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The interface between bulk water and bulk hexane solutionsalkanols (H(CH),,OH, where

m=20, 22, 24, or 3Dis studied with x-ray reflectivity, x-ray off-specular diffuse scattering, and
interfacial tension measurements. The alkanols adsorb to the interface to form a monolayer. The
highest density, lowest temperature monolayers contain alkanol molecules with progressive
disordering of the chain from the -GBH to the -CH group. In the terminal half of the chain that
includes the -CH group the chain density is similar to that observed in bulk liquid alkanes just
above their freezing temperature. The density in the alkanol headgroup region is 10% greater than
either bulk water or the ordered headgroup region found in alkanol monolayers at the water—vapor
interface. We conjecture that this higher density is a result of water penetration into the headgroup
region of the disordered monolayer. A ratio of 1:3 water to alkanol molecules is consistent with our
data. We also place an upper limit of one hexane to five or six alkanol molecules mixed into the
alkyl chain region of the monolayer. In contrast, H(EOH at the water—vapor interface forms

a close-packed, ordered phase of nearly rigid rods. Interfacial tension measurements as a function of
temperature reveal a phase transition at the water—hexane interface with a significant change in
interfacial excess entropy. This transition is between a low temperature interface that is nearly fully
covered with alkanols to a higher temperature interface with a much lower density of alkanols. The
transition for the shorter alkanols appears to be first order whereas the transition for the longer
alkanols appears to be weakly first order or second order. The x-ray data are consistent with the
presence of monolayer domains at the interface and determine the domain caoeretien of
interface covered by alkanol domajras a function of temperature. This temperature dependence is
consistent with a theoretical model for a second order phase transition that accounts for the domain
stabilization as a balance between line tension and long range dipole forces. Several aspects of our
measurements indicate that the presence of domains represents the appearance of a spatially
inhomogeneous phase rather than the coexistence of two homogeneous pha2é64 American
Institute of Physics.[DOI: 10.1063/1.1752888

I. INTRODUCTION We use x-ray scattering and interfacial tension measure-
ments to study a set of common and simple surfactants, long-

An outstanding problem in the area of interfacial phe- hain alkanol h h interf h di
nomena is the determination of molecular ordering of surfachain alkanols, at the water—hexane interface. These studies

tants at liquid—liquid interfaces. This ordering determines thd€ad to an understanding of the surfactant and water ordering
ability of surfactants to bring together on the microscopic@t the interface that includes details of the ordering in both
scale dissimilar materials, such as oil and water, that prefé€ alkyl chain and headgroup regions of the surfactant.
to be phase separated on the macroscopic scale. This abiliomparison of these studies to a measurement at the water—
has led to many scientific and industrial applications, espevapor interface for one of the alkanols illustrates significant
cially in the areas of complex fluids, and chemical and bio-differences in the molecular ordering at the two interfaces.
logical systems. Although it has proven convenient to studylhese experiments also probe the structure of the monolayer
the molecular ordering of surfactants at the water—vapor inas a function of temperature, as the monolayer passes
terface such studies do not probe the influence of the seconitirough a phase transition. X-ray reflectivity measurements
bulk phase(oil) on the molecular ordering. over a wide range of temperature can be fit with a single
parameter that characterizes the fraction of interface covered
3Electronic mail: tikhonov@bnl.gov by monolayer condensed-phase domains. Equilibrium ther-
DElectronic mail: schloss@uic.edu modynamics indicates that this interfacial structure is a spa-
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tially inhomogeneous phase. We also comment upon the ofong as GsOH) at the water—oil interface undergoes a phase
der of the phase transition. transition from a condensed to a dilute layer, in which the
Amphiphilic surfactants often contain alkyl chains and aalkanols desorb from the interface, either as a function of
significant experimental and theoretical effort has been deremperature, bulk pressure, or alkanol concentrafioff.
voted to the study of long-chain surfactants containing a  There is a general expectation that soluble molecules at a
single alkyl chain such as fatty acids, alcohols, and estersyyater—oil interface are more disordered than at a water—
These molecules are known to form condensed phases at thgpor interface due to intermixing of the solvent into the
water—vapor interface. Here, we focus on long-chain normaj,onolayer!22Davies observed that the surface pressure, for
alkanols, H(CH)mOH (abbreviated GOH in this paper 5 given molecular area, is usually higher at the water—oil
Although the primary concern of this paper is the study Ofinterface than at the water—vapor interf48? Davies ex-
long-chain alkanols at the water—hexane interface, we W"blained this effect by postulating that a cohesive surface
review first the behavior of alkanols at the water—vapor in'pressure(of negative value and due to van der Waals attrac-
terface for comparison. tions between the surfactant chaitisat is present in films at

Using ellipsometry and x-ray diffraction Berge and {he air_water interface is absent at the oil-water interface as
Renault observed the crystallization pfalkanol (octanol, 5 yequit of extensive intermixing of the solvent into the

CgOH, up to tetradecanol, (OH) monolayers at the water— monolayef?® Pethica and co-workers discussed similar
vapor interfacé. Surface x-ray diffraction from the adsorbed o5 in their studies of lipids at the water—oil interfa¢&
!ay_er produced one Bragg peak whose width and position Until recently, direct structural information on molecular
|nd|cate(_3I that the alkanol mqlepules were hexagonally Close(')rdering in monolayers at the water—oil interface was un-
packed in a structure very similar to the rotator phageoR

) . available. Here, we mention the few recent nonlinear optical
bulk alkanes:* At higher temperatures the Bragg peak dis-2vailable. Here, we mention the few recent nonlinear optica

2 | and X-ray scattering measurements that have been used to
appeared as the monolayer melted. X-ray reflectivity of these y g

; compare surfactant ordering at water—oil and water—vapor
alkanol monolayers (f through Gg) yielded the layer o 02627 ihace studies, the systems exhibited a simi-
thickness and electron density in both the solid and |IC]UIC{ . .

ar level of surfactant disorder at both of the interfaces. Non-
monolayer phases. linear optical studies probed the ordering of short surfactants
It is known that molecules in the condensed phases of P P g '

. : ! . sodium dodecylsulfonate and sodium dodecylbenzene-
longer chain alkanol(and also alkanoic: acjdLangmuir sulfonate(DBS), to demonstrate that the alkyl chain confor-

monolayers are nearly all-trans rigid rods. X-ray surface dif- i imilar at both th i d water—CCl
fraction studies of Langmuir monolayers of heneicosano ations are simiiar at bo € water—vapor and waterz
nterfaces, though the benzene rings in DBS orient differ-

(C,1H430H) demonstrated that four ordered, cIose—packed

phases are present over the temperature range of 14°C %nly at the two interfgceg. Nonlinear optical studies of
30°C and surface pressures from 0 to 25 mN/hihese sodium dodecylsulfate indicated a large degree of conforma-

four phases are distinguished by their lattice structures anfena! disorder at both mte_rfacé%?’o X-ray reflectivity was
chain tilt direction. In the highest pressure phasarface USed to study partially fluorinated dodecafmluble in hex-
pressure=20 mN/m) the molecules are upright® The al-  @n® at the water—vapor and water—hexane mterfé(‘:'é%. .
kanols formed rigid rod phases throughout the entire range dt9&in the chain ordering is similar at both interfaces, in this
pressures studied, down to nearly 0 mN/fX-ray surface  Case the chain |s_r|g|d and no solv_ent is mixed into the mono-
diffraction studies of the normal alkanols ,4l,;0H, layer. However, in two recent brief reports of some of the
CaoHe1OH, and G;Hg:OH at 5 °C reported similar results of WOrk discussed here, x-ray measurements revealed a large
ordered all-trans molecules with an average tilt of 9° fromdifference in the molecular conformation otdOH alkanols

the vertica®° In a recent brief report of some of the work 2t the water—hexane and water—vapor interfatéThe al-

