluster Size 

The probability density,  kpLC , of finding an LC cluster of k  molecules among all LC clusters is24: 
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In an analogous procedure, the probability density,  kp LE , of finding an LE cluster of k  molecules 

among all LE clusters is: 
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Using the above relations, the relative probability  kPLC(LE)  that a molecule in the LC (LE) phase is 

in an LC (LE) cluster of size k, is equal to       1LC(LE)2LC(LE)LC(LE)LC(LE) 1



k

YYkkkkp . 

 

Results and discussion 

 - A isotherms and cluster size distributions  

Surface pressure () - molecular area (A) isotherms for DMPC monolayers at different temperatures 

are shown in Figure 1. As the subphase temperature increases, the transition region seen as the plateau 

appears at a higher pressure and the transition width becomes narrower, being consistent with previous 

studies.38,39 We can estimate the area and the surface pressure of the LE boundary from the tangent 

method easily and obtain  LELE ,A  =  mN/m  5.12 ,nm 605.0 2  and  mN/m 0.27 ,nm 514.0 2  at T = 9 

and 15 oC, respectively. The symbols  and on isotherm curves indicate the LC boundary point

 LCLC,A   determined by the deconvolution procedure (see Figures 3 and 4). For comparison the 

deconvolution procedure has been made also using the values of LC phase boundaries (and  

estimated by the conventional extrapolation. LCA   indicates the difference ext
LC

deconv
LCLC AAA 

between the deconv
LCA  (or ) determined by the deconvolution procedure and the extrapolated LC area

ext
LCA   (or). Figure 2 shows the isothermal lateral compressibilities       T

A
T AA   1  

calculated from the isotherms shown in Figure 1. The transition midpoint surface pressure m (, 

defined as the position of the maximum in   A
T ) at each temperature can be evaluated easily 
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from this figure ( C9
m

T  = 13.7 mN/m; C15
m

T  =28.6 mN/m). The average molecular cluster 

Figure 1  Surface pressure ( – molecular area (A) isotherms for DMPC 

monolayers at 9 oC and 15 oC. The dashed lines indicate how the extrapolation 

(tangent) method was used to estimate the extrapolated area   (or).  

ALC indicates the difference  between the area 

  (or ) determined by the deconvolution procedure and the 

extrapolated area  (or). 

Figure 2  Isothermal lateral compressibility ( ) - surface pressure 

() characteristics for DMPC monolayers at different temperatures. 

A pronounced peak can be seen in each curve. 
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Figure 3  The average molecular cluster size k (in units of numbers of molecules) as a function of 

surface pressure  in the transition region of DMPC monolayer at 9 oC. All curves were calculated 

by the deconvolution procedure (Eqs. 1 and 2) from the isotherm shown in Figure 1. ● (LC 

clusters);▲(LE clusters). The symbols correspond to the points shown on the isotherm at 9 
oC in Figure 1. () (ALC, LC) = (0.472 nm2, 18.1 mN/m); () (ALC, LC) = (0.508 nm2, 15.1 mN/m). 

Note that the area of the point  corresponds to the extrapolated  from the isotherm. 

Figure 4  The average molecular cluster size k (in units of numbers of molecules) as a function 

of surface pressure  in the transition region of DMPC monolayer at 15 oC. All curves were 

calculated by the deconvolution procedure (Eqs. 1 and 2) from the isotherm shown in Fig. 1. ● 

(LC clusters);▲(LE clusters). The symbols correspond to the points shown on the isotherm at 

15 oC in Figure 1. () (ALC, LC) = (0.447 nm2, 30.9 mN/m); () (ALC, LC) = (0.456 nm2, 30.1 

mN/m). Note that the area of the point  corresponds to the extrapolated  from the isotherm.  
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distributions obtained by the deconvolution procedure (Eqs. 1 and 2) using the isotherm data at 9 oC 

and 15 oC are shown in Figures 3 and 4, respectively. The symbols and  in each figure 

correspond to those shown in Figure 1. The LE and LC cluster distribution curves () have been 

obtained such that the surface pressure at which they intersect to each other can coincide with that at 

which the compressibility curve exhibits a peak. The use of the extrapolated boundary area ext
LCA  and 

the corresponding surface pressure ext
LC  (i.e., those of the point or) on each isotherm curve in the 

deconvolution process leads to the intersection (transition midpoint) of LE and LC cluster curves at a 

higher surface pressure compared to the surface pressure at which the compressibility peak appears. 

