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The interface between water and mixed surfactant solutions @f@HH);dOH and CR(CF,)7(CH,).OH in

hexane was studied with interfacial tension and X-ray reflectivity measurements. Measurements of the tension
as a function of temperature for a range of total bulk surfactant concentrations and for three different values
of the molal ratio of fluorinated to total surfactant concentration (0.25, 0.28, and 0.5) determined that the
interface can be in three different monolayer phases. The interfacial excess entropy determined for these
phases suggests that two of the phases are condensed single surfactant monolaygf€taf)BH and
CRs(CR)#(CH,)20OH. By studying four different compositions as a function of temperature, X-ray reflectivity

was used to determine the structure of these monolayers in all three phases at thditjgiddnterface.

The X-ray reflectivity measurements were analyzed with a layer model to determine the electron density and
thickness of the headgroup and tailgroup layers. The reflectivity demonstrates that phases 1 and 2 correspond
to an interface fully covered by only one of the surfactants (liquid monolayer a{@H3),:0H in phase 1

and a solid condensed monolayer ofy(H-,)7(CH,).OH in phase 2). This was determined by analysis of the
electron density profile as well as by direct comparison to reflectivity studies of the tifjgidd interface

in systems containing only one of the surfactants (plus hexane and water). The liquid monolayg(CGH ik

OH undergoes a transition to the solid monolayer of(CI,);(CH,).OH with increasing temperature. Phase

3 and the transition regions between phases 1 and 2 consist of a mixed monolayer at the interface that contains
domains of the two surfactants. In phase 3 the interface also contains gaseous regions that occupy progressively
more of the interface as the temperature is increased. The reflectivity determined the coverage of the surfactant
domains at the interface. A simple model is presented that predicts the basic features of the domain coverage
as a function of temperature for the mixed surfactant system from the behavior of the single surfactant systems.

Introduction hexane solution of mixed alkanol and fluoroalkanol (nonionic)
Soluti f ; idel di surfactants. We present interfacial tension measurements as a
olutions of two or more surfactants are widely used N g,,qti0n of temperature for different solution compositions and

industrial p;rglcassesf andl t_h?ve bfeer[l SEUd'ITd Sct'ﬁm'f'ﬁa”,y flor a structural study of the interface using X-ray reflectivity. X-ray
many years. *Jse of muiliple surfactants allows the physica reflectivity is one of the few techniques available for structural

anlﬁzr;?i?rlmcsal E?glr:)erit(';;ls (S)f ;T:nﬁgll;tlgnséﬁe?/ee(tjungbz)rz:c?tievz?c investigation of liquid-liquid interfaces® Although neutron
ang:Jsting thé comp?ositionyof e.g., lipids in biomembranes tg reflectlylty_has been used tq st_udy rmxed surfac_tant r_n_onolayers
control life processes T at th_e Ilqwd—vapgr gnq sqheﬁhqwd interfaces, its u'ghty for

’ studies of the liquidliquid interface has been limitedf

itud|esd_of mﬁ<ed surfacFa_mt solgnons have ffocus;ad on Spectroscopic information is available from nonlinear optical
understanding the composition and structure of surfactant probes of the liquietliquid interface, but we are not aware of

aggregates in the bulk.solution as well as.the influence.of.thesesuch studies of mixed monolayers at the ligquiiduid interface’
_surfac_tant_s on mterfamgl properties. In this paper, we limit our Because this is the first X-ray reflectivity study of a mixed
investigation to properties of the interface between water and g rfactant system at the liquidiquid interface, we are interested

in exploring the utility and limitations of this technique as well
as understanding the properties of the interface.
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or by the separation of fluorocarbon and hydrocarbon regions interfacial tension were used to establish the purity of water
within a single type of micell@# 13 This segregation has been and hexane, respectivel23
attributed to the relatively weak interactions between the |nterfacial Tension. The interfacial tensiory of the hexane
fluorocarbon and hydrocarbon species as compared to thesp|ytion of GgOH and FGOH against water was measured as
stronger interaction of the fluorocarbon species with itself and 3 function of temperatur& and the total surfactant molality in
the hydrocarbon species with itself. A similar segregation has pexanem, at fixed composition of the mixturs, = my/m (my
been observed by atomic force microscopy in mixed Langmuir js the molality of FGJOH in hexane) under atmospheric pressure
monolayers of fluorocarbon and hydrocarbon surfactants trans-by the pendant drop meth88A glass cell with approximately
ferred onto a mica substrate=® . 25 mL volume and syringe with a glass capillary were used for

Earlier studies of the interfacial tension at 25.00 of jnterfacial tension measurement. The drop of water, formed on
mixtures of CH(CHy)100H and CK(CF)7(CH,):OH at the  the capillary tip, was photographed by a camera. Fhalue
water-hexane interface demonstrated the formation of three \ya5 determined to within 0.05 mN/m by analyzing the shape
phases at the interface as either the surfactant composition oyt ihe drop?* Known densities of pure hexane and water were
the bulk pressure was varié#.1° These studies indicated that used to calculate the tensiémzé
two of the phase_s were essentially single surfactant condensed Total interfacial densiy™ vs temperaturd was obtained
monolayers of either the alkanol or the fluoroalkanol whereas from the interfacial tension measurements as follows. First, the
the third monolayer phase was an expanded state with alkanol . ) : Y

y values at a giverT were plotted against total concentration

and fluoroalkanol miscible in all proportions. H X -
This manuscript extends these earlier studies of mixtures of m Then the™ values were calculated by applying the equation
' = —(M/RT)(dy/dm)1px. Interfacial density curves were also

CH3(CH,)160H and CRK(CF,)7(CH,),OH at the waterhexane . g L .
interface to investigate the phase behavior as a function of obtameq Trom the X-ray reflectivity as dgscnbeQ later. )
temperature for a range of bulk composition. For selected  Iransition temperatures measured by interfacial tension and

compositions the interfacial tension measurements are suppleX-ray reflectivity differed by up to 2C (higher for the tension
mented by X-ray reflectivity measurements. The latter probes Meéasurements). Because these two types of measurements were
the interfacial electron density profile (electron density as a Mmade in two different laboratories (tension in Japan, X-ray
function of depth through the liquidliquid interface) with reflectivity in the U.S.) with different thermometers, the
subnanometer spatial resolution. Comparison of these profilesdiscrepancy in transition temperatures may be due to thermom-
from the mixed system with profiles determined from single eter calibration. Alternatively, it may be due to slightly different
surfactant monolayers (either QI€H,)160H or CR(CF)s- sample concentrations or different levels of impurities in the
(CH,),0H) at the waterhexane interfac8&2! allows us to samples. Tension measurements made in the U.S. (not published
confirm the conclusions from the earlier tension studies that in this paper) with the same sample cell used for the X-ray
two of the monolayer phases are essentially single surfactantreflectivity had transition temperatures that agreed with those
monolayerg$1” The X-ray reflectivity measurements indicate determined by X-ray reflectivity. Also, values of interfacial
that the highest temperature phase, earlier referred to as theexcess entropy determined by tension measurements in the two
expanded phase, consists of domains 0§(CF.)7(CH2).OH laboratories agreed.
separated by low-density gaseous monolayer regions of the Sample Cell. Samples for X-ray measurements were con-
interface or, in some cases, of both 40&,)7(CH).OH and tained in a stainless steel sample cell described elsewhéhe
CHs(CHy)100H domains separated by low-density gaseous cell was cleaned with soap and water, methanol, acetone, rinsed
monolayer regions of the interface. These new measurementsyith water, and then allowed to sit in hexane at&0for several
are consistent with the earlier tension measurements and extenthours. Mylar sheets were used as X-ray windows and wall
our understanding of the monolayer structure. inserts such that the liquidliquid interface was in contact only
The X-ray reflectivity measurements also determine the with Mylar. After partially filling the sample cell with 100 mL
coverage of the surfactant domains at the interface as a functionof water and waiting 30 min, the water surface was aspirated
of temperature. This is compared to the total interfacial density by a glass pipet. The hexane solution of surfactants was then
determined by the tension measurements. A simple model ispoured on top of the water. The interfacial area was 76 xim
presented that predicts the basic features of the domain coverag@po mm (along the beam by transverse). The sample cell was
for the mixed surfactant system from the behavior of the single placed in a two-stage cylindrical aluminum thermostat and

surfactant systems. temperature controlled t0.005°C 27 Two thermistors mounted
_ _ within the stainless steel sample cell immediately above and
Materials and Experimental Methods below the liquid chamber measured the sample temperature and
Materials. 1-Eicosanol (CH(CH,)1gOH: denoted GOH: allowed us to determine when the sample cell had thermally

purchased from Sigma Ltd.) and 1,1,2,2-tetrahydroheptadecaf-€9uilibrated. A pressure release valve in the gas phase above
luorodecanol (CECF»)7(CH,),OH:; denoted FGOH; purchased the bulk Ilqu|ds is open dqung temperature changes so the bulk
from Lancaster Ltd.) were recrystallized seven and three times, Préssure is at atmospheric pressure.