discussed here, we presented x-ray reflectivity studies of kanol chains at the water—vapor interface are nearly all-trans,
Langmuir monolayer of the OH alkanol that demon- but the chains at the water—hexane interface are disordered.
strated the presence of nearly all-trans chains and is consis- [N this paper we present data for shorter alkanols at the
tent with the earlier surface diffraction wotk Vibrational ~ Water—hexane interface ,§OH, G,OH, and G,OH, in ad-
sum frequency spectroscopy studies of Langmuir mono|ayditi0n to the data describing;gOH at the water—hexane and
ers of hexacosanoic acid §is40,H) and hexadecanol Wwater—vapor interfaces. It is seen that the molecular confor-
(C16H330H) indicated the absence of gauche conformationgnation previously reported for 4§OH is characteristic of
in the condensed phas¥s® though IR reflection spectros- these alkanols at the water—hexane interface. X-ray diffuse
copy of stearyl alcohol (GH,30H) and heneicosanol mono- scattering measurements at low temperature confirm the
layers indicated the presence of some gauche conformegéructure proposed from the reflectivity measurements. We
whose number decreases with increasing surfac@lso present interfacial tension and x-ray measurements as a
pressurd®1> function of temperature for all four alkanols. The tempera-
The earliest study of the liquid—liquid interface betweentures vary from values just above the bulk saturation tem-
water and an alkane solution of alkanolsg(H through perature to values that pass through a phase transition, in-
C,,0H) used interfacial tension measurements to demoneluding temperatures far above the phase transition. These
strate that the alkanols were adsorbed to the water—octarsystems form domains at the interface and undergo a phase
interface’® More recent interfacial tension measurementstransition from a dense, low temperature phase to a dilute,
demonstrated that the adsorbed alkanol ld§@ralkanols as  high temperature phase.
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+0.003 °C. The temperature variation across the x-ray foot-
print (varying from 0.5 to 1.5 cm long by 0.2 cm widevas
less than 0.001 °C. Thermistors mounted immediately above
and below the liquid chamber measure the sample tempera-
ture and allow us to determine when the sample cell has
thermally equilibrated. A pressure release valve in the gas
FIG. 1. Cross-sectional view of sample cell; W- mylar windows; phase above the bulk liquids I.S open during temperaturg
T-thermistors to measure temperature. The kinematics of surface x-ray ré;hangeS so the bulk pressure is very close to atmospheric
flectivity is also indicatedk;, is the incoming x-ray wave vectdkg..is the pressure.
scattered wave vectog is the angle of incidence, anglthe angle of scat- The stainless steel sample cell was washed with soap,
tering (8=« for specular reflection methanol, acetone, and pure water. Finally the sample cell
was soaked for several hours first in ltet70 °C) water, then
in hot hexane to remove impurities. The sample was formed
II. EXPERIMENT by placing~100 ml of water into the sample cell, aspirating
A. Materials the water surface after waiting for 15 min, then addin§0
ml of the hexane solution of alkanol.

Normal hexane, purchased from Fluka99.5%, puriss
grade, was purified in a chromatography column by passing
the alkane a dozen times through a thieklO cm layer of ¢ Liquid—vapor sample cell
basic alumina purchased from Supelee100 g of alumina .
per 200 ml of hexane was usedhe purity of the hexane In addition to the measurements at the water—hexane

was judged adequate if the water—hexane interfacial tensioft€rface, GEOH monolayers were also studied at the water—
was constant to within=0.1 mN/m over several hours where VaPOr interface. These monolayers were spread on a home

time is measured from the initial formation of the water— Puilt teflon Langmuir 'troug?f; from a 2.1 mM chloroform
hexane interfacd Water was produced by a Nanopure UV solution at a low density50 A%/moleculd, then compression
Barnstead system. Purum grades of 1-eicosandiycled eight times between surface pressures of 0 and 25
(=97% GOH) 1-docosanol £98% G,0H) mN/m (with addition of pure chloroform at high pressures

1-tetracosanol  #98% G,OH), and 1-triacontanol to create a stable, homogeneous monolayer.

(~98% G;OH) were purchased from Fluka and recrystal-

lized twice in the purified-hexane. Afte.r crystalli;at_ion, the 5 |nterfacial tension measurements

alkanol crystal flakes were collected into an air-tight glass

tube and refrigerated at 18 °C until used. The interfacial tension of the water—hexane interface
The alkanol solutions in hexane were prepared in a dryvas measured in the stainless steel Sample cell mounted in a

glass flask placed inside an ultrasonic bath. The concentrdbermostat consisting of just one of the two stages normally

tions of the alkanols in hexane were chosen to place th&sed for X-ray measurements. The Wilhelmy plate technique

phase transition in the adsorbed layers into a convenient tenft@s used with a plate made from chromatography paper

perature rangg15 mmol/kg for GEOH, 7 mmol/kg for hooked to a platinum wire attached to a Cahn RH electrobal-

C,,OH, 3 mmolikg for G,OH, and 0.7 mmol/kg for ance. The plate was fully submerged in the hexane. For the

C,,0OH). Below a temperature at which the solution becomeg€ension measurements, the top plates of the sample cell and

saturated, bulk crystals of alkan@ither flakes or whiskeys the thermostat had small holes for passage of the platinum

appear at the water—hexane interface. At this saturation tenvire (evaporation of the liquids was negligiblX-ray mea-

perature the interfacial tension is between 20 and 30 mN/mgurements were conducted with top plates without these

for all four systems. The experiments reported here are foholes.

temperatures above the saturation temperature.

E. X-ray reflectivity and diffuse scattering techniques

B. Liquid—liquid sample cell X-ray scattering was conducted at beamline X19C at the

The X-ray measurements presented here are from liquitlational Synchrotron Light Sourc&Brookhaven National
samples that are stirred and allowed to reach thermal equi-aboratory, USA with a liquid surface instrument and mea-
librium in a vapor-tight stainless steel sample cell that issurement techniques described in detail elsewffeteA
discussed in detail elsewhete® The sample is stirred with ~ similar instrument was used at the ChemMatCARS sector 15
a teflon stir bar to ensure thermal equilibration, though theat the Advanced Photon Sour¢&rgonne National Labora-
stirring was always turned off during the x-ray measure-tory) to study the monolayer of gOH at the water—vapor
ments. The interfacial area was 76 mrh00 mm(along the interface®® The kinematics of specular reflectivity and sur-
beamx transverse) with x-rays penetrating through the uppeface diffuse scattering in the plane of incidence are illus-
phase, the hexane solutigeee Fig. 1. At the chosen x-ray trated in Fig. 1. Specular reflection occurs whgs a
wavelength § =0.825+ 0.002 A) the absorption lengths for (in-plane Qx=Qy=0, normal to the interface Q,
hexane and water are19 and 5.6 mm, respectively. The =(4m/\)sin(@), A=0.825-0.002 A is the x-ray wave-
sample cell is contained in a two-stage cylindrical aluminumlength. Therefore, specular reflection probes structure nor-
thermostattwo active stagesand temperature controlled to mal to the interface, but averaged over the in-plane region of
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hexane or vapor (layer i=m +1) guide to fitting the reflectivity data, the minimum number of
upper tailgroup (layer i =m) !ayirs (ijs chosen that can reasonably account for the structure
in the data.

lower tailgroup (layer i= m—1)
headgroup (layer j=1)

Given the electron densities of each layer and the sub-
phase, as well as the widths for each interface, the specular
water (subphase, layer i =0) reflectivity is calculated from the Born approximation for
X-ray scattering. This approximation relates the reflectivity to

the electron density gradient normal to the interface,
FIG. 2. Nomenclature for layers. Three layers are usually used to model tha /d d the interfacial ol ﬁlé d writ
surfactant layersro= 3). These include two layers for the tailgroup and one <p(Z)> z (average over the interracial p ane and writ-

for the headgroup. Some fits in Table | are for two layers=2 with only ~ t€n as
one layer for the tailgrouyp Each interface has an interfacial width that
characterizes the crossover of the composition of one layebulK) to its R(Q,) ‘ 1 f‘” d{pe(2))

