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X-ray surface scattering and interfacial tension measurements are used to study the solid-to-gas phase transition
in soluble monolayers of F(G)g(CH,).OH and F(Ck).o(CH,).OH adsorbed at the watehexane interface.

X-ray reflectivity and diffuse scattering measurements determine the molecular ordering, the presence of
domains, and the interfacial coverage of solid domains as a function of temperature. The temperature-dependent
coverage can be analyzed by a functional form consistent with a critical transition proposed by theory.

Domain formation in systems with competing interactions transition in monolayers of FGOH and, in addition, in Gibbs
has been demonstrated in, for example, Langmuir monolayersmonolayers of F(CHs(CH,).OH (denoted F&GOH) adsorbed
of insoluble surfactants at the waterapor interface, thin at the water-hexane interface. These new measurements provide
ferromagnetic films with easy axis anisotropy, and ferrofldids. evidence for a sharp transition that occurs via a breakup of the
Recently, Brewster angle microscopy has been used to observenonolayer into solid domains at the same temperature as the

domain formation in a Gibbs monolayer at the liguldjuid kink in the interfacial tension data. The diffuse scattering
interface (formed from F(Ci0(CH2)2.0OH, denoted FGOH, demonstrates that the domains in;;0H monolayers have a
surfactants adsorbed at the watbexane interfacé).Earlier radius of 1.5um, in contrast with larger domains (radii greater

interfacial tension measurements of the #&IH (water—hexane) than 5um) observed earlier by Brewster angle microscepy.

system had revealed the presence of a sharp transition with |t s reasonable to expect that the solid domains at the liguid
temperaturé. Unexpectedly, the Brewster angle microscope |iquid interface are stabilized by a balance between the domain
observations indicated that the domains were present over a larggine tension and repulsive dipole interactions, similar to domain
range of temperatures, appearing at least 12 K below theformation at the liquie-vapor interfacé:2 In our system, the
transition temperature indicated by the interfacial tension repulsive interactions arise from a preferential orientation of
measurements. the surfactant molecule’s dipole moment in the solid monolayer

Our previous X-ray reflectivity measurements fromthe#C  phase. This results in an enhanced interfacial polarization in
OH (hexane-water) system demonstrated the presence of an the region of the domains. Marchenko proposed a correspon-
interface partially covered by a solid phase of the /&1 only dence between the critical properties of liquid systems with an
very near the phase transition temperature, in contrast with thejnterfacial polarization and those of ferromagnetic thin fifns.
Brewster angle microscope observatidridere, we use X-ray  we show that the interfacial coverage of solid domains as a
reflectivity, X-ray off-specular diffuse scattering, and interfacial  function of temperature near the phase transition can be fit by
tension measurements to study further the solid-to-gas phasey functional form consistent with Marchenko’s theory.

- o - The liquid samples are stirred and equilibrated in a temper-
* Corresponding author. E-mail: schloss@uic.edu. . . .
t Department of Physics. ature-controlled, vapor-tight stainless steel sample cell described
* Department of Chemistry. in detail elsewheré Solutions in purified hexane were prepared
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Figure 1. Normalized reflectivityR/R: vs Q. for FC;(OH monolayers

at the water-hexane interface. From the top on down, temperatures
are 296, 300.75, 309.55, 319.05, and 329.65 K. Left inset: X-ray
scattering geometry. Right inset: cartoon of monolayer domains at
water—hexane interface.

Figure 2. Off-specular diffuse scattering at fixed incident angle=
0.37 for FC,2,OH monolayers at the watehexane interface at~ T,
(close to the transition).

solid—gas monolayer transition. The tall peakfat= 0.37 is
the specular reflection; the narrow peak ngar 0.045 is the
surface field enhancement peak that indicates the presence of

OH910When the hexane solution is poured on top of the water, interfacial inhomogeneitie’¥. The two small angle scattering

the surfactant spontaneously self-assembles into a monolayeP2KS in the shoulders of the specular peak provide information
at the water-hexane interface. Our interfacial tensions, mea- about the size and nearest neighbor ordering of the monolayer

sured with a Wilhelmy plafé in the sample cell used for X-ray domains. The fit shown in Figure 2 is the result of a quantitative

scattering, are consistent with earlier studies of the tension as g2alysis using a form factor for circular domains and a structure

function of temperaturé12 factor with a log-normal distribution for both the domain sizes

X-ray scattering was measured at beamline X19C at the and separation. T_his analysis yields a d_omain radius 9frf1.5
National Synchrotron Light Source (Brookhaven National and an average distance between domaingeh4Analysis of