respectively, from hexane. Their purity was checked by-gas X-ray Reflectivity. X-ray reflectivity was measured at
liquid chromatography and interfacial tension measurements atbeamline X19C at the National Synchrotron Light Source
the interface between water and a hexane solution. For the(Brookhaven National Laboratory) with a liquid surface instru-
tension measurements, water was distilled three times fromment and measurement techniques described in detail else-
dilute alkaline permanganate solution and hexane once in thewhere?::27-2% The kinematics of specular reflectivity is il-
presence of metallic sodium particles. For the X-ray measure- lustrated in Figure 1a. The reflectivity data are measured as a
ments, Barnstead NanoPure system water was usedhand function of the wave vector transfer normal to the interfagge,
hexane (99-%) purchased from Fluka was purified by passing = (47/A) sina (the in-plane wave vector compone@g= Qy

six times through basic alumina in a chromatography column. = 0 wherel = 0.825+ 0.002 A is the X-ray wavelength and
Stability of the air-water surface tension and the hexameater o is the angle of reflection). Therefore, specular reflection probes
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() hexane Monolayers of surfactants at the watdrexane interface are
solution modeled by layers illustrated in Figure 1b and described by eq
kscat [NTI NS kin 3. As shown previously, one layer is adequate to model a
(W:M monolayer of FGOH, two layers are required to model the
water headgroup and tailgroup regions of a monolayer gfdt.20-21
Interfaces at the top and bottom of each layer will fluctuate

with capillary waves334 These waves produce a broadening

®) " buik hexane solution(i = 3) of the time-averaged interface probed by the X-rays. Capillary
interface layer j = 2 wave theory predicts that the interface is broadened with an
interface layer / = 1 error function of interfacial width or roughness, The electron
bulk water (i = 0) density for the two layer interface, illustrated in Figure 1b, is
given by

Figure 1. (a) X-ray kinematics for reflectivity from the interface )

between water and a hexane solution of surfactants. (b) Layer model P (Z)Qy PH z+ ZJ!:OZ].

for a monolayer of surfactants at the wattexane interface. Domains (o — Pt 1+ er

of FC,00OH are modeled with one layer, domains of@H are modeled Pw Pw 2; i i+

with two layers (for the headgroup and tailgroup regions). ov?2

. . with
structure normal to the interface, but averaged over the in-plane
region of the X-ray footprint on the interface. f(z) = 2 rz

The X-rays penetrate through the upper bulk hexane solution erfz) = \/?tfo
then reflect off the waterhexane interface. Absorption lengths
for hexane and water at our X-ray wavelength are 19.2 and 5.6 Note that electron densities quoted in this paper are normalized
mm, respectively. The reflectivity data consist of measurements to the bulk density of water such thag = pw/pw = 1.0 (bulk
of the X-ray intensity reflected from the sample interface water),ps = pn/pw = 0.68 (bulk hexane af = 20 °C), andp;
normalized to the incident intensity measured just before the is the normalized electron density of layier
X-rays strike the interface. The reflectivity data are further  Studies of the waterhexane interface containing either
modified by subtracting a background measured as previously FCi0OH or G¢OH show that at higher temperatures the
described’ To set the incident beam size and vertical diver- surfactants desorb from the interface, leaving regions with a
gence (to 2Qurad), two slits placed approximately 60 cm apart very low density of surfactants. We have found that these
were used immediately prior to the liquid sample. The slit gaps gaseous monolayers can be modeled by the reflectivity from a
were typically 5-10xm in the vertical at the smallest reflection ~ simple interfacé?2 given by
angles (horizontal slit gaps were 10 mm, much larger than the

—t2

®3)

T|2
horizontal beam size of2 mm). The sample was followed by ~ Q,~-Q - T 2
a slit with a vertical gap of~2 mm to reduce the background RQ) ~ QT exp(-Q,Q; ) (4)
z z

scattering, and a scintillator detector was preceded by a slit with
a vertical gap of 0.8 or 1.2 mm that sets the detector resolution. Earlier measurements have shown that the interfacial width
The vertical angular acceptanag of the detector was set to  for gaseous monolayers 06§OH is approximately 5.5 A, larger
be either 1.18< 1073 or 1.78 x 1073 rad. than the value calculated from capillary waves (typically about
Tests for radiation damage were made throughout the X-ray35 A at T = 45 °C).213 The reflectivity for the gaseous
measurements by repeating measurements on the same samplgonolayer can be analyzed by adding an additional interfacial
No radiation damage was evident. width, the intrinsic width, that models structure due to the small
X-ray reflectivity R(Q,) from the watet-hexane interface can  number of surfactants at the interfa®é7 This intrinsic width
be interpreted to yield the electron density profile by the use of does not provide information about the molecular conformation

the first Born approximation, written &s in the gaseous phase, but only allows us to model the reflectivity
in this region in the simplest possible manner. For gaseous

R(QZ) R)e( )Qy monolayers the width is given by a combination of an intrinsic

R.(Q) |(Pw PH)‘[ dz exp(lez) @) profile width o, and a resolution dependent capillary wave

contribution?1.36.38-40

%

wherezis in the normal directiorip«(2)5y is the electron density ) 5 KeT e q
profile averaged over the surface area of the interface (in the Ogas = Oy T Ogqp = O ?+ 2ﬂyfmm d

x—Yy plane),pw andpy are the electron densities of bulk water q2 *& ’
and hexane, respectively (e.gy = 0.230 e/A3 and pw = 5 kBT Omax
0.3337 e/A3 at T= 20°C), and the Fresnel reflectivityRf) 05+ ﬂy q (®)
. . . min
from an ideally smooth interface is expressed!&s
where g, is the intrinsic width,ksT is Boltzmann’s constant
Q,— QI 2 times temperaturey is the interfacial tension, the correlation
R(Q) ~ | ——= 2) length, &, is given by&? = y/Apmd, Apm is the mass density
Q,+Q difference of the two bulk phases, agds the gravitational

acceleration. The wave vectqgrrepresents the in-plane wave
where QI = (Q2 — QAY2 is the z-component of the wave  vector of the capillary waves. The approximation in eq 5 is
vector transfer with respect to the lower phase. Total reflection calculated by choosingimax (the cutoff for the smallest
of X-rays from the lower phase occurs fQ¢x < Q. where the wavelength capillary waves that the interface can support), and
critical wave vector transfer 9, = 4(nre(ow — pn))¥2~ 0.012 usingQmin = (27/A)ApS sin a determined by the incident angle
A-1 (re is the classical electron radius). a and the angular acceptance of the dete¢tr?33°40The
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correlation lengttg, can be neglected becausg, > &1 We
have chosemmax = 27/5 A~1, where 5 A is atypical nearest 50
neighbor distance of closest approach for alkanes, though there 45
is little theoretical guidance for the correct choiceggfx. For
both eqs 3 and 5, an intrinsic profile fluctuates with capillary 40 -
waves. For eq 3 the intrinsic profile is given by the layers in 35 F=N,
Figure 1b, for eq 5 we chose a simple interfacial widtHor (System B)
the profile. 30 -
For many temperatures and concentrations the interface is
not a homogeneous surfactant monolayer but consists of &
domains of surfactants. If the spatial coherence length of the 20 |
X-rays in the plane of the interface is much larger than the
domains, then the X-rays reflected from neighboring domains
interfere nearly coherently. If the domains are much larger than 50
the coherence length, then the interference between neighboring €
domains is nearly incoherent. If incoherent, then the intensity 245
of the reflected electromagnetic fields should add; if coherent, E a0 L
the amplitudes of the reflected electromagnetic fields will =
add?*142 An example of incoherent reflectivity for an interface 235
with two distinct types of domains is given by E, a0 L
©
Rinc(Q) = CR(Q) + (1 — O)RY(Q) (6) il
T 20
where R, and R, refer to the X-ray reflectivity from a pure £
monolayer of molecules from domains 1 and 2, respectively
(see eq 1). The domain covera@as the fraction of interface 50
occupied by that type of domain, coverage of the other domain a5 2 -
is given by 1— C. A similar example for coherent reflectivity 3
is provided by 40 .
a5 —
Reo( Q) = 1C11(Q) + (1 — O)ry(Q))[? 7 ol i
wherer; andr; are the reflection amplitudes of the two domains 251 6 —
at the interface. For a two-domain interface, the two fitting 5 (System D)
parameters are the interfacial widtand the domain coverage 0F 7 X,=0.500 |
C of one type of domain. The extension to interfaces with three 15 1 1 1 1 L
types of domains is straightforward with the addition that two 15 20 25 30 35
different coverages for two of the three types of domains are Temperature (°C)

required as fitting parameters. The one caveat to this fitting Figure 2. Interfacial tension vs temperature for three different values
procedure is that, independent of temperature, gaseous domainsf the molal ratio of fluorinated to total surfactant concentratior=
are treated as a pure watgrexane interface, with a total  (a) 0.28, (b) 0.25, and (c) 0.50. Solid lines are a guide for the eye at

interfacial width of 5.5 A as we measured for a homogeneous constant total surfactant molalitg (mmol/kg). Bold solid lines labeled
gaseous phase in single surfactant systems. system A, B, C, or D indicate the four concentrations studied with