2
neighboring layer. R-(Q,) ~ Ao oo _wd ZT expiQ,2)| , (2
whereA p, py is the electron density difference between wa-

er and bulk hexan€e.g.,phexans= 0.230€ /A3 at 20 °Q, and

the x-ray footprint on the interface. Surface diffuse scattering% : - . )
is measured by fixing the incident angieand scanning the F(Q7) is the Fresnel reflectivity predicted for an ideal,
smooth and flat interface that has a step-function change in

scattered angl. the electron density when going f bulk phase to th
The reflectivity and diffuse scattering data consist of tﬁe%ffjo” ensity when going from one bulk phase 1o the

measurements of the x-ray intensity reflected or scattere
from the sample interface normalized to the incident inten- Q,~Q!
sity measured just before the x-rays strike the interface. The Rg(Q,)~ ‘T
reflectivity data are further modified by subtracting a back- Q:+Q;
ground measured as previously describetf.To set the in-  \yhereQl=(Q2— Q?)¥?and the critical wave vector for total
cident beam size and vertical divergence two slits placedefiection isQ.=4[ 71 o( Pwater— Phexand 1¥2~0.012 A1 (r,
~60 cm apart were used immediately prior to the liquid —2 818 fm is the classical electron radius

sample. The slit gaps were typically 5 to 14n in the ver- At the highest temperaturéabove the phase transitipn
tical at the smallest reflection anglésorizontal slit gaps  the surfactant monolayer has mostly desorbed from the inter-

were 10 mm, much larger than the horizontal beam size oface and the reflectivity can be fit with an expression for a
~2 mm). The sample was followed by a pair of slits that Setsimple interfaceno layers given by***4

the vertical angular acceptance of the detector toAlg

=1.2x10"3 radians for the reflectivity andAB=3.5 Q,— tz

%10 * radians for the diffuse scattering. R(QZ)%‘Q Q!
Tests for radiation damage were made throughout the £

x-ray measurements, including repeat measurements on théhere o is the interfacial widtt> This expression for the

same sample and on new samples. No radiation damage wegflectivity corresponds to the following electron density pro-

evident. file predicted by capillary wave theory:

2

, for Q>Qq, ()

2

exp —Q,Q50%). (4)

1
<P (2) > = E (Pwatert Pthexand

F. X-ray reflectivity analysis

The surfactant monolayers are described by two or three + l (Pwater— Prexand € 2/ 0v2]
layers sandwiched between bulk water and the bulk hexane 2
solution (or vapor, see Fig.)2 For three layer fits layer 1 is > 2
the headgroup region (-GBH), layers 2 and 3 are the alkyl with erf(z) = — f e tdt. (5)
tailgroup regior -(CH,) ,,_»CHs]; layers are ordered water- Var Jo

1-2-3-hexandor vapo). A general formula for the electron

density gradient normal to a surface withlayers i42 In the original capillary wave theory, the interfacial width is

due solely to interfacial roughening by capillary wai@s.

d{p(2)) m 1 D222 The hybrid model of the interface describes an intrinsic
(2=Di%20iva, (1) structural profile roughened by capillary waves. In this case,

the interfacial widtho can be represented as a combination

where pg is the electron density of the wategs,,. 1 is the  of an intrinsic profile widtho, and a resolution dependent

density of hexane, and the Gaussian provides a smoottapillary wave contributiof’>°

crossover between layerandi + 1 with an interfacial width 5

oir1. If L is the thickness of theath layer, thenD,; 2= g2+ o2 = o2+ keT ff d’q

=3i_,L; is the distance from the surface of the water to the 0" Teap T0T 442y q?+¢;°

interface between thith and §+ 1) layers. Note that the

guoted electron densities in this paper are normalized to the _ o keT n Amax (6)

value for bulk water(e.g., 0.3333e/A3% at T=25°C). As a

P .:20 (Pi_Pi+1)We
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wherekgT is Boltzmann’'s constant times the temperature,

is the interfacial tension, the correlation lengé, is given b=2d —d},

by §f= vIApng and determines the exponential decay of the

interfacial correlations given by the height—height correla-

tion function of interfacial motionAp,, is the mass density d=(po—pm)exp(— o5Q5/2).

difference of the two phases, agds the gravitational accel-

eration. Integration is over in-plane capillary wave vectprs Equation(9) is based upon the assumption that the origin of

corresponding to the range of capillary waves that the meathe z axis is at the water—hexane interface in gaseous do-

surement probes_ The approximation in m is calculated mains and at the Water—headgroup “interface” in condensed

by choosingymax (the cutoff for the smallest wavelength cap- domains, i.e., the surface of the water is at the same level

i||ary waves that the interface can Supppand usingqmin throughout the Sample. The solution of the quadratic equa-

=(2m/\) ABsina determined by the incident angleand the ~ tion for the domain coverage in Eq&) or (9) yields two

angu|ar acceptance of the detecm.‘lg_sj- The correlation solutions. We have chosen the solution that results in a de-

length &, can be neglected sinaﬁmn>§”’1. We have chosen Ccrease in coverage with increasing temperature above the

Omax=275 A1 where 5 A is atypical nearest neighbor dis- transition, as opposed to the other solution that has coverage

tance of closest approach for alkanes, though there is littl&creasing with temperature. A more complete treatment of

theoretical guidance for the correct choiceggf,,. The loga-  the effects of coherence would consider the partial coherence

rithm in Eq. (6) indicates that the integral is not sensitive to Of the x-ray beam and could be important if the domain sizes

small changes iy were similar to the x-ray coherence length. In this paper we
For intermediate temperatures, the interface is not dimit our discussion to the approximations presented in Egs.

simple homogeneous surfactant monolayer, but consists ¢f) and(8).

domains of a condensed phase of surfactants separated by

gaseous regions of the interfatke latter is a region of very

low concentration of surfactantsif the spatial coherence G gyrface diffuse scattering analysis

length of the x-rays in the plane of the interfalee5 um) is ) ] ) ] _

much larger than the domains, then the x-rays reflected from  This technique provides information complementary to

neighboring domains interfere nearly coherently. If the do-the x-ray reflectivity because the wave vector transfer con-

mains are much larger than the coherence length then tH&ins @ component in the plane of the interface as well as out

interference between neighboring domains is nearly incohe Plane. The in-plane component probes structure in the

ent. If incoherent, then the intensity of the reflected electroPlane of the interface such as capillary wave fluctuations or

magnetic fields should add; if coherent, the amplitudes of thé1-Plane inhomogeneities. . .

reflected electromagnetic fields will add. An example of in-  The scattered intensity is determined by the Distorted

coherent reflectivity is given by Wave Born approximatiofi, given by

Re( jzo (pj—pj+1)exiD;Q,)

4
Rin(T)=CR;+(1-C)R,, (7) lpb, Q
' ’ 4t =g 567 | 9BAAIT(@IT(B)PP(VQQ)I
whereR; andR, are the normalized x-ray reflectivities from X -
the condensed and gaseous domains, respectively, whose exd —o°Re(Q,)] t2 o
o . . X dzr(elel C(r)_l)e|Qxy r
electron densities are given by E@$) and(5). The domain |Q})? ’
coverageC is the fraction of interface covered by the con-
densed domain¥. Similarly, for coherent reflectivity