Figure 5 shows the comparison of the average cluster size distributions as a function of the rescaled 

surface pressure m at different temperatures. As the temperature approaches the critical temperature

 C 20 o
c T  of DMPC monolayer,39 the cluster size at the transition midpoint becomes larger and the 

full width at half maximum (FWHM) of the peak decreases. In Figure 6 we show the relative 

probability  kP  at the transition midpoint as a function of cluster size k. From Figures 5 and 6, the 

max value of P occurs at maxk (the average cluster size at m ), however, the distribution is very broad 

and there are more molecules belonging to the clusters whose size are larger than the average at each 

temperature. 
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Figure 5  The average LE and LC cluster size k distributions as a function of rescaled surface 

pressure  at different temperatures. 

Figure 6  Relative probability P that a DMPC molecule is in a cluster of size k at the 

transition midpoint at different temperatures. 



16 
 

Deconvolution analysis for isotherms and molecular area fluctuations 

The spatial density fluctuations in the phase coexistence region are microscopically characterized by 

a correlation length corresponding to the average linear cluster size. We note that the average cluster 

size is an equilibrium property although individual clusters constantly form and annihilate with a finite 

life-time in the thermodynamic majority phase (“dynamic heterogeneity” 40 ). The macroscopic 

manifestation of the persistence of such dynamic nanoclusters is accessible from the corresponding 

thermodynamic response function with the help of the equilibrium FD theorem.33 The present 

deconvolution scheme has been developed by utilizing the close relation via the equilibrium FD 

theorem between microscopic molecular area (density) fluctuations characterized by average cluster 

sizes and macroscopic lateral compressibility calculated from isotherm. Such a fluctuation-based 

approach seems to be more effective for the analysis of phase transitions in monolayer as a two-

dimensional system since from the Ginzburg criterion a wider temperature region for critical behavior 

is expected than in three dimensions.41 The critical behavior from the thermodynamic as well as the 

structural data in lipid monolayers was found to be consistent with the 2D Ising universality class.39 In 

this class the observables such as correlation length and line tension follow general power laws 

and scaling relations,     cc TTT  and    cc TTT  . 42  The critical exponent for line 

tension is related to that for correlation length  through the number of dimensions in the system d, 

   1 d . For our lipid monolayer (d=2),   , so we have 1 . As seen from Figure 5, 

the peak intensity (, defined as the crossover point of LE and LC distribution curves) of the average 
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cluster size distribution at the transition midpoint  1m   increases as T approaches the critical 

temperature Tc. Taking account that the average cluster size is a measure of the correlation length that 

describes the range of the correlations of the fluctuations, Figure 5 and the above inverse relation 

between and  indicates the decrease of  between LE and LC phase boundary as T approaches Tc. 

This seems to be consistent with previous fluorescence microscopy observations in which the LC 

domain shapes became less progressively compact on compression with increasing temperature.43 The 

lowering of at higher temperature would facilitate the wider distribution of cluster size. From the 

above argument it seems plausible that the clusters of different sizes are more uniformly distributed as 

well as the tail of the distribution extends to larger cluster size (the enhancement of density 

fluctuations) at the higher temperature (Figure 6).  