X-ray reflectivity. Bold dashed lines indicate phase boundaries between
phases labeled by boxed numbers 1, 2, or 3n{(gjven by (1) 0, (2)
Data and Analysis 1.991, (3) 3.496, (4) 4.978, (5) 7.488, (6) 9.958, (7) 12.46 (system B),
, ) ) . (8) 14.94, (9) 18.21, (10) 19.99, (11) 22.00, (12) 25.06 (system A),
Interfacial Tension. Phase diagrams of the mixed surfactant (13) 27.00. (bym given by (1) 0, (2) 1.980, (3) 3.989, (4) 5.990, (5)
system (GoOH and FGoOH) at the water-hexane interface for 8,511, (6) 11.21, (7) 15.00 (system C), (8) 18.00, (9) 22.50n(gjven
three different values aX; (ratio of FG¢OH concentration to by (1) 0, (2) 1.982, (3) 4.018, (4) 5.740, (5) 8.802 (system D), (6)
total surfactant concentration) are shown in Figure 2. The phase12.50, (21) 20.00.
diagram forX, = 0.28 indicates the presence of three phases

and a triple point, whereas the diagrams Xer= 0.25 andX, Figure 3 shows tension curves for single surfactant systems
= 0.5 indicate the presence of one phase transition separatingconsisting of either gOH or FGOH at the waterhexane
two phases. interface. To facilitate a comparison between the behavior of

For our X-ray studies we chose four different paths through the single surfactant systems and the mixed surfactant systems,
these phase diagrams, labeled system®An Figure 2, that the concentrations for these systems nearly match the values of
allowed us to study all the phases. Choice of the overall the concentrations for the surfactants used in the mixed systems
concentratiorm and the FGOH molar fractionX, determined A—D. Typical values ofS] are—2.1 mJ/(n? K) for the GgOH
the four paths and are specified in Table 1. The slope of the single surfactant system in its lower temperature phae32
solid lines in these plots yields the interfacial excess entropy mJ/(n? K) for the FGoOH single surfactant system in its lower
per unit areaS, = —(dy/dT)ex,m. The entropies for the temperature phase, ared.1 or —0.2 mJ/(ni K) in the high-
different phases of systems—-D are listed in Table 1. Typical = temperature phase of260DH or FGOH, respectively (Table
values are-2.2 mJ/(n? K) in phase 1,-0.8 mJ/(n? K) in phase 2). These values correspond closely to the values in phasés 1
2, and—0.2 mJ/(m K) in phase 3. of the mixed systems (Table 1), leading to the expectation that
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TABLE 1: Systems Studied by X-ray$

T (°C) Sy [£0.05 mJ/(M K)]
systems label m (+0.025) (mmol/kg) X2(£0.001) temp range€C) | Il 1 2 3
A 25.06 0.280 21.657.5 25.50 2820 —2.04 —0.84 -0.37
B 12.46 0.280 16.655.9 21.60 N/A —2.32 N/A —0.19
C 15.00 0.250 18:657.5 23.70 N/A —2.18 N/A —0.20
D 8.80 0.500 19.655.4 25.00 N/A N/A -0.82 -0.21

aThe total bulk surfactant concentrationmis(=my + mg); Xz (=me/m) is the ratio of the fluorinated bulk surfactant concentration to the total
bulk surfactant concentratioff* is the transition temperature (I and Il refer to two transitiors);is the interfacial excess entropy per unit area
and -3 are the three phases as in Figure 2.

Sl I B B B N VR (a) CodOH. Figure 4 illustrates X-ray reflectivity curves from
45 an interface between water and a 15 mmol/kg solution of
C200H in hexane. The interfacial roughness, the headgroup and
40 tailgroup layer thicknesses, and the electron density parameters
35 from a two-layer fit (eq 3) to the data measuredlat 19.38
o °C are listed in Table 3. The fit value for the roughness agrees
g 30 with the value calculated from the expression dex, in eq 5.
€ o5 The value of 0.80 for the tailgroup electron density agrees with
= the density of 0.81 determined for the alkyl chains of bulk liquid
g 20 alkanes and alkanols just above their freezing point. This
@ 45 indicates a liquid ordering of the,gDH chains in the monolayer
2 at the watet-hexane interface. As discussed elsewhere, the smalll
w 40 headgroup-{CH,OH) produces large uncertainties in the layer
& thickness and electron densfy/A better parametrization is in
:‘qj 35 terms of the maximum electron densjiyax in the headgroup
C

region (Table 3).
The reflectivity data at the highest temperature can be fit by
o5 | FC_OH - the model of a simple interface described by eqs 4 and 5. The
10 reflectivity data at intermediate temperatures (excluding the
lowest and highest temperature) are fit using eqs 6 and 7 that
describe the monolayer in terms of domains. The vaRiesnd
R> (or r; andry) are chosen to be the X-ray reflectivities (or

30

| | | | |
15 20 25 30 35
Temperature (°C)

Figure 3. Interfacial tension variation w_ith temperature_for single amplitudes) determined from the fits to the lowest temperature
surfactant systems at the watdrexane interface. The illustrated

concentrations correspond to the concentration of that surfactant in thedata and the hlghes_t temperat_ure data, respectively. The (_jomaln
mixed systems AD as indicated in parentheses. (a)(@H at coverage (the fraction of the interface covered by domains of

concentrations (mmol/kg): (1) 4.40 (D); (2) 8.97 (B); (3) 11.25 (C); the condensed phase) and roughness are the only fitting
(4) 18.04 (A). (b) FGOH at concentrations (mmol/kg): (5) 3.485 (B); parameters used to fit the intermediate temperature data.

(6) 3.986 (C); (7) 4.502 (D); (8) 6.982 (A). However, the fit values of the interfacial roughness are within
o _ error bars of the values calculated by capillary wave theory using
phase 1 is similar to the lower temperature phase in®B eq 5. This calculation used our measured values of the interfacial

single surfactant system, phase 2 is similar to the lower tension for that temperature and an intrinsic profile widgh=
temperature phase in a [OH single surfactant system, and 0 for the condensed phase amg= 3.5 A for the gas phase (as
phase three is similar to the higher temperature phases of thedetermined by our lowest and highest temperature measure-
single surfactant systems. As will be shown, these expectationsments, respectively).

are consistent with the X-ray measurements that assign phase Figyre 4b illustrates values for domain cover&getermined

1 to be a monolayer of £OH, phase 2 to be a monolayer of  from fitting the data in Figure 4a. For these data, the domain
FC100H, and phase 3 to consist of domains of either one or coverage is essentially independent of the choice of coherent
both of the surfactants along with gaseous regions between thegr incoherent reflectivity given by egs 6 and 7. Figure 4b

surfactant domains. indicates that the interface is fully covered by the monolayer
X-ray Reflectivity. Single Surfactant Monolayerénalysis below the transition temperature. Above the transition the
of single surfactant systems of,dOH and FGOH at the coverage is approximately 0.07. This indicates that 7% of the
water-hexane interface has been previously discuds&diere, interface is covered by domains that have the same structure as
we present a more complete X-ray data set fgsQF than the condensed monolayer phase present below the transition.

previously publishett and provide an overview of both single However, it is difficult for our measurements to distinguish
surfactant systems for purposes of comparison with the mixed between a phase with coverage this close to zero and a
surfactant system. We show that below the phase transition thehomogeneous monolayer. So, an alternative explanation con-
interfaces for both the OH and FG(OH systems are nearly  Sistent with the error bars on our data is that the interface above
fully covered by the surfactant. The [OH monolayer is a the transition contains a low density opdOH molecules that
close-packed solid, and the,@®OH monolayer has liquid  are not aggregated into domains.

ordering. Above the transition the interface witlyOH consists (b) FGOH. Figure 5a illustrates X-ray reflectivity curves

of a small number of surfactants, but the interface withd=C  from an interface between water and a 5.0 mmol/kg solution of
OH has many domains separated by regions of gaseousFC,;OH in hexane. As discussed elsewhere, these data are not
monolayer. sensitive to the presence of the headgroup and are well fit by a
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TABLE 2: Single Surfactant System$

corresponding S; 4 [£0.05 mI/MK)] S, [£0.05 mJ/M K)]
mixed system me(£0.025) (mmol/kg) T*(°C) my(£0.025) (mmol/kg) T*H (°C) T <T*y T>Try T<T T> T
A 6.982 31.0 18.04 29.0 —2.07 —-0.14 —0.81 —0.04
B 3.485 23.0 8.97 24.0 —2.19 —0.06 —0.80 -0.22
C 3.986 25.0 11.25 255 —2.12 —0.10 —0.84 -0.27
D 4.502 26.0 4.40 18.0 —2.16 —0.04 -0.84 —0.29

a Properties of single surfactant systems that have very similar concentrations for the individual surfactants as in the mixed systems described in
Table 1. Each row lists properties for two separate single surfactant systemso@H-@nd a GoOH system). Concentrationsy and mg are
respectively the bulk §OH and FG,OH surfactant concentration$¥y and T*¢ are the phase-transition temperatures fesOB and FG,OH
single surfactant systemS; ,, andS; - are the interfacial excess entropy per unit area f@O€ and FGoOH single surfactant systems (below and
above the transition).