(10

herel, is the incident intensitye and B are the incident
+(1- 2 Wherelo IS . /a
Roor( T)|CAL+(1=C)A7|% ® and scattering angleQ. is the critical wave vector for total

whereA; andA, are the reflectivity amplitudes of the con- internal reflection.¢ is the in—plaqe _scattering.angIE(a)
densed and gaseous domains, respectively, at the interfacaé?dT('B) are the Fresnel transmssmn coe_fflc!em_bsls the
The reflectivity depends linearly on the domain coverage fof-ourier transform of the derivative of the intrinsic electron
incoherent reflectivity and quadratically for coherent reflec-den_‘T’lIty profile annﬁ the mtfen;]aCIaI n.orn:ajothlncludlng
tivity. The latter is seen explicitly by using the electron den-capiliary wave roughening of the profileQ; is thez com-

sity models in Eqs(1) and(5) to yield an expression for the pongnt of the momentum transfer with_respect to the water
coherent reflectivity [defined after Eq(3)], o is the interfacial roughness, and

C(r) is the height—height correlation function due to capil-
R -R aC2+bC+d)exp — o2 Q?): lary waves. Complete definitions of these quantities are
ool Q) =Rr(Q2)( VXA~ 0cafQ2) given by Mitrinovic et al*° For the fitting in this paper, we
m 2 simplified the expression in Eq10) by (1) integrating ana-
Re( E (pj—pj+1)eXF(iDjQz)) —d} Iyncally in _qﬁ from — _to +o to appro>_<|mafce our coarse
j=o resolution in that direction an(?) approximating the expo-

a:

nential in the integral as its two lowest order tefig he

m
> (pi—pi.i)expiD;Q,) 9) latter approximation is appropriate for our data sit@gr?
= pi I2np <1 for our diffuse scattering measurements.

+1m?

Downloaded 07 Feb 2006 to 130.199.3.22. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 24, 22 June 2004 Molecular ordering and phase transitions in alkanol monolayers 11827

60 T T T T T T T T 10°
—_— 505“‘AAAA-£‘A‘AAAA-
£ e ® g o o
2 e ® o
Z s} /' TS . "
o
= 30k" H(CHQ)ZOOH + H(CHZ)QZOH_ F 10"
> ® (15 mmolkg) (7 mmol/kg)
§ 20 f——t—t—H—t—t—t
2
-y
S S0F 44 AAas T ‘shet s ] .
— e 10°
< ’ o
g 40T ! T e .
k= [
‘GEJ s H(CHZ)ZAOH d. H(CHz)soOH | (@)
- (3 mmol/kg) (0.7 mmol/kg) r r r
og Lt 1 ] ] 1 ] 1 ] - 1.2 -1
20 30 40 50 20 30 40 50 80 ‘§ e —
Temperature (°C) 2 &
c 08 ™ . < -
FIG. 3. Interfacial tension as a function of temperature for alkanols at the 2 ] =
water—hexane interfadglots and, for comparison, the pure water—hexane §
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IIl. DATA AND ANALYSIS 20 0 20 40 60

A. Interfacial tension data (o)  Distance Normal to the Interface (A)
Figure 3 _ShOWS our measurements of interfacial tenSIO&IG. 4. GyOH (triacontanol monolayer at the water—vapor interfacé (
vy as a function of temperature for four alkanols,{GH, =24°C, surface pressure 2185.5 mN/m).(a) X-ray reflectivity (normal-

C,,0H, C,,OH, and GyOH) at the water—hexane interface ized to the Fresnel reflectivityas a function of the wave vector transfer

and for the pure water—hexane interf@¢@he sharp change normal to the_interfa_ce. Line _is a fit described in the tékj. Normalized

in slope reveals an interfacial transition. Above the transitio@ﬁ‘gzﬂs iigsr;;yrg%ﬂlrﬁgmahzed to the value for waterThe molectles

the tension approaches values for the pure water—hexane in-

terface. For GgOH the tension above the transition is almost

the same as that for the pure interface. This indicates, at leastated for an effective “monolayer” of bulk materiah S,

for C3,0H, that the interface is almost completely free of =1.09, 1.2, and 1.35 mJAK for C,,OH, C,,OH, and

surfactants above the transition. These measurements aB3,0H).>% The much greater change in entropy for our

consistent with earlier tension measurements @gO8 at  transition than for a solid to liquid monolayer transition is

the water—hexane interface that demonstrated a large changensistent with other evidence presented in this manuscript

in interfacial density across the transitith. that the alkanol monolayer transition is not surface freezing.
The interfacial excess entropy per unit area is given byt is reasonable to expect a larg&s] in our system since

S;=—dy/dT and the change in the interfacial excess enthe transition occurs when alkanol molecules in a dilute bulk

tropy across the transitioAS; is given by the difference in  solution form a condensed monolayer at the interfalcee-

S; on either side of the transition. This chany&; is 2.0,  dimensional gas to nearly two-dimensiotaD) condensed

2.3, 2.4, and 4.3 mJAK, respectively, for the GOH, phasé, rather than the freezing of a single layer of molecules

C,,0H, C,,OH, and GyOH alkanols>* These measurements (nearly 2D liquid to nearly 2D rotator solidAn additional

indicate that the alkanol monolayers undergo a single transeontribution toAS] may be due to ordering of water or

tion from a low temperature ordered phase to a high temperdiexane molecules that are adjacent to or within the mono-

ture disordered phase. These results are consistent with vakyer, as discussed later.

ues measured by other groups using the pendant drop method

to yield AS{=17mJ/mK for C;gOH and AS] B, Reflectivity from alkanol monolayers

=2.0 mJ/nK for C,qOH at the water—hexane interfate )

C,,OH value was measured for concentrations of both 11.25- Cs0OH alkanol at the water —vapor interface

and 18.04 mol/ky*"*° We first describe the gOH alkanol monolayer at the
The values ofAS] are much larger than the values re- water—vapor interface to provide a reference to judge the

ported previously for surface freezing at a pure alkanol-monolayers at the water—hexane interface. Figuagghows

vapor interface 4S7=0.88, 1.15, 1.2, and 1.3 mJ?ka for an x-ray reflectivity measurement from azOH monolayer

C,OH, C,,0H, C,,OH, and GgOH, respectively, where spread at the water—vapor interface. Oscillations in the re-

these values are half that for freezing of a bilayer in order tdlectivity represent interference minima and maxima from

facilitate comparison with our monolayef Our values of  x-rays scattered off different parts of the monolayer.

AS] are also much larger than the valuesAS for the bulk Figure 4b) illustrates the electron density profile for the

rotator—liquid transition(measured for the bulk, but here C;;OH monolayer at the water—vapor interface determined
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TABLE |I. Fitting parameters for fits to the alkanol monolayer x-ray data. Layer 1 is the headgroup regiosOHEHayers 2 and 3 are for the tailgroup
region; layers are ordered water-1-2-3-hex#&oevapop; L is the layer thicknessl. .. is the calculated length of the all-trans alkandl,{,=(n—1)

X 1.27 A(C—C)}+ 1.5 A(-CH;) + 2.4 A(-CH,0OH)); p is the electron densityy is the interfacial roughnessr,, is the roughness calculated from the
measured interfacial tension using the capillary wave theory. The electron densities are normalized to the value for bulk water/#3?3&3Be 25 °C).

The normalized hexane density is 0.692Tat20 °C. For the headgroujayer 1) the maximum electron density is also quoted because the density and layer
thickness fitting parameters are strongly correlated for this thin layer, but the resultant profile is well determined. The pariametea fitting parameter,

but is the total number of electrons per area in the monolayer determined by the fitted electron density profile.