 

Comparison of cluster sizes and consistency 

Let us compare the cluster sizes obtained from the deconvolution analysis with those reported in the 

previous experimental studies on monolayers and bilayers. We have obtained k  147 (Acluster  81 nm2 

and Dcluster  10 nm) and k  216 (Acluster 105 nm2 and Dcluster  12 nm) at the transition midpoint at 9 

oC and 15 oC, respectively. Here, the average cluster area clusterA  and the average cluster diameter (or 

linear cluster size) Dcluster were calculated from the relationships midcluster akA    and 

  21
clustercluster AD   where mida  is the molecular area at the transition midpoint. From Figures 1 

and 2 one can obtain mida 0.554 nm2 and 0.487 nm2 at 9 oC and 15 oC, respectively. In relation to 
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the limited cooperativity of molecules in monolayers at the air-water interface, it was suggested that 

the non-horizontal slope in the isotherm for DPPC monolayers 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.22  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 linear cluster size.14 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 ( 117 nm2, assuming an 

average interfacial area of 0.6 nm2 per lipid molecule of the bilayer).18 In calorimetric studies the size 

of a cooperative cluster of the lipid bilayer undergoing chain melting transition was 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 k  200.44 In 

infrared spectroscopy of DMPC/water multi-bilayers, the van’t Hoff enthalpy of the main transition 

was estimated from the temperature dependence of the transmittance of specific absorption bands and 

the ratio of this value to the previously reported calorimetric enthalpy45  gave k  90-120.46  The 

temperature dependence of Raman scattering intensity of a spectral feature that depends upon the 

distribution between two states of the molecules was shown to provide the effective cluster size, keff
47 

and the analysis of the main gel to liquid crystalline transition for multi-lamellar dispersions of DPPC 

gave keff  100. From the above, our deconvolution results seem to be generally consistent with 
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previously reported results. It should be noted that the present procedure will be much simpler 

compared to the other methods that have been made.  

 

LC phase boundary area 

We can see from Figure 1 that for both temperatures measured there is a finite difference 

 0ext
LC

deconv
LCLC  AAA  between the values of the LC boundary area determined from each of the 

deconvolution procedure and the conventional extrapolation method and that LCA  decreases 

significantly with increasing temperature. We consider this finally. From the application of the lever 

rule for the combined BAM/isotherm results of DPPC monolayers, Arriaga et al. showed that the phase 

boundary areas deduced from the molecular area dependence of the LC phase area fraction correspond 

well to those estimated by the conventional extrapolation to isotherm.28 The validity of the application 

of the lever rule based on the image analysis for the determination of the phase boundary was 

confirmed also for monolayers of pentadecanoic acid (PDA)7 and L-dimyristoyl phosphatidic acid 

(DMPA)48 with FM/isotherm measurements. We must note, however, that the above lever rule analysis 

is valid only in the case that the area fraction of the micrometer-sized LC domains can be an accurate 

measure for tracking the progress of the transition. Using fluorescence microscopy and spectroscopy 

for DMPE monolayers, Flörsheimer and Möhwald indeed observed that the area fraction of LC phase 

domains as a function of molecular area extrapolates to zero for a smaller area than the one 

corresponding to a break in the isotherm slope.29 Importantly they found from the measurements of 
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the fluorescence emission intensity profile that i) the onset of the transition is deduced before LC phase 

domains are microscopically visible and ii) its onset area corresponds well to the onset of the phase 

transition as obtained from the conventional extrapolation. They ascribed these findings to the 

formation of two-dimensional microscopically invisible clusters as examined in our present study that 

at higher surface pressures (or at smaller areas) aggregate to form microscopically visible domains (a 

two-stage growth process). From thermodynamic and energetic considerations Israelachvili suggested 

that, with increasing surface pressure in monolayers surfactant molecules should first nucleate into 

nanodomains with aggregation numbers in the tens to hundreds in the coexistence region before they 

associate into larger structures such as 2D mesophases as observed by optical microscopes at higher 

pressures.49 Besides these experimental29 and theoretical49 investigations, Peters and Beck observed 

that the LE-LC transition of the lipid monolayer is accompanied by sudden reduction to <10-3 of the 

translational diffusion constant in the phase coexistence region with increasing surface pressure.50 