(a') gas phase in the single surfactant; f@H system contains very

28r few FCG0OH molecules. The layer thickness and electron density

i for the solid phase domains are determined by the fit to the
2'4: data measured af = 18 °C (Table 3). The temperature

oL dependence of the interfacial roughnesss calculated from

| the variation of our measured values of the interfacial tension
16 b using the expression far,pin eq 520

L Figure 5b shows the domain coverdgeetermined by these
10 one parameter fits to the daaNote that in addition to the

L J data shown in Figure 5&/Re at four values of), (=0.1, 0.15,
08 i 0.2, and 0.25 A?) was measured for intermediate temperatures
4 and used to produce values of the domain covefa@elow
04 - the transition the interface is fully covered by an ;;0H
- : monolayer. Above the transition the coverage decays gradually
T TN e over a range of 30C. An earlier analysis of these data provided
01 .02 03 different coverage values depending upon whether the reflec-
QA9 tivity was analyzed as coherent or incoherent (see eqs 6 and
1 —etey T T T T '(b . 7).2° However, comparison with values of interfacial coverage
05 L ) calculated from the interfacial density determined from tension
' measurements (see Figure 5b) demonstrates that the analysis
O , , *yee—eo—r—e using coherent reflectivity is corréét (the coverage was
15 25 35 45 55 calculated from the density by normalizing to the low-temper-
Temperature (°C) ature value of the density, 5.58//m2, a value that is consistent
Figure 4. (a) X-ray reflectivity normalized to the Fresnel reflectivity ~ with the interfacial density expected for a fully covered
from the interface between water and a 15 mmol/kg solution gf C interfac&”4343. This analysis provides strong support for the
OH in hexane: (1) 19.38 0.02°C, (2) 23.02+ 0.04°C, (3) 25.93+ existence of domains above the phase transition because these

0.03°C, (4) 26.91+ 0.03°C, (5) 27.91+ 0.03°C, (6) 29.95+ 0.04 dat ire th ist f . f the interf that d
°C, (7) 32.90+ 0.06°C, (8) 35.90+ 0.05°C, (9) 41.88+ 0.03°C, ata require the existence of regions of the Iinterrace that produce

(10) 48.48+ 0.02°C. Data for different temperatures are progressively different reflected X-ray fields that interfere coherently. For a
offset by 0.2 RIR: = 1 atQ, = 0). Solid lines are fits described in the  slightly longer surfactant, FGQOH (CF(CF)o(CH,),0H), earlier
text. (b) Domain coverage as a function of temperature determined by X-ray diffuse scattering measurements provided direct evidence

© joo |N
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the data in part & The solid line is a fit described elsewhéte. for the presence of domains of solid phases separated by gaseous
_ _ regions of the monolayé#f.
single layer (Table 2J° At T = 18 °C the layer thickness Overview of the Analysis of Mixed Surfactant Monolayers.

corresponds to the all-trans length of the fluorinated part of the The analysis of the X-ray reflectivity data from mixed surfactant
tailgroup, the electron density is in agreement with the value monolayers poses several challenges. The expression for the
for bulk solid fluoroalkane phasédand the interfacial rough-  reflectivity in eq 1 indicates that the reflected intensity depends
ness is in agreement with the value calculated from our gn the electron density averaged over they plane of the
measured value of interfacial tension. This analysis shows thatinterface. If the interface is homogeneous, i.e., the molecular
the monolayer at temperatures well below the phase transitionarrangement is essentially the same for diffeseny positions
is in a solid phase with all-trans molecules aligned nearly on the interface, then the electron density profile (normal to
perpendicular to the interface. the interface, along) produced by the analysis of the reflectivity
The solid lines in Figure 5a for the other temperatures are data can often be simply related to molecular ordering normal
determined by analyzing the reflectivity data using one fitting to the interface. As will be discussed, phases 1 and 2 (see Figure
parameter, the domain coveraésee eqgs 6 and 7). The success 2) are homogeneous, single surfactant monolayers consisting
of this one parameter analysis indicates that at these otherof C,0OH and FG¢OH fully covering the interface. However,
temperatures the monolayer consists of solid phase domainsf the interface is heterogeneously covered by surfactants, then
(whose structure is essentially the same as for the low- the analysis is not as straightforward.
temperature homogeneous monolayer) separated by regions of As shown for single surfactant systems, the interface may
gaseous monolayer. In contrast to theg@H system, the gaseous contain domains of condensed phases separated by regions of
monolayer could be described by a simple interface betweena dilute gaseous monolayer. The analysis of data from systems
hexane and water without the need for an intrinsic roughness, with two surfactants is more complex because there can be more
0o (and, thereforeggad = ocad in €q 5). This indicates that the  than one type of condensed domain as well as the possibility
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TABLE 3: Fitting Parameters for Homogeneous Monolayer Model$
layer 1 layer 2

systems  T(°C)  y (£0.05) (103N/m) o (A) Ocap(R) Ln (A) oh Omax L (A) ot

CaOH 19.38 22.9 47031 4.70 85 1.150-01 107002 17415 0.8010-01-002

FC,00OH 22.85 37.0 363 3.76 101 1.850:09

B 15.88 26.6 N/A 451 i 1.20+004 1.090-02 16.6015 0.812:0-004

A 2491 32.0 N/A 3.82 982 1.9040-008

aT is the temperaturey is the interfacial tensiony is the fit roughnessgcap is the roughness calculated from the measured interfacial tension
using capillary wave theory. Layers are ordered as watendgroup (layer hjtailgroup (layer 2)-hexane.L is the layer thicknessp is the
electron density normalized to the value of bulk water at the temperature for the measurement (e.g., 048387 e= 20 °C), normalized hexane

density is 0.68 aT = 20 °C. For the headgroup the maximum electron density and the density of the layer are given because the density and layer

thickness fitting parameters are strongly correlated for this thin layer, but the resultant profile is well detéhtfiSgdtems A and B are illustrated
in Figure 6c,a, respectively.
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Figure 5. (a) X-ray reflectivity normalized to the Fresnel reflectivity
from the interface between water and a 5.0 mmol/kg solution gfFC
OH in hexane: (1) 18.0C, (2) 27.9°C, (3) 30.1°C, (4) 36.5°C, (5)

46.0°C, (6) 55.5°C. (b) Domain coverage as a function of temperature

ature. Although we have had to make strong assumptions to
analyze these data, we consider them justified in light of our
ability to use just two or three parameters to fit data from several
different monolayer phases over large ranges in temperature for
several different bulk concentrations.

An additional challenge in the analysis of these data is our
ignorance of the size of domains in relation to the in-plane
spatial coherence length of the X-rays (the latter is ap-
proximately 5um for our measurements). If the domains are
much smaller than this coherence length, then X-rays scattered
from a domain and surrounding regions will add nearly
coherently (i.e., the scattered electromagnetic fields add). If the
domains are much larger than the coherence length, the scattered
X-rays from neighboring domains add nearly incoherently (i.e.,
scattered intensities add). Although identifying the reflectivity
as either coherent or incoherent provides some guide as to the
domain size, it is not definitive. For example, it is possible that
very large condensed phases that nearly fill the interface and
are separated by thin regions of gas (whose width is less than
the coherence length) would also be fit better by coherent
reflectivity. With this caveat in mind, we will identify domains

determined by the data in part a using coherent reflectivity as in eq 7. @ Smaller or larger than/m if the reflectivity is coherent or
Dots are coverage determined from the X-ray measurements; diamonddncoherent, respectively. Analysis of scattering from domains
are determined from analysis of tension measurent@ftghe solid

line is a fit to a theory described elsewhéte.

of surfactant mixing within domains. As will be discussed, the

whose size is similar to the coherence length may involve more
sophisticated theories of partial cohereht@/e have assumed
that the reflectivity can be modeled as due to either fully
incoherent or coherent scattering as in eqs 6 and 7. Often, these

data very near the phase transitions and the data in phase 3515 can be fit by both the incoherent or coherent models, but
cannot be adequately fit by a homogeneous monolayer. Althoughye fits may yield different values of the domain coverage for

scattering from the bulk liquids has precluded the use of X-ray {he o choices. In this case, consistency with our thermody-

surface diffuse scattering to demonstrate directly the existence
of domains, we will assume that the interface contains domains
except where the analysis indicates a homogeneous interfac
fully covered by one of the two surfactants. Also, there are good
theoretical reasons to expect that domains will be stabilized in

systems containing surfactants with electric dipole monfémntg.