Layer 1 Layer 2 Layer 3
Ly p1 pmax L> p2 Ls P3 o ocap Ltotal Ltrans N
System &) *) *) &) DA A (eT1AY
Low temperature:
Water—hexane interface
2-layer fits:
C,OH (19.4°Q0 8*° 1.15°4-01 1 77002 0 0 1715 0.8070-01-002 4 7+03-1 47 24 28.0 7.697
CZZOH (21.6°O 13+2/77 1110+0.2/70.02 1.11‘:0.02 0 0 17#1/70.3 0.80t0'01 3.5t1 4.2 29#2/74 30.6
3-layer fits:
CZZOH (216 oQ 4+6/72 1_28+0.4/70.2 1_12#0.01/70.02 9t3 0'95#0.15F0.05 14t3 0.79+O.02I—0.01 3.1‘:1 4.1 27¢2 30.6 8_20.4/70.3
C24OH (21.9°Q 5+4/—3 1_24+0.4/—0.1 1_12‘10‘005 1O+1/—1.5 0_95%).05/—0.03 14t1 081:0.01 3‘3+0.5/—1 45 29»—4/—1 33.1 9_0—0,5/—0.4
C3OOH (24_5 cQ 4+5/72 1_32+0.3/70.2 l_l§0.01 1312 095&0.02#0.03 1811 0.79‘:0.01 3.4+0A4/70.6 3.8 35#4/71 40.7 10_60.5/70.4
Water—vapor interface
C3OH (24°0 574 1.07+027003 g og=001 244 1.0140005  g7=4 0.9970047004 3951017025 304 462 407 13502701
High temperaturél-parameter fifs
C,OH (45.45 °Q 5.5°02 3.7
C,,0OH (45.65 °Q 5.0°02 3.6
C,,OH (45.25°Q 5.0°02 35
C300OH (45.02 °Q 4,803 3.8

by fitting the reflectivity data to the model in E(l) (see  This compares well with the 250 electrons of g@H mol-
Table | for model parametersBest fits for a 1-, 2-, and ecule.

3-layer model havee® values of 55, 13, and 6, respectively, A previous x-ray surface diffraction study of axfOH
indicating the necessity of having a headgroup in the modehonolayer at the water—vapor interface determined that the
and a preference for using two layers to describe the tailmolecules are tilted from the interfacial normal by 7291
group. The overall thickness of the monolayer at the water-present, this small tilt angle would reduce the layer thickness
vapor interface is 482 A, nearly identical to the length of by 19, well within the error bars of our reflectivity measure-
an all-trans GoOH molecule, calculated to be 40.7°A:%1  ment.

Most of the region of the monolayer corresponding to the  This analysis demonstrates that thg@H monolayer at
alkyl chain has a normalized electron density of 1.014the water—vapor interface is close packed with nearly all-
+0.003(normalized to the value for water of 0.333/43). trans and nearly upright moleculésormal to the interfage
This is comparable to literature values for the alkyl chainThis is consistent with other measurements, discussed in the
density inbulk phases of long chain alkanols of 1.03 or 0.985|ntroduction, on Langmuir monolayers of alkanols. In con-
(determined from 23.3 or 24.4%per -CH- group for they,  trast, we will show that alkanol monolayers at the water—

or Bo; bulk phases, respectively, see Table 8-6 in Sthall hexane interface have a well defined disorder along the
This comparison indicates that most of the chain is closechain.

packed. The fit shown in Fig.(B) requires a slightly lower

electron density (0.990.01/~0.04) towards the -CH 2 Alkanols at the water —hexane interface:

group. Although this 3-sigma difference between the densiLow temperature

ties of the two layers of the tailgroup is a weak effect, itis  a. X-ray reflectivity data.Figure 5 illustrates x-ray re-

consistent with molecular dynamics simulations that predicflectivity measurement@ormalized to the Fresnel reflectiv-

a small percentage of gauche conformations in these nearlfy) from the four alkanols at the water—hexane interface at

rigid rod monolayers with the gauche defects concentratedearly the lowest temperatures shown in Fig. 3, and an ex-

near the -CH end®>%3 ample of two unnormalized reflectivity measurements for the
The electron density profile allows us to calculbtethe  C;0OH monolayer. These temperatures are one to two de-

number of electrons per area of the interfésee Table)lby  grees above the temperature at which the bulk hexane is

integrating just the monolayer part of the profile over thesaturated with the alkanolas observed by the formation of

distance normal to the interface(equivalently, N crystallites.

=0.33F_; giL;). Using the area per molecule of 18.7 A The number of oscillations in the reflectivity data

determined by x-ray surface diffraction for a condensedstrongly determines our ability to interpret these data in

monolayer of GOH molecules at the water—vapor terms of an electron density profile. Experimentally the ac-

interfacé® yields 252 (= 18.7x 13.5) electrons per molecule. cessible number of oscillations is limited by the monolayer
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FIG. 6. Normalized electron density profiles normal to the interface for
alkanol monolayers at the water—hexane interfé@elow temperature data
shown in Fig. 5, see Table | for profile parameters, the profile fgO€ at
24.5°C is showp The profiles for the three shorter alkanols have been
offset for clarity. The alkyl chains in the monolayer at the water—hexane
interface are progressively disordered from a relatively ordered region near
the water to a disordered liquidlike region adjacent to bulk hexane. Hexane
is mixed with the monolayer alkyl chain and water is mixed with the head-
group region. In the cartoon the long molecules represent tj@HC sur-
factants and the short molecules in the water—hexane monolayer region
represent hexane. Cartoon of molecules is for illustrative purposes only.

is clearly inadequate. Two layer models cannot fit the inten-
sity in the third reflectivity maximum as measured for
C,,OH and GyOH. An example of a nearly best two-layer fit

tion of the wave vector transfer normal to the interface. At the chosenthat models the electron density profile expected for surface

temperatures the monolayers are in a condensed phag@HE 19.4 °C;
C,,OH—21.6 °C; G,OH—21.93°C; GyOH—24.1°C (filled circles and
solid line fit), and 24.5 °C(open circles and dashed line)fiCurves have

freezing (based upon parameters in Gaeigal >®) is shown
by the long-short dashed line that was fit to the open-circle

been offset for clarity. Lines are fits described in the text. A two layer modelC;,OH data. This surface freezing fit rises above the second

is used for GGOH and G,OH; three layer models are used fop,OH,
C,,0OH, C;OH, though it is not possible to distinguish visually the two and
three layer models for LOH for this set of data. The dotted lines for the
C,,OH and GyOH (24.5 °Q data show a best, though inadequate, fit to the

one and two layer models, respectively. A short-long dashed line for the

C300H (24.5 °Q data indicates a best fit two-layer model for surface freez-
ing, it is also inadequatét rises above the second peak of the open circles
(hard to sepand drops below the third perlStraight short-long dashed line
indicates the position of the first minimdor viewing purposes only

(b) X-ray reflectivity (not normalizegl for C;;OH monolayer, legend as in
panel(a).

thickness and the range @, . The latter is limited primarily
by the background scattering from the top phase.

peak(though this is hard to s¢@nd drops below the third
peak. Constraining this fit to match the third peak results in a
second peak that is more than twice as high as the data.
Since only two oscillations could be measured for the
two shorter alkanols, £0H and G,OH, the data can be
adequately fit with a two layer modébne layer for the tail-
group and one layer for the headgrouf one layer model is
incapable of fitting these data as illustrated by the best one
layer fit for C,,OH shown by a dotted line in Fig. 5. A three
layer model for the shorter alkanols is not as well con-
strained by the data and yields larger error bars. FgO8&

we have listed parameters for both the two and three layer
models in Table I. For OH the two and three layer models