This remarkable slowing down of the diffusion of molecules in the coexistence region may be closely 

related to the slow hierarchical (two-stage) growth of monolayer. If cooperative clusters comprising of 

 102 molecules retain a high diffusional mobility in the coexistence region different from the case of 

the two-stage growth scenario, they will aggregate quickly to form optically visible domains made up 

of  106 molecules without a time delay (a direct growth process). Concerning the LC phase boundary 

of DPPC monolayers, it was reported that the boundary area deduced from the lever rule analysis is 

normally much smaller or at largest approximately equal to that determined from the conventional 
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extrapolation.30,31,32 It was shown also for the LE phase boundary that the boundary area deduced from 

the lever rule analysis is rather smaller than that corresponding to the abrupt change in the slope of 

isotherm and that the difference between them clearly tends to decrease with increasing temperature.30 

Along the two-stage growth scenario, considering the above previous results30,31,32 and the temperature 

dependence of LCA  in our deconvolution analysis together, the LC boundary areas deduced from 

each of the area ratio of mesoscopic LC domains (lever rule analysis) and the nanoscopic cluster 

distribution (deconvolution analysis) seem to approach each other from opposite sides with increasing 

temperature, getting very close to the value determined by the tangential extrapolation to the isotherm 

curve in the limit of absence of time delay during the hierarchical growth process. Apparent violation 

of the lever rule based on the image analysis on the specific length scales (several tens to hundreds of 

microns) in lipid monolayers would be a natural consequence from the occurrence of slow hierarchical 

aggregation between different length scales. It is well known that the shape of the isotherm in the LE-

LC coexistence region is generally strongly anisotropic at low temperatures with a rounded high- 

shoulder and a distinct kink at the low- side and that its shape asymmetry becomes less prominent as 

the temperature increases. It would also be interesting to examine this behavior from the viewpoint of 

slow hierarchical growth scenario.  

 

Conclusions 

A statistical mechanical deconvolution analysis to monolayer isotherm has been performed combined 
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with isothermal compressibility data to obtain some information on the formation and aggregation of 

clusters in the nm range in the phase coexistence region of the first-order LE-LC transition for DMPC 

monolayers at the air-water interface. The present methodology is based on the close relationship via 

the fluctuation - dissipation theorem in equilibrium between isothermal compressibility as a 

macroscopic thermodynamic response function and size fluctuations of nanoscopic clusters and 

utilizes the fact that for a surface pressure-driven diffuse transition the transition midpoint can be 

determined macroscopically from the position at which   A
T   shows a peak as well as 

microscopically from that at which LE and LC cluster curves cross. Our approach can make it possible 

from a single isotherm to simultaneously determine (i) nanoscopic LE and LC cluster size distributions 

in the coexistence region and (ii) LC phase boundary (ALC, LC). Although the LC phase boundary has 

so far been determined less definitely by the tangential extrapolation of isotherm curve, the present 

deconvolution scheme allows one to determine it uniquely, without ambiguity. The values of the cluster 

sizes obtained from the present method seem to be well correlated with those reported by previous 

experimental studies, such as TEM14,15 , AFM15-21 , scanning calorimetry44, infrared spectroscopy46, 

and Raman spectroscopy47. The cause for the finite difference between the LC boundary areas obtained 

from each of the deconvolution procedure and the conventional extrapolation method to the same 

isotherm seems to be ascribed to slow hierarchical growth from nanoscopic clusters to meso- and even 

macroscopic domains, however, a further examination on this point must be made. The present study 

suggests that it is significant to complementarily investigate monolayer growth across different length 
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scales simultaneously for the deeper understanding of the first order phase transition of monolayers at 

the air-water interface. As an extension of the present work, the application of the deconvolution 

scheme to first order transitions in monolayers of lipid/cholesterol and binary lipid mixtures may 

provide some valuable information about the nanoscopic cluster formation and aggregation in the 

phase coexistence of complex model membrane systems.   
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