Furthermore, we will assume that each of the domains contains

namic determination of the total interfacial density can determine
the correct choice between the two types of reflectivity.
Examples of Reflecity Curves.In this section, examples
of reflectivity measurements at specific temperatures are
discussed to illustrate our ability to discriminate between
different models of the interfacial structure. These models

e

a single kind of surfactant. This is plausible considering that describe either a homogeneous monolayer of a single surfactant

fluorocarbons and hydrocarbons of this length typically do no
mix in a bulk solution near room temperature (of just the two

components, i.e., without hexane and waféf).Our final
assumption is that FgOH domains have the same layer

¢ that fully covers the interface or a heterogeneous monolayer

consisting of domains. Three different types of domains may
be present on the interface. These include gaseous domains,
FCi100H domains (labeled as F domains), and@H domains

thicknesses and layer electron densities as for the homogeneou§abeled as H domains). In addition, these domains may produce
FC1gOH monolayer phase, likewise for the:dOH. This last either coherent or incoherent reflectivity.

assumption is consistent with the results of our studies of the (a) Homogeneous Monolayers. Normalized X-ray reflectivity
single surfactant systems. The only fitting parameters for the curves R/Rr) for system B at 15.88C (in phase 1) and for
heterogeneous monolayers are the fraction of interface coveredsystem A at 24.9EC (in phase 2) are plotted in panels a and
by each domain (one or two fitting parameters depending upon ¢ of Figure 6. The line in panel a is a fit to a two-layer interface
whether there are two or three different types of domains) and whose values of electron density and thickness for each layer
the interfacial roughness. We expect the latter to vary with are consistent with measurements of a homogeneous monolayer
temperature because the interfacial tension varies with temper-of C,0OH that fully covers the waterhexane interface (compare
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Figure 6. (a, ¢, €) Normalized reflectivitiR’ R vs wave vector transfer

Q. for mixed surfactant monolayers at the hexanater interface. Data
points @). (b), (d), and (f) are the electron density profiles of the
surfactant monolayer determined from the fits in (a), (c), and (e). The
bulk water electron densitg & 0) and the bulk hexane electron density
(z < 0) have been subtracted. (a) and (b) system B at 18288 fit

by a homogeneous monolayer 0f,OH (phase 1; see Table 3). (c)
and (d) system A at 24.9%C is fit by a homogeneous monolayer of
FCioOH (phase 2; see Table 3). (e) System A at 21°@7(at the
transition between phases 1 and 2) is fit by a two-domapd8 and
FCi00H) incoherent model (solid black line; see Table 4). Other models
shown do not fit the data well: two-domain {OH and FG,OH)
coherent fit (red solid line); blue solid line represents three different

J. Phys. Chem. B, Vol. 109, No. 3, 2005217

Comparison of the two figures shows the much larger electron
density of the FGOH layer.

(b) Two-Domain Models. Figure 6e illustrates reflectivity data
from system A at 21.97C (at the transition between phases 1
and 2). Although these data have a single maximum, the
amplitude is not large enough to represent an interface fully
covered by a layer of FGOH molecules as in Figure 6c. Also,
the shape of the peak in Figure 6e is not similar to those in
panels a and c of Figure 6, indicating that these data cannot be
fit by domains of FG,OH surrounded by regions of gaseous
monolayer or by domains of /gOH surrounded by gas.
Quantitative fitting is consistent with these qualitative observa-
tions. The only good fit to the data in Figure 6e was obtained
by a model that included separate domains of & and Gg-

OH. In this model the molecular structure parameters (layer
thickness and electron density) of the domains are fixed to the
values used for the homogeneous monolayer fits (Table 3). The
only fitting parameters for the two-domain models are the
interfacial roughness and coverage of the domains (see eqs 6
and 7). Both coherent and incoherent two-domain models were
tried; however, only the incoherent model fit the data (as
illustrated in Figure 6e). This reveals the presence of domains
larger than~5 um for system A at this temperature. The fit
indicates that 8% of the interface is covered by, fIH with

the rest covered by domains o0fdOH (see Table 4). Figure 6f
illustrates the total surfactant electron density profile at the
interface as well as separate profiles for;f@H and GOH.

Figure 7a illustrates reflectivity data for a monolayer with a
large fraction of the interface covered by f0H (system A at
26.88 °C, at the phase transition between phases 2 and 3).
Although the form of the reflectivity is similar to Figure 6c,
the amplitude is smaller, indicating that part of the interface is
covered by GOH or gas. These data are similar to data in
Figure 5 from the single surfactant [fOH system near or
above the phase transition.

These data were fit by two-domain models, both coherent

and incoherent, that include F§OH domains with either &-
OH or gaseous domains. Figure 7a illustrates that all four fits
are nearly indistinguishable. In addition, a three domain model
can also fit these data. Table 4 shows that the coverage of the
FC100H domains determined by the different fits varies from
85% to 93% with the remainder of the interface covered by
C200H and/or gaseous domains.

Because the reflectivity from a fully covered [OH

fits—the homogeneous monolayer and two-domain incoherent and interface is much larger than that from a fully covereg@H

coherent fits of FgOH and gas domains. (f) Monolayer electron
density profile obtained from the two-domain incoherent model;oFC
OH molecules (short dash)0H molecules (long dash), and sum of
both molecules (solid line).

interface or from the waterhexane interface, it is difficult to
determine the fraction of these other domains when the interface
is covered primarily by FGOH. In this particular case it is
also difficult to distinguish between coherent and incoherent

to low-temperature data for the single surfactant system in Figure "€flectivity.

4 and compare parameters in TableB).
The line in panel c is a fit to a one layer interface (compare

Normalized reflectivity data for system B at 25.0€ (in
phase 3) are shown in Figure 7b. Three domains are required

to low temperature data for the single surfactant system in Figureto fit these data. These fits have three fitting parameters: the

5). The parameters for the fit in panel ¢ agree with the
parameters from a watehexane interface fully covered by

interfacial roughness and two values of covera@edndCy)
for the FGo©OH and GygOH domains. The coverage for the

FC100OH (compare parameters for single and mixed surfactant gaseous region that fills up the remainder of the interface is

systems in Table 3¥
Panels b and d of Figure 6 illustrate the electron density

given by 1— Cy — Cr. Coverage values and the interfacial
roughness are listed in Table 4. Both coherent and incoherent

profile normal to the interface. In these figures the electron reflectivity can be used to fit these data though they yield very
density due to the bulk water and hexane solution has beendifferent coverage values. As discussed later, thermodynamic
subtracted to illustrate the electron density of the surfactant layer.measurements for the interfacial density can determine whether
The profiles in the figures are rounded due to the capillary wave the coherent or incoherent model is correct.

roughening of the interfaces. Extra electron density in the Full Reflectuvity Curves.The complete reflectivity measure-
headgroup region can be seen fops@H in Figure 6b. ments for systems AD are illustrated in Figures -811.
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TABLE 4: Fitting Parameters for Multiple Domain Models 2

system T(°C) y (£0.05) (103 N/m) model Ocap(R) o (A) Cn Cr Co

Two-Domain Fits

A 21.97 25.5 inc (H, F) 4.66 4.99.07 0.92:0.005 0.08:0:005 0

A 26.88 34.5 inc (H, F) 4.09 4,186 0.16+0-035 0.84+0-035 0

A 26.88 34.5 inc (F, G) 4.09 4,$206 0 0.85-0-035 0.15:0.035

A 26.88 34.5 coh (H, F) 4.09 4,1306 0.10+0-025 0.90+0-025 0

A 26.88 34.5 coh (F, G) 4.09 4.%4806 0 0.93-0-015 0.07:0.015
Three-Domain Fits

B 25.04 40.2 inc 3.75 4.48 0.4812 0.11+003 0.41+012

B 25.04 40.2 coh 3.75 4.45 0.8%7 0.35-0:02 0.33:0:05

@ Model refers to the use of either incoherent (inc) or coherent (coh) reflectivity;the roughness of the,OH and FG,OH domains (the
roughness of the gas domains was fixed at 5.5@); Cr, andCg are the interfacial domain coverages of@H, FG,OH, and gas domains,
respectively; two-domain fits are eitherdOH and FGOH domains (H, F) or FGOH and gas domains (F, G); three-domain fits aggOE,
FC,0OH, and gas domains. System A (2190) is illustrated in Figure 6e; system A (26.88) is illustrated in Figure 7a; system B (25.0@)
is illustrated in Figure 7b.
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Figure 7. Normalized reflectivityR/R: vs wave vector transfep, for QA

mixed surfactant monolayers at hexaiveater interface. (a) System A Figure 8. Normalized reflectivity for system A: (1) 21.08 0.01°C,
at 26.88°C (near the transition between phases 2 and 3; see also Tableoy 21 97+ 0.01 °C, (3) 23.88+ 0.01°C, (4) 24.91+ 0.02°C, (5)