The decrease in the oscillation period for longer alkanolg/ield essentially the same electron density profile. Since the
indicates that the monolayers get thicker as chain length inthree layer model for &OH has such large error bars, we

creasegqsee short-long dashed straight line in Fig. Bhe

measurement of three oscillations for the two longer alkanols

have just listed the parameters for the two layer model.
b. Electron density profilesk-igure 6 shows electron

provides a higher spatial resolution in interpreting the x-raydensity profiles normal to the water—hexane interface for the

reflectivity. Three layers are required to fit the data for
C,,OH and G,OH (two layers represent the alkyl chain and
one layer represents the headgroum example of the best
two layer fit for GyOH is shown by a dotted line in Fig. 5, it
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monolayers, Table | shows that the electron density paranmcorrelated with the electron densify; of the headgroup
eters are very similar for the alkanol monolayers at theayer. This correlation is responsible for the large error bars
water—hexane interface. The normalized electron densitieis this region(see Table)l However, inspection of the elec-
for the two layers representing the chain ar@.95 and 0.80, tron density profiles for different fitthot shown within the
both different from the value of 1.0@r 0.985 for the alkyl  range of the error bars shows that the profiles are nearly
chain density in they (or B) close-packedoulk phases of indistinguishable. To parameterize this region, we list the
long chain alkanol§® However, the density of 0.95 is com- maximum electron density,,.in the headgroup regiofi.e.,
parable to the density in theor rotator phases of long chain the maximum value for each profile in Fig) & Table I. As
alkane<® The volume per -Cht in the alkane rotator phases indicated by the small error bars @n,., this parameter is
varies from 25 to 26 Awhich corresponds to a normalized nearly unchanged for different choices lof and p; within
density of 0.96—-0.92see Figs. 2—6 and 7-11, and Table the range of errors quoted in Table |. The valuggfyin the
7-5 in the reference by Smaf The alkyl chain region of headgroup region is larger at the water—hexane interface for
surface frozen alkanols in the rotator phase has a similaall the alkanols(typically, pma=1.120.01) than at the
density of 0.93° water—vapor interface for OH (pma—=1.04+0.01, with
The volume per -Ch for the alkyl chains of bulk liquid  ppuKkwate™=1)- As Will be discussed, the area per headgroup
alkanes and alkanols just above their freezing point is 29.6s larger at the water—hexane interface due to disorder in the
A3 which corresponds to a normalized density of 0(88e  monolayer, therefore, the additional electron density cannot
Fig. 2—4 and Table 8—6 in Sm&8l). This is very similar to  be attributed to closer packing of headgroups. In addition,
the average value of 0.80 measured for layésese Table)l  the higher density is not likely due to the interaction of water
and indicates the presence of gauche conformations ovevith hexane since x-ray measurements of the pure water—
more than half of the chaiff:®® hexane interface do not reveal an enhanced interfacial den-
The disorder in the chain will account, at least partially, sity of water’> We suggest that the larger area per headgroup
for the overall monolayer thickness for each of the monolay-at the water—hexane interface allows for water penetration
ers being slightly less than the length of the correspondingnto the headgroup region which then results in a higher
all-trans alkanol molecule, see Table I. A single kink defectdensity in this region.
(gtg’ or g'tg conformation will maintain the overall chain c. Area per molecule and molecular makeup of the
orientation while reducing its length by 0.6—0.7 A. It is not monolayer.One approach to determining the area per mol-
clear how many of these defects should be expected in thecule is to assume that the agreement between the average
chain. Bulk liquid alkanes are expected to have a gauchealue of 0.80 for the electron density in layeftBe terminal
fraction of about 0.45 from x-ray diffraction, but 0.35 from part of the tailgroupof all these alkanol monolayers and the
IR spectroscop¥*®® IR spectroscopy of lipid bilayers in the electron density of liquid alkyl chains for bulk alkanols just
fluid phase indicates an overall gauche fraction of 0.14 in th@bove their freezing point, 0.81, indicates that this layer has
alkyl chain® These numbers lead to an expectation of ap-a similar molecular order as liquid alkyl chains. A disordered
proximately five gauche conformations per alkanol chainliquid alkyl chain with a normalized electron density of 0.81
leading to a reduction in the chain length 62 A if only ~ occupies a surface area 6f23.4 A/chain and, by our as-
kink defects are present. This accounts for most of the difsumption, indicates that the area per alkanol molecule for
ference between the measured monolayer thickness and thfeese monolayers is23.4 A2.°° A simple check that an area
all-trans length. However, other defects, such as gg, may beer molecule of 23.4 Ais reasonable is to divide the number
present that decrease the monolayer thickness by a greatgfrelectrons per alkanol molecule by the measured number of
amount. electrons per are@ in Table )). This yields 22.42, 22.7°1,
Additional decrease of the monolayer thickness may b&2.4°, and 23.6' A? for C,(OH, C,,OH, C,,OH, and
due to a tilt of the molecule from the normal, however, theC;,OH. All of these values are within error bars of 23.4. A
reflectivity does not directly probe this tilt. It is clear from One consequence of an area per alkanol molecule of
the density profiles in Fig. 6 that the monolayer at the water-23.4 A is additional space in the headgroup region since the
hexane interface does not consist of all-trans, tilted molarea occupied by the headgroup is 18.7 (s determined
ecules that are often found at the water—vapor interface. Ifrom the close packed phase at the water—vapor interface
that case, the density profile would have a similar shape a&ssuming that the area and volume ratios scale similarly,
the profile at the water-vapor interface shown in Fig. 4, but20% [ =(23.4—18.7)/23.4 of the volume in the headgroup
would be thinner by a factor of cas where@ is the tilt from  region can be occupied by water. The values of 40°Gok
the normal. In addition, the density profile can not be ex-the -CH,OH volume(determined by bulk measurements just
plained by a model of the chain that has a uniform amount ofibove the freezing poith and 30 & for the volume per
disorder along the chaifwith or without tilting). This two-  bulk water molecule indicate that there is enough space for
layer profile would also have a similar shape as the profile irone water molecule for every 3 alkanol headgroups in layer
Fig. 4. As discussed, two-layer profiles are unable to fit thel. Including these additional 3 electrons per alkanol from the
C,,OH and GyOH data(see Fig. 5. Instead, the measured water that penetrates the headgroup region would raise the
profiles indicate a progressive disordering of the chain fromvalues of area per molecule calculated in the previous para-
the headgroup to the terminal methyl group. graph to 22.82, 23.0°%, 22.8°%, and 23.9* A2 for C,(OH,
Since the headgroup region (-@BH) is small, the C,,0OH, C,,OH, and GyOH. These values are still consistent
thickness parametdr, of the headgroup layer is strongly with an area per alkanol molecule of 23.4.A
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As discussed, the electron density in layer 2, 0.95, is 10% r r r Y
comparable to the density in rotator phases of long chain
alkane<? Surface freezing measurements at the surface of
an alkanol melt indicate that the area per molecule in the
surface rotator phase is 20.3.% If the chain ordering in
layer 2 is the same as for the rotator phase, then there is an 10°
unoccupied area per alkanol in this layer of 3.1 (A23.4—
20.3. Given the thickness of layer @ee Table), the unoc-
cupied volume per alkanol in this layer varies from 30 to 40
A3 depending upon chain length. If hexane intercalates into
the monolayer to fill this volume, then there would be one 10
hexane for every five or six alkanol moleculés hexane
molecule in a rotator phase occupies a volume-a00 A%, 1076
see Fig. 8-3 in Smalf® Alternatively, it is possible that the
alkanol chain in layer two has a different conformation that
fills up layer 2. Therefore, our estimate on the number of L L
intercalated hexane molecules represents an upper limit. At 0 0.2 ; 0.4
the limit, 8—10 hexane electrons per alkanol are added to the Q, (A")
r:nolnmayer' These additional eleCtron_S are anSIStent with thIglG. 7. Reflectivity for alkanol monolayers at the water—hexane interface
limits on the area per molecule previously discussed. far above the transition temperatuigee Table | under the heading “High

d. Summary. The low temperature structure of the al- temperature” for the temperatures and fit paramétefae fits are for a
kanol monolayers at the water—hexane interface consists §fmple interface without a monolayer of surfactants.
an average area per alkanol of*2342, a tailgroup region

with progressive'disorder f“’”.‘ the headgroup to the ter'mi'nahg_ 7. Abbreviated reflectivity curves, consisting of six or
methyl group, tailgroup ordering near the headgroup S'm'larseven values of), (typically from 0.075 to 0.225 Al in

to the_ strl_Jcture in thes (rotator)_ bulk phases of alkyl chains, steps of 0.025 Al), were measured for many different tem-

ordering in thg r_est of the tallgrou(rmo_re than _half of the peratures for GOH, C,,OH, and GOH. For GgOH, full

alkyl Cha”) similar to the_ confqrmaﬂon of liquid alkyl reflectivity curves were measured at all temperattese

chams.]ust above the freezing point of bqlk alkanols, an u.pbublished elsewheyeThe variation of reflectivity with tem-

perll|m|t of 1 hexane to 5 or 6 alkanols m|>§ed into the cha|-n erature can be viewed by plotting the reflectivity at a fixed

region, and a headgroup region that contains a small fractlo%z as a function of temperature, as illustrated in Fig. 8. The

of water (~1 water to three alkanols shape of the temperature dependent reflectivity at fiQed
varies with the specific choice @,, but all the measure-