Laboratory) with a liquid surface spectrometer and techniques SiMilar measurements for temperatures witt K of the

described in detail elsewhet&l4The X-rays penetrate through transition indicate that the mean radius is nearly constant, but
the upper bulk phase of hexane solution, then scatter off a nearl the distance between domains increases as the temperature is

planar waterhexane interface. For specular reflection, the increased (a detailed discussion will be presented elseWhere

incident angleg, is equal to the scattered angi(see Figure The _reflected inten_sity illustrated in Figure 1 can be inter-
1 inset). Therefore, the wave vector trans@r= Kseat — Kin, IS preted in terms of the interference between X-rays reflected from
. 1 7 Scal Ny

only in thez-direction normal to the interfac®, = (4x/A)sin(o) the top.and bottom of the domqins af‘d X-rays reflecteq from
where the X-ray wavelength = 0.825+ 0.002 A, andQ, = the regions between the domains (Figure 1 inset). Using the
Q, = 0 wherex andy are in the plane of the iﬁterface. For Born approximatiori® the normalized reflectivity/R- can be

off-specular scattering is varied whilea is held fixed, resulting written as
in a nonzero component of the wave vector transfer in the plane
of the interface Q.

Figure 1 illustratesR/Rr, X-ray reflectivity measurements
normalized by the Fresnel reflectivity, as a function of temper- whereA; = App. exp(=idQ,) + ApLw, represents the reflection
ature for the waterhexane interface with HGOH. The peak from domains of thicknesd, whereApy, = (ov — pu)/(ow —
in R/Re represents a constructive interference of X-rays reflected py) is the normalized difference in electron density between
from the top and bottom of the monolayer. As shown below, the u and v phases (u and v are either-Hhexane, L—
the reduction in amplitude of the peak as the temperature is surfactant layer, or W~ water); A, = Appw, represents the
increased is due to a reduction in the number of surfactant reflection from the regions between the domains (essentially
molecules in the monolayer solid phase. This occurs becausejust the pure waterhexane interface)y is a temperature-
the monolayer separates into domains of solid phase separatedependent interfacial roughness due to capillary waves; the
by a monolayer gas phase, with some of the surfactant moleculescoveragec(T) is the fraction of interface occupied by the solid
going into the bulk hexane phase. Similar reflectivity measure- domains. The electron density for waterpig ~ 0.334e /A3
ments from our group have been previously published for the and that for hexane isy/pw = 0.690. The electron density in
water—hexane interface with FGOH monolayers and will be  the monolayerp, is primarily due to the fluorocarbon piece
further analyzed hereé. of the surfactant since, as shown elsewhere, these measurements

Two pieces of evidence indicate that the monolayer separatesare insensitive to the nonfluorinated region of the moleéule.
into domains. First, the value @, (~0.22 A1) at the maximum At temperatures well below the phase transition, the mono-
in R/R= and the peak shape in Figure 1 do not change as alayer fully covers the interface. Thereforg{T) ~ 1, and the
function of temperature. Therefore, the thickness of monolayer model in eq 1 reduces to a single layer model with a
domains is unchanged with temperature. Second, for thee FC homogeneous monolayer of surfactant sandwiched between bulk
OH system we measured small angle scattering from thesewater and hexane solution. Analysis of the reflectivity curve
monolayer domains (see also ref 15). Figure 2 illustrates this for FC;00H at 296 K or for FG,OH at 305 K yields values of
off-specular diffuse scattering obtained by scanning the scatteredthe layer thickness, in good agreement with the calculated
anglef at fixed incident anglet = 0.37 for a sample near the  length,dca, Of the fluorinated part of these surfactattsalues

well below saturation at room temperature at a molal concentra-
tion of 5.0 mmol/kg for FGoOH and 2.0 mmol/kg for FG-

RR== [o(MA; + (1 — c(M)A exp[-0° Q7] (1)
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TABLE 1: Fit Parameters Described in the Text for the o T 3
Reflectivity Analysis of Data Taken Far below the Transition E sof - ]
Temperature % L a) 1
surfactant T (K) d(A) deadA)  o(A) oulpw = 40 ] ]
FCicOH 296 10+ 1 10.1 3.6£ 0.3 1.85+0.09 -% [ ]
FCOH* 305 12.5+0.3 12.3 3.6t 0.2 1.90+0.04 ch r ]
aData for FG,OH were analyzed in ref 7. L e — : ! -
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8 04r ] interface (squares); lines are a guide to the eye. (b) Coverage: circles;
02 ] line described in textT. = 313.5 K.
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-10 0 10 20 30 FC100H andT = 313.5+ 0.2 K for FG,0OH. These transition
T-Te (K) temperatures correlate very well with the location of slope