4). Nearly overlapping lines represent seven different fits as described 5 gg 1 0.02°C, (6) 26.88+ 0.02°C, (7) 27.99+ 0.01°C, (8) 28.89

in text. (b) System B at 25.04C (in phase 3) is well fit by the three + 0.01°C, (9) 30.92+ 0.02°C, (10) 36.42+ 0.01°C, (11) 52.18+
domain incoherent and coherent models (solid black line; see also Tableg g1 ¢, (1'2) 57.71+ 0.01°C. ESata shifted for clarityli?/RF =1atQ,

4). Oth_e_r models do not fit the data prpperly. The_se _consist of incoh_erent: 0 before shifting). Lines are fits described in the text.
reflectivity from GoOH/FC,cOH domains (red solid line), two-domain
gg?f;iennitnrggﬁggﬁﬂ;/gocﬁgorsn? ?nnggg}z g%[;g;,;glslddgﬁ;iﬁg ?btl\ﬁlg determine the interfacial density of those molecules. If both
solid line). FC100OH and GoOH domains exist, then the total interfacial
density can be determined by the sum of the individual densities.
Inspection shows many similarities with the example reflectivity Gaseous regions may also be present, but the X-ray reflectivity
curves just discussed in detail. The lines in these figures areis not sensitive to the number of ROH or GyOH molecules
examples of best fits; however, considerations similar to those in this lower density phase. In this case, the total interfacial
used for the analysis of the example reflectivity curves were density determined from the X-ray measurements will under-
used to analyze all the reflectivity measurements. estimate the real density of OH and GoOH molecules at
Interfacial Density. The interfacial density of FGOH and the interface.
C,0OH can be determined from the electron density profiles  The domain coverage; (fraction of interface covered by
derived from the X-ray reflectivity data in Figures—&1. domains of FGOH or GoOH), can also be determined using
Integration over the-coordinate of electron density profiles for  our earlier assumption that the domains consist of¢B& or
a homogeneous monolayer as shown, e.g., in panels b and d o,00H molecules in a condensed phase similar to that in the
Figure 6 will yield the number of electrons per unit area in the homogeneous phases. Note that our domain cove@ges
plane of the interface. Dividing this number by the number of different from the standard thermodynamic coverage (typically
electrons per FEOH (or GoOH) molecule yields the number  referred to a®)). The coveragé refers to the total number of
of molecules of FGOH (or GoOH) per area of the interface.  surfactant molecules at the interface normalized by the number
This is then converted into an interfacial density in mél/m of surfactant molecules in a fully covered, close-packed mono-
For heterogeneous monolayers a similar procedure is followed layer. X-ray reflectivity cannot determine the number of
except that the partial electron density corresponding to either surfactant molecules in the low-density gas phase. Therefore,
FCi10OH or GeOH molecules (as in Figure 6f) is used to the two coverage8 andC will be slightly different.
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Figure 9. Normalized reflectivity for system B: (1) 15.88 0.03°C, Figure 11. Normalized reflectivity for system D: (1) 18.92 0.04

(2) 17.97=+ 0.02°C, (3) 19.89+ 0.01°C, (4) 20.17+ 0.02°C, (5) °C, (2) 21.894 0.05°C, (3) 23.39+ 0.05°C, (4) 25.02+ 0.04°C,
20.68+ 0.02°C, (6) 21.17+ 0.02°C, (7) 21.67+ 0.02°C, (8) 22.78 (5) 30.57+ 0.03°C, (6) 40.52+ 0.01°C, (7) 55.40+ 0.02°C. Data
=+ 0.02°C, (9) 25.04+ 0.01°C, (10) 31.95+ 0.01°C, (11) 55.9+ shifted for clarity Rs = 1 atQ, = 0 before shifting). Lines are fits
0.01°C. Data shifted for clarityR/R- = 1 atQ, = 0 before shifting). described in the text.

Lines are fits described in the text.

At approximately 27C the interface passes through another
transition to phase 3 at which the FfOH coverage drops
quickly though the @OH coverage remains at a low value.
Above 27°C, the coverage of FHgOH decreases slowly with
temperature, similarly to the coverage of the single surfactant
FC100H system shown in Figure 5. The data above’@7are
consistent with the presence of eitherfldH domains separated
by regions of gas or both RgDH and GgOH domains separated
by regions of gas. In the latter case the coverage 08
domains in phase 3 is always within error bars of zero.

The two sets of values in phase 3, shown in panels a and ¢
of Figure 12, are due to the difference between coherent and
incoherent reflectivity. In both cases the data are fit well, but

N
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-

o
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E

the determination of the interfacial density is different. This
2r 7 ambiguity can be resolved by comparison with the total
r 71 interfacial density determined by the interfacial tension mea-

1 8 surements (the diamonds in Figure 12a). This thermodynamic
- .\\\ density is consistent only with the coherent model for the X-ray
0 9 reflectivity. In addition, nonmonotonic behavior of the density

Normalized Reflectivity (R/R _ - Relative Units)

produced by the three-domain models abovéQ7eads us to

0 01 ,,_10'2 03 discard these models. Therefore, phase 3 consists gfOFC
Q&) domains (smaller than wm) separated by regions of gas,
Figure 10. Normalized reflectivity for system C: (1) 18.06 0.02 although the possibility of the presence of a small fraction of
°C, (2) 19.89+ 0.02°C, (3) 20.96+ 0.02°C, (4) 21.53+ 0.02°C, C200H domains cannot be eliminated.
(5) 22.97+ 0.02°C, (6) 23.97+ 0.02°C, (7) 25.00+ 0.02°C, (8) System B.The interfacial density and domain coverage for
32.08:+ 0.02°C, (9) 57.32 0.02°C. Data shifted for clarityR/Rr = system B are shown in Figure 13. Note that systems A and B

1 atQ, = 0 before shifting). Lines are fits described in the text. have the same composition ratio, but the choice of total

. . ) . surfactant concentratiom), determines that system B exhibits
The interfacial density and domain coverage for systemBA only one phase transition (see Figure 2a)
are shown in Figures 215 (corresponding to the data in Similar to Figure 12, at the lowest temperatures in Figure 13
Figures 8-11). Results from all the interfacial models that o monolayer is in phase 1, a homogeneous close-packed C
adequately fit the data are presented. However, comparison with, monolayer. Very close 7to the phase transitidiw{ 20.5
the thermodynamically derived interfacial density will allow us °C) both FGJOH and GeOH domains are present on the surface
to reject many of the models. ~ (without gaseous regions). Above the transition to phase 3, only
System A.At the lowest temperature the monolayer is in  three-domain models with F§OH and G¢OH domains plus
phase 1 (Figure 12). This is a homogeneous close-packed C gas regions fit the data. Comparison with the total interfacial

OH monolayer, as indicated by a coverage of one feyOEl density determined by the tension measurements (see diamonds
in panel b and zero for HOH in panel ¢ of Figure 12. At in Figure 13a) indicate that above the transition the incoherent
temperatures slightly above Z& the coverage of FGOH reflectivity model (green squares) is correct.

rapidly rises to one and the coverage @§@H rapidly falls to Figures 12 and 13 show that the total interfacial density of

zero. The interface has passed through a phase transition to aurfactants in phase 3 is larger in system A, which has a larger
homogeneous close-packedt@H monolayer known as phase  total bulk concentratiom. The ratio of interfacial coverage of