3. Far above the transition temperature ments shown in Fig. 8 have a sharp feature that occurs at the

At a temperature corresponding to the kinks in the tenPhase transition indicated by the kink in the interfacial ten-

sion versus temperature cunv@sg. 3 a large fraction of the sion curves in Fig. 3the sharp feature is also present for
adsorbed alkanol molecules leave the interface and are sdtach system at the oth@, values that were measured, but
vated in the bulk hexane. Measurements of the x-ray reflec?0t shown in Fig. & The lines in Fig. 8 are fits to a theory
tivity at ~18 °C higher than this phase transition are showrfliScussed later in Sec. IVB. _

in Fig. 7. All of these reflectivity measurements are without _ Figure 9 illustrates values for domain coverage deter-
oscillations and can be fit by the model for a simple interfaceMined from the data in Fig. 8. The reflectivity data at all
in Egs.(4) and(5). In this model, the interfacial width is the intermediate temperatureéexcludln_g th_e lowest and highest
only fitting parameter. Values for the width are typically 5.0 temperature for each alkanare fit using Eqs(7) and (8)

A at high temperature, whereas the calculated contributiofhat describe the monolayer in terms of domaRgandR,

from capillary waves is about 3.6 A for the four alkanol (OF A1 andA;) are chosen to be the x-ray reflectivitiesr
systems[see Table | and Eq6)]. This difference can be amplitude$ determined from the fits to the lowest tempera-
attributed to an intrinsic interfacial widthro~3.5A in  ture data and the highest temperature data, respectively. The

Eq. (6). Measurements of the pure water—hexane interfacdomain coveragéthe fraction of the interface covered by
determine a much smaller intrinsic interfacial width, ~ domains of the condensed phaisethe only fitting parameter
<1.5 A, indicating that the large width at high tempera- used to fit the intermediate temperature data. However, for
tures in the alkanol systems should be attributed to the pre@-aCh intermediate temperature the interfacial roughness is

ence of a small number of alkanol molecules at the interfacdixed to the value calculated by capillary wave theory using
Eq. (6). This calculation used our measured values of the

interfacial tension for that temperature and an intrinsic pro-
file width o,=0 for the condensed phase amg=3.5 A for

As the temperature is increased from the lowest temperahe gas phasés determined by our lowest and highest tem-
tures for the data in Fig. 5 the amplitude of oscillations in theperature measuremept®©ur ability to fit all the data at in-
reflectivity progressively decreases until the oscillations havéermediate temperatures with one fitting parameter provides
disappeared entirely as shown for the highest temperatures gtrong support for the presence of domains at the interface.

Reflectivity
=

C20 (x1000)
C22 (x100)
C24(x10)
C30

4. Intermediate temperatures near the transition
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FIG. 8. Reflectivity as a function of temperature at a fix@g(0.275 At FIG. 9. Domain coverage as a function of temperature determined from the
for C,gOH, 0.2 At for C,,OH, 0.175 A for C,,OH, 0.15 A*! for data in Fig. 8. Domain coverage is the fraction of the interface occupied by
C;30OH). The reflectivity is normalized b, , the value of reflectivity at the  condensed phase domains. Dots illustrate domain coverage determined by
lowest temperature shown. The fits, represented by lines, are determined lopherent reflectivity, filled triangles are determined from incoherent reflec-
the Marchenko model discussed in the Discussion sedtiis model is  tivity (though the data in Fig. 8 for gOH cannot distinguish between the
valid only near the phase transitjorFor G,(OH, C,,0H, and G,OH, the two types of reflectivity. The fits, represented by lines, are determined by
fits use coherent reflectivity, but forgOH incoherent reflectivity is used.  the Marchenko model discussed in the Discussion sedtitie model is

valid only near the phase transitjofror G,,OH two additional data sets, not

shown in Fig. 8, are shown fa®,=0.15 A" (open circley and for Q,

=0.2 A~* (open trianglesas an example of the consistency of the coverage

The curves in Fig. 9 all show a nearly fully covered curves for data measured at different valuefQgt

interface at the lowest temperatures, followmgadr C,,0OH
and GyOH) by a gradual decrease in domain coverage until
the transition temperature is reached. At the transition, théure. Therefore, the reflectivity data for,fOH in Fig. 8 are
domain coverage changes abruptly, and is then followed by aot consistent with incoherent reflectivity, though they are
gradual decrease in domain coverage to nearly zero at theell fit by coherent reflectivity. In this case, Ed8) and(9)
highest temperatures. The coverage fggQ@H and G,OH  demonstrate that the dip in the temperature dependence of
changes from a value of nearly one to nearly zero at thé¢he data for G,OH can be explained with coherent reflectiv-
transition. A self-consistent check on the one-parameter fitity. Note also that the £OH data cannot be explained by a
ting is that domain coverage curves calculated from reflechomogeneous monolayer that changes its density monotoni-
tivity at different values ofQ, are all similar. An example of cally with temperature. The dip in these data require the
this is shown for G,OH in Fig. 9 that illustrates the coverage existence of regions of the interface that produce different
determined from reflectivity measured at three different val+eflected x-ray fields that interfere coherently. Similarly, the
ues ofQ, (0.15, 0.175, and 0.2 &). The overall shapes of temperature dependence fos,OH is only consistent with
the curves in Fig. 9 are similar to domain coverage curvegoherent reflectivity and that forsgOH data is only consis-
previously  published for F(Glg(CH,),OH and tent with incoherent reflectivity. Analysis of E(P) using the
F(CR)1o(CH,),OH monolayers at the water—hexane parameters for &OH indicates that a very small dip of
interface®® The fits illustrated in Fig. 9 will be discussed 5%—-7% would be predicted for coherent reflectivity as a
later. function of temperaturdcompare to the large dip in the
Analysis of a reflectivity curve at a single temperatureC,,OH data, but the accuracy of these data is insufficient to
may be consistent with either or both coherent and incoherdetermine a dip this shallow. The full reflectivity curves very
ent reflectivity[see Egs(7) and(8)]. However, the tempera- close to the transition for gJOH cannot be fit properly with
ture dependence provides us with more information to makeoherent reflectivity, however, the overall temperature de-
the choice between coherent and incoherent reflectivity. Weendence shown in Fig. 8 is more consistent with coherent
base this discussion on the plausible expectation that the coveflectivity. Fortunately, the coverage curves foi@H are
erage varies monotonically with temperature. Equatioh  essentially independent of the choice of coherent or incoher-
predicts that incoherent reflectivity is only applicable if the ent reflectivity.
reflectivity at fixedQ, changes monotonically with tempera- Identifying the reflectivity as either coherent or incoher-
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100 v r T ' r r T flectivity analysis and by the measured interfacial tension of

28 mN/m at this temperature. The good agreement between
the line and data in Fig. 10 confirms our analysis of the

reflectivity at low temperatures.