Figure 3. Interfacial tension and coverage vs temperature deviation discontinuities in the interfacial tension (see Figures 3a anéf4a).
from the transition temperature for OH monolayers at the water Above the transition in the FgOH monolayer the coverage
hexane interface. (a) Tension: monolayer (dots); pure wétexane decays gradually over a range of 30 K while the coverage for
interface (squares); lines are a guide to the eye. (b) Coverage: uppetthe FG,0OH system decays rapidly over a range of 2 K. A
line anq circles (coherent scattering); lower line and dots (incoherent gimilar distinction of a gradual versus rapid change is evident
scattering).Te = 300.5 K. in the slope of the interfacial tension curves for these two
systems. Previous thermodynamic measurements of the inter-
facial adsorption are consistent with this analysis.

Itis important to note that eq 1 assumes that X-rays reflected
from the solid and gas domains interfere coherently. The X-ray
spatial coherence length projected onto the sample interface is
5 to 10um, consistent with coherent scattering from the small
domains in the FGOH monolayers. However, we were unable
to measure the small angle scattering peaks in the off-specular
diffuse scattering from the RgOH (water-hexane) interface.

If domains in FGoOH monolayers were a factor of4.0 times

of the monolayer electron density,, in agreement with the
density of bulk solid fluoroalkane phas&sand interfacial
roughnessg, in agreement with the value calculated from our
measured values of the interfacial tension (see TabléThis
analysis shows that the monolayer at temperatures well below
the phase transition is in a solid phase with the surfactants
aligned nearly perpendicular to the interface. A similar phase
occurs in monolayers of RgOH at the waterhexane and
water—vapor interfaceg.

The solid lines in Figure 1 for the other temperatures are i
determined by analyzing the reflectivity data using one fitting Smaller or larger than the R§DH domains, our measurements
parameter, the coveragéT), in eq 1. The success of this one Woulql not detect these peaks (due to the Ilmlteq resolu.tlon of
parameter analysis indicates that at these other temperatures thipe diffuse scattering measurements). For domains of diameter
monolayer consists of solid phase domains (whose structure is/@'9€r than approximately 10m, eq 1 must be modified to

essentially the same as for the low-temperature homogeneousaccount for the incoherent interference of X-rays reflected from
monolayer) separated by regions of gaseous monolayer. Thisth® solid and gas domains. Our present measurements do not
provide any guidance as to the domain size or distribution in

model is also consistent with the analysis of the diffuse scattering S X
shown in Figure 2. To perform this analysis, the parameters 1€ FGdOH monolayers, so we present in Figure 3b the analysis
assuming either coherent or incoherent scattering.

and p_ are taken from the fit to the low-temperature data " " h .
described above (Table 1). The temperature dependence of the Marchenko proposed that a critical transition will occur in a

interfacial roughness, is determined by the variation of our Monolayer of polar surfactants at a liquid interfaé¢e predicted

measured values of the interfacial tension (see Figures 3a anothe_ behawor_of _the interfacial polarization near this transition,

4a)14 In addition to the data shown in Figure R/Rr at four which we write in terms of the coverage as

values ofQ, (= 0.1, 0.15, 0.2, and 0.2573) was measured for

intermediate temperatures. Our measurements indicate that the ~ ¢(T) — ¢(To) = b sign(T, — I[IN(T/IT.—TN™* (2)

functional form of the reflectivity is independent of temperature.

Therefore, it is possible to determig€rl) from measurements  whereT — T, T. is the critical transition temperatura,andb

of R/Rr at one value of), for a range of temperatures. Figures are positive constants related to unspecified scaling parameters

3b and 4b show the coveragél) determined by these one in the theory? The coverage curves in Figures 3 and 4 can be

parameter fits to the data (@ = 0.15 A™%) for FC;qOH and fit using the parameters in eq 2. For the ;6@H monolayer,

(at Q, = 0.1 A1) for FC;,0H monolayers. Coverage curves the fit parameters arg(T) = 0.5+ 0.02,b = 1.9+ 0.2, and

produced from data taken at different value€fare identical a = 0.9 + 0.1. For the F&OH monolayer, the parameters

(not shown). depend on whether these data are analyzed using coherent or
The curves in Figures 3b and 4b indicate a sharp change inincoherent scattering. For coherent scattering, the parameters

coverage at a transition temperatdre= 300.5+ 0.2 K for arec(Tg) = 0.77+ 0.02,b=2.14+ 0.2, anda= 1.6 + 0.1; for
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