2. During the transition the interface contains domains of both FC;00H to the total surfactant coverage (Figure 13d) in phase
Co0OH and FGOH. 3 is also different for systems A and B, being essentially 1 for
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Figure 12. System A K, = 0.280,m = 25.06 mmol/kg): (a) total for
FCi1oOH and G¢OH; (b) GoOH only; (c) FGOH only. Interfacial

density of surfactants vs temperature. Cartoons of the phases, for 20 30 40 50
illustrative purposes only, are shown above panel a. The solid lines in
panels a-c indicate the correct model determined by considering results Temperature (2C)

of both X-ray and tension measurements. Vertical dashed lines separate

phases 3. For panels b and c, the right axis shows the domain Figure 13. System B K, = 0.280,m = 12.46 mmol/kg): (a) total for
coverage for g@OH and FGoOH that corresponds to the density. FCioOH and GoOH, (b) GOH only, (c) FGOH only. (d) Ratio of
Legend: thermodynamic measuremeft).(Other symbols for X-ray FC,0OH coverage to total surfactant coverage. Interfacial density of

reflectivity: blue circle, homogeneous monolayer modelGE and surfactants vs temperature. Cartoons of the phases, for illustrative
FC100H domains: dark-red up-triangle, two-domain incoherent model; purposes only, are shown above panel a. The solid lines in panels a
light-blue down-triangle, two-domain coherent model,§H and gas indicate the correct model determined by considering results of both
domains: pink down-triangle, two-domain incoherent model; blue up- X-ray and tension measurements. Vertical dashed line separates phases
triangle, two-domain coherent model. Three domaing@€, FGo 1 and 3. For panels b and c, the right axis shows the domain coverage
OH, and gas): green square, incoherent model; red square, coherentor C;0OH and FG,OH that corresponds to the density. Legend as in
model. Figure 12.

system A, but much less than 1 for system B even though the one phase transition is present. Again, the low-temperature phase

bulk concentration rati; = 0.28 for both systems. 1 is a homogeneous close-packed@H monolayer. Compari-
This is an indication of the nonideality of these solutions son with the thermodynamic determination of the density
previously discussed in the literatueln addition, the reflec- indicates that the coherent model is correct above the transition

tivity in phase 3 for system A is coherent whereas in system B at T ~ 22 °C to phase 3. As in Figure 12 the three-domain
it is incoherent. This indicates that the pattern of domains has models are rejected because of the nonmonotonic behavior of
evolved in passing from system A to system B. This is likely the density in phase 3. In phase 3 these considerations indicate
due to the presence ob§OH domains in phase 3 of system B. that the two-domain coherent model of ffOH domains
These occupy 1820% of the interface for system B but are separated by gaseous regions is correct (blue triangles). This is
absent in system A. similar to phase 3 of system A.

System C.The interfacial density and domain coverage for System D.The interfacial density and domain coverage for
system C are shown in Figure 14. Figure 2b indicates that only system D are shown in Figure 15. Figure 2c indicates that only
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Figure 14. System C X, = 0.250,m= 15.00 mmol/kg): (a) total for  Figure 15. System D K, = 0.500,m = 8.802 mmol/kg): (a) total for
FCiOH and GOH, (b) GOH only, (c) FGOH only. Interfacial FC,0OH and GeOH, (b) GOH only, (c) FG(OH only. Interfacial
density of surfactants vs temperature. Cartoons of the phases, forgensity of surfactants vs temperature. Cartoons of the phases, for
illustrative purposes only, are shown above panel a. The solid lines in jjjystrative purposes only, are shown above panel a. The solid lines in
panels &-c indicate the correct model determined by considering results panels a-c indicate the correct model determined by considering results
of both X-ray and tension measurements. Vertical dashed line separatesf hoth X-ray and tension measurements. Vertical dashed line separates
phases 1 and 3. For panels b and c, the right axis shows the domainphases 2 and 3. For panels b and c, the right axis shows the domain
coverage for eOH and FGOH that corresponds to the density. coverage for @OH and FGeOH that corresponds to the density.
Legend as in Figure 12. Legend as in Figure 12.

one phase transitio_n is present. In this system the low- coverage of nearly 1. For the highest fraction of,f@H, X, =
temperature phase is a homogeneous close-packedOHC g 5 the Jow-temperature phase is a homogeneous monolayer
monolayer, phase 2. This agrees with the determination by the FC1dOH with a coverage of nearly 1. This phase 2 is also
interfacial excess entropy. Comparison with the thermodynamic present forx, = 0.28 at intermediate temperatures in system
_determination of the densiFy indicates that the coherent model A pocause phase 1 is a liquid monolayer ef@H and phase
is correct a_bove the transm_on @t~ 24 °C to phase 3. The 2 is a solid monolayer of F@OH, the phase sequence for system
three-cjomam models.arg rejecte.d because of the NONMONOONIG, hag the unusual feature of progressing from a liquid to a solid
behavior of the density in the high-temperature phase. In the monolayer with increasing temperature.
high-temperature phase 3 these considerations indicate that the A ihe highest temperatures, in phase 3, the interface contains
two-domain coherent model of F§OH domains separated by domains of FGOH with a coverage much less than 1
gaseous regions is correct (blue triangles). This is similar to (approximately 0.3 to 0.4 for systems A, C, and D). Between
phase 3 of systems A and C. the domains are gaseous regions of nearly pure whxane
interface with a small number of alkanol molecules. For systems
A, C, and D there may be a small number g§@H molecules
Phase Diagram.Figure 2 illustrates the phase diagrams for in phase 3 that are below our detection limit. However, for
three different fractions of FgOH as given byX,. For the two system B up to 20% of the interface is covered withy@H
smaller fractionsX, = 0.25 and 0.28, the lowest temperature domains with a smaller amount of the interface covered by:+C
phase (phase 1) is a homogeneous monolayepi€ with a OH domains (see Figure 13). The interfacial tension measure-

Discussion
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ments as a function of temperature do not indicate the presenceemperature. Similarly, if phase 3 of system B is considered to
of a phase transition within the region of phase 3, e.g., betweenbe a coexistence of three phases {f&H, C,0OH, and gas
the concentrations of systems A and B. Therefore, the variation phases), then it should exist at only one temperature and
of the amount of gOH and FGoOH within phase 3 does not  concentrationm. However, phase 3 exists for a range of
represent a phase transition, but rather a crossover. More datdemperatures and concentrations.

for different values of the concentratiom are required to Alternatively, domains can be the result of competing
determine the dependence of the@H domain coverage in interactions that yield a single, spatially heterogeneous, surface
the region of phase 3. phase’48 In this case, the interfacial concentration is not

Within phase 3, for systems A, C, and D (with essentially isotropic but has variations within the interface that represent
only FG,OH domains and gas), the reflectivity is coherent. This the domains. Because this spatially heterogeneous surface phase
indicates that domains of RgOH are smaller than the X-ray s a single surface phase, it can exist over a range of
coherence length of5 um in the plane of the interface. For  temperatures. A similar situation occurs with single surfactant
system B, the reflectivity must be interpreted as incoherent. This alkanols at the waterhexane interface that exhibit domain
may indicate that all the domains, both HFOH and G,OH phaseg!
domains, are larger than the in-plane coherence length. Alter- | i 450 possible that domains can appear over a range of
natively, it is possible that only the§DH domains are larger  temperatures due to the presence of impurities (an additional
than the coherence length whereas the;g®® domains  component) or nonequilibrium effects. Because alkanol mol-
maintain their small size. A more detailed analysis of the X-ray gcyles can freely exchange between the bulk and the interface,
coherence that includes partial coherence might be able toihere is good reason to believe our systems are in, or very close,
distinguish between these two possibilities. As discussed, {5 equilibrium (as previously discussed in the literat@rein
reflectivity from the single surfactant FOH system is coherent oy earlier measurements of a single surfactant system using
find |nd|cates that FH@OH prefers to form small domains. This _ CF3(CF»)o(CH,),0H monolayers at the watehexane interface
is consistent with our results for the mixed system. Our analysis \ye tested the role of impurities. In those measurements, we
is also consistent with Brewster angle microscopy that shows spowed that the presence of impurities may lead to hysteresis
C1g0H at the waterhexane interface forms large domains and i, the temperature of the phase transition upon heating or cooling
FC120H at the water hexane interface forms resolution-limited  the system, but that domains are always present even for systems
domains (i.e., smaller than 10m for the microscopy measure-  yyith an impurity level low enough to eliminate the hysteresis.
ments)>2 _ _ Although it is always possible that even a very small amount

Phase Rule.Phase 3 consists of domains of ffOH and of impurities could stabilize the domains, we believe it is more

C200H as well as gaseous regions between the domains. Thejiely that the phases we are observing are single, spatially
Gibbs phase rule indicates that phase 3 is not a region of heterogeneous phases.

coexistence between interfacial phases, but rather that the
interface is in a single phase that is spatially heterogeneous.
This is a consequence of our observations that the domains ar
observed over a range of temperatures, that the domains are iq
equilibrium, and that the role of impurities seems to be
negligible. To consider this in more detail, we state the phase

rule for our system. The thermodynamic variancés
for a chosen bulk pressure and concentraden

w=2+-n-¢--9 ®) Variation of Interfacial Density with Temperature. To a

wherec = 4 is the number of components (water, hexaneFC _first ap_proxima_tion, _thevariation of _dom_ain coerage (or

OH, and GeOH), r = 0 is the number of chemical reactiogs, mterfamgl density) wqh temperature in this mlxeql system can