—
e

IV. DISCUSSION
A. Alkanol conformation and water ordering

The data and analysis discussed in Sec. Il demonstrates
that n-alkanols at the water—hexane interface have disor-
dered chains whereas our data og@H at the water—vapor

104 ; L . interface and earlier measurements on long-chain alkanols at
0 02 0.4 0.6 the water—vapor interface demonstrate that they adopt the
B (degrees) conformation of nearly rigid rod%;811~13The chain density
FIG. 10. X-ray off-specular diffuse scattering from,OH at 21.9°C. The N the termmal half of the_ chain Is the same as for bulk liquid
only meaningful fiting parameter to produce the line is a small constan@lkanes just above their freezing point. In the bulk these
background (10°%). The large peak a8=0.28 degrees is the specular chains have many gauche defét§*%°Closer to the head-
reflection, the small peak of diffuse scattering occurs at the critical angle fogiroupS the electron density is |ai.ger indicating that the
total reflection. The agreement between line and data confirms the mod hai d d. This effect ’ | d
used for the x-ray reflectivity. Chains are more ordered. This effect seems less pronounce
as the alkanol gets shorter. Figure 6 illustrates that the larger
density region of the chain near the headgroup is not re-

ent provides some guide as to the domain size, though it iguired to explain our results for the shortest alkanghGE.

not definitive. For example, condensed phase domain&his may be an artifact of our inability to measure to higher
smaller than the x-ray coherence length in the interfacd Q- for the shortest alkanols or may indicate a greater disor-
um) that are separated by much larger regions of gas phagter in the chains of gOH.

would be fit by coherent reflectivity. Similarly, condensed ~ Our conclusion regarding a progressive distribution of
phase domains much larger than the coherence length seg#auche conformations along the alkyl chain that increases
rated by large regions of gas would be better fit by incoheraway from the -CHOH group is sensible considering the
ent reflectivity. However, it is possible that very large constraints of placing a head group at the water—hexane in-
condensed phases that nearly fill the interface and aré€rface and orienting the alkyl chain towards the hexane. A
separated by thin regior(svhose width is less than the co- similar effect was observed in molecular-dynamics simula-

herence |engﬂ10f gas would also be fit better by coherent tions of I|p|d bilayel’§5 and aISO, though to a lesser eXtent, in
reflectivity. MD simulations of Langmuir monolayers in which there are

a small number of gauche conformations that appear prima-
rily at the chain end$%2 Also, in the liquid phase of bulk
alkanols far from the freezing point, NMR experiments have
Figure 10 illustrates x-ray off-specular diffuse scatteringshown that a 7 carbon long region of the alkyl chain near the
as a function of scattering ange for fixed «=0.28° (see  -CH,OH group of 1-dodecan¢ICH;(CH,);0OH] has a con-
Fig. 1) for C,,OH at 21.9 °C. A similar data séhot shown  stant degree of order with increasing chain disorder further
was also measured forg§OH for temperatures below the out along the chaifi? In the bulk liquid, hydrogen bonding
phase transition. The line in Fig. 10 is calculated from Eg.between nearest neighbor -@BH groups provides the con-
(10) with the approximations discussed in the paragraph aftestraint that establishes the pattern of chain ordering. This is a
that equation. Additional information needed to calculate thaveaker constraint than that provided by the flat water—
line include the resolution of the x-ray instrument which washexane interface in our experiments.
determined by a slit before the detector with a 0.24 mm gap The larger area per alkanol molecule required for these
in the vertical and 10 mm gap in the horizontghe slit is  disordered chaing~23 A? as compared to close-packed
680 mm from the sample leading to a resolution of 3.5alkanols(~19—20 &) allows for water penetration into the
% 10™%) and by two slits of 0.04 mmi 10 mm(separated by region of the headgroups. This may be responsible for our
~0.5 m) before the sampléa resolution of & 10 °). The  surprising finding that the electron density in the headgroup
function ® in Eqg. (10) that contains the information about region is larger than for headgroups in close-packed alkanol
the electron density profile normal to the surface was detemonolayers. The fact that this density is also larger than the
mined by the parameters in Table | that resulted from théoulk density for water indicates a special ordering of the
fitting to the x-ray reflectivity data for this system. The water and headgroups for these molecules at the water—
roughnessr was also taken to be the value determined fromhexane interface.
the reflectivity given in Table I. A very small constant back- We suggest that a mechanism to produce the higher den-
ground (9< 10 °) was fit to the diffuse scattering data. sity is orientational ordering of the penetrated water by the
Except for the small constant background, the diffusepolar -CH,OH. We emphasize that this mechanism is a
scattering shown by the line in Fig. 10 was calculated fromspeculation and requires further experiments and theory for
the electron density profile previously determined by the reits justification. However, it is sensible to expect interfacial

Scattering Intensity
o

—
e
[

5. Off-specular diffuse scattering
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electric fields to align nearby water. For example, orientawas observed above the surface freezing temperature. The
tional ordering of interfacial water at a charged interface hasurface is a homogeneous layer, i.e., without domains, in
been inferred or observed in several experiments. These imoth the frozen and liquid states.
clude the observation of enhanced water density near a Comparison to our measurements indicates that the tran-
charged silver electrode surf4€as well as enhanced hydro- sition in alkanol monolayers at the water—hexane interface is
gen bonding near charged surfactants at the water,CChot a freezing transition for a number of reasofiy: The
interface$”'%® near the headgroups of a hexacosanoic acidow-temperature condensed phase monolayer is not crystal-
monolayer at high pH at the water—vapor interfdt@nd line. As discussed, the electron density profile at low tem-
near uncharged stearyl alcohol monolayers at the waterperature is not consistent with a crystalline phase or with
vapor interfac&® Our suggested mechanism is different from all-trans moleculegnormal to the interface or tilted The
this previous work. We propose that the additional space bdew-temperature phase has alkyl tails that are disordered with
tween the headgroups of the disordered alkanol monolayess liquid density for a large portion of the chain. The area per
allow water molecules to penetrate into the headgroup remolecule is 23 & The liquid-like nature of the low tempera-
gion. Alignment of the water by the interfacial field, due ture phase is consistent with BAM images ofgCH at the
primarily to the polar headgroups, could lead to a highemwater-hexane interface that demonstrated that the shape of
electron density in this region. This mechanism is closelydomains of the condensed low-temperature phase “is
related to that recently proposed to explain observations thatrongly influenced by convective flow within the
water in the first hydration shell of lysozyme and other pro-interface.”’# Also, the BAM images found no evidence for
teins has an average densityl0%—20% greater than the regions of uniform molecular tilt as would be expected for
bulk density’® In this case, molecular dynamics simulations crystalline monolayers with molecules tilted from the inter-
attribute the higher density to orientational ordering of waterfacial normal’* (2) The entropy change across the transition
molecules in depressions on the protein surfad8The den-  is much larger than measured for surface freezing of an al-
sity enhancement in these protein experiments is similar t&kanol monolayer or for freezing of a hypothetical monolayer
our findings, however, in our system the enhanced density i a bulk alkanol melt(3) For C;OH, visual inspection of
in a region consisting of headgroups and water, not just in @éhe tension curve in Fig. 3 shows that above the transition,
layer of water. the tension is nearly identical with the tension for the pure
water—hexane interface. This indicates that most of the
C300H molecules desorb from the interface when heated
B. Phase transitions above the transition(4) The reflectivity curves far above the

. transition are similar for all four alkanols and are not consis-
Two issues of concern are the nature of the phases R

either side of the phase transition indicated by the kink in the[ent with a monolayer of molecules that has undergone a

. . . A ransition from solid to liquid. The electron density contrast
interfacial tension curves in Fig. 3 and the order of the phas - .

o . ) _— . etween bulk liquid alkanols of these chain lengths and hex-
transition. First, we will compare our findings with those of

surface freezing ane is greater than 15%. Therefore, a liquid monqlayer, if
' present, would be easily detected by x-ray reflectivig).
Unlike surface freezing, the structure of the monolayer is not
1. Comparison to surface freezing constant below the transition for,§OH and GyOH. In ad-
dition, evidence for a partial monolayer is observed for a

similar to surface tension