= 2 is the number of bulk phases= 1 is the number of types be con3|dered as a simple superposition of thg .bcemaof the

of surfaces, ang is the number of surface phasé€quation two single surfa_ctant syster_né’hls superposition will be

8 is appropriate for systems in which the surface phases arePerformed by using the relative values of the free energy of

contiguous (so we only consider the liquitiquid interface) adsprptlon of thg two surfactants to dete!rmlne the fracqon_ at

and the surface is flat. For one-surface phagse; 1, our system the interface. This simple approach explains all the qualitative

is tetravariantw = 4, indicating that four intensive thermody-  features of these data.

namic variables can be varied within a region of the phase Panels &d of Figure 16 illustrate the temperature dependence

diagram that contains the chosen surface phase. For our systenff the interfacial coverage for single surfactant systems of either

we take these four variables to be temperature, bulk pressureFCidOH (concentration of 5.0 mmol/kg) or6OH (15.0 mmol/

(1 atm), and the two concentratiomsandX,. For two surface K@), previously shown in Figures 4b and 5b. Panel b of Figure

phases, our system is trivariamt= 3, and two surface phases 16 is different because it illustrates the analysis using incoherent

should exist only at one temperature for a chosen bulk pressurereflectivity for the single surfactant systems, whereas panels a,

and alkanol concentratioms andX,. Three surface phases can ¢, and d show the coherent reflectivity analysis. Although we

exist only at one temperature and total surfactant concentrationhave shown that the coherent analysis is correct for the single

m for a chosen bulk pressure and concentraden surfactant FGOH system, we use the incoherent analysis as
Because phases 1 and 2 are homogeneous, they representtie basis for our discussion of the mixed system B because we

state of the interface with one surface phase. In this case thehave demonstrated that phase 3 of system B must be described

phase can exist over a range of temperatures (for a givenby incoherent reflectivity.

pressure and concentratiomsandXy) as shown in Figure 2. If The temperatures of the transitions for the two single

we consider phase 3 of systems A, C, and D (with essentially surfactant systems have been shifted in paneld @ indicate

only FG¢OH domains and gas) to be a coexistence between the correct transition temperatures for a single surfactant system

two phases, then that coexistence should occur only at onewith the same surfactant concentration as in the mixed systems

If the phase transition lines in Figure 2 represent coexistence
regions at a first-order phase transition, then, consistent with
he phase rule, two surface phases exist just at the one
emperature for a chosen bulk pressure and alkanol concentra-
tions m and X,. Also consistent with the phase rule is the
existence of the triple point fof, = 0.28 in which three surface
phases can exist at a single temperature and concentration
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B 5 A L L R A L The predictions in panels-¢éh are based upon the change in
. system A | entropy that occurs upon adsorption of either thgO® or FG o
T T OH. In the single surfactant systems the transition is an
=] adsorption transition in which OH or FGoOH adsorbs to

E#FF—T—'P—T: the interface as the temperature is lowered. The change in
i interfacial excess entropy across this transitio®{ is, there-

system B+ fore, a measure of the free energy change upon adsorption of

i Co00H or FGoOH molecules. The changAS;] is just the

- . difference in values o8 on either side of the transition. For

i single surfactant &OH, AS; varies from 1.93 to 2.13 mJ/@n

K) (for concentrations of 18.04 to 4.40 mmol/kg, respectively)

and for single surfactant RgDH, AS; varies from 0.77 to

0.55 mJ/(M K) (for concentrations of 7.023.49 mmol/kg,

---------- respectively). This indicates that adsorption g§@H is greatly

favored over adsorption of RgOH.

The large difference il\S] between GOH and FG,OH
provides a qualitative guide to superposing the single surfactant
systems to predict the behavior of the mixed system. For
example, at a temperature below the single surfactas®ig
transition in system A (Figure 16a) both the,OH and FGo-

OH single surfactant systems would have a coverage of nearly
Figure 16. Domain coverage vs temperature. Rows represent systems1 . Because the adsorption ofdOH is greatly favored, in the
A'to D (top to bottom). (a)-(d) Results from studies of single surfactant  jxed system it is expected that the interface is preferentially

C200H (dashed lines) and RDH (solid lines) systems taken from - e .
Figures 4b and 5b. The curves have been shifted in temperature Suchcovered by @OH. Therefore, in our prediction for the mixed

that the transition temperature, correspond to those of a single ~ SYStem (panels-eh) we sketch the low-temperature behavior
surfactant system whose concentration is the same as the concentratio®S mimicking the single surfactantdOH behavior (as shown
of that surfactant in the corresponding mixed system (Table 2). Panelsin panels ad). This is consistent with our finding for systems

a and b show the underlying data that allowed these curves to be derivedA —C, that the lowest temperature phase hagO8 coverage
(note that panel a has the same data as Figures 4b and 5b). Panel b has nearly one (see panelsk of Figure 9).

a different form because the data in Figure 13 show that system B is ..

described by incoherent reflectivity, so we use an incoherent reflectivity ~ AS the temperature for system A is increased above tige C
analysis of the single surfactant systems to make a prediction for systemOH single surfactant system transition, theg@H coverage

B. Systems A, C, and D were well described by coherent reflectivity. drops very rapidly to a coverage of 0. However, the coverage
(e)=(h) The second column is a weighted sum of the single surfactant of the FG,OH single surfactant system remains high for a
C200H and FGoOH systems depicted in the first column as described temperature range of T above the @OH single surfactant

in the text. (iy-(l) The third column is the result obtained from the -
experiments performed on the mixed system (correct results extractedSyStem transition (between 29 and 31). In that temperature

from Figures 12-15). Comparison of the second and third columns range the interface can lower its free energy by adsorbing-FC
shows that the prediction from the behavior of the single surfactant OH at a high coverage. This is similar to phase 2 of system A
systems correctly determines the qualitative features of the mixed that has a coverage of F§OH of nearly one (panel i of Figure
system. 16).

As the temperature of system A is raised further, our
independent system approximation predicts the appearance of
a transition from phase 2 to phase 3 in which the coverage of
q:CloOH drops quickly from 1 to 0.6 and then drops slowly to

" . 0.2. This is similar to our experimental results as seen by

transition temperature of a single surfactant & system at moaring panels e and i of Figure 16
that concentration is 32C (Table 2). Likewise, system A comparing p_ s 9 ) ]
contained GOH at a concentratiomy; = 18.04 mmol/kg and Sy_st_em D is similar to system A because the single surfactant
the transition temperature of the corresponding single surfactantifansition temperature of ROH is greater than that of &
Co0OH system is 29C. Therefore, panel a of Figure 16 shows OH (Table 2). For system D these transition temperatures are
the domain coverage curves for the single surfactant systemsSeparated by & (Table 2). Panels h and | indicate that we did
of C,0OH and FGoOH with the transition for FGOH higher not measure to low enough temperatures to observe the predicted
by 2 °C. Similarly, panels (bd) show the coverage for the Phase 1 for system D.
C,00OH and FGuOH single surfactant systems with the transition For systems B and C the transition temperatures for the single
temperature separated by the amount appropriate for systemsurfactant GQOH systems are slightly greater than that of the
B—D. Note that we have assumed that the domain coveragesingle surfactant FigOH system (Table 2). As seen in Figure
curves for these different concentrations will have the same 16, the persistence of a full monolayer ofOH to higher
shape as the curves measured by X-rays for the concentrationgemperatures than the phase transition in single surfactant
of 15.0 mmol/kg for GoOH and 5.0 mmol/kg for FGOH FCi1oOH has the effect of removing phase 2 from the mixed
shown in Figures 4 and 5. This assumption is not strictly correct, surfactant system. The prediction for system C shown in panel
but it provides a basis for a simple prediction. g is qualitatively similar to the measured results shown in panel

Panels e h of Figure 16 provide a prediction for the behavior k. The primary failure of our simple prediction scheme occurs
of domain coverage of gOH and FGyOH in the mixed systems  in phase 3 of system B. The results for system B in panel j
A—D. These predictions can be compared to panelsof indicate that more &OH than FGoOH is present in phase 3,
Figure 16 that summarize the findings of Figures-13. just the opposite of the prediction in panel g.

L T : T L LI

Domain Coverage, C

b T == r == P = = = ot =y

-10 0 10 20 30 0 10 20 30 25 35 45 55
T—T* Temperature (°C)

A—D. As shown in Figure 3 and listed in Table 2, we
determined these transition temperatures by interfacial tension
measurements. For example, the mixed system A contained
concentration of FEOH of me = 7.02 mmol/kg and the
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Summary measured change in interfacial excess entropy across the
transitions for the single surfactant systems. Figure 16 illustrated
the success of this approach which provides a simple under-
standing of the phase diagram of the mixed surfactant system.

We have studied the interface between water and mixed
surfactant solutions of C4#CH.)100H and CR(CF,)/(CHy).-
OH in hexane. Three different values of the molal ratio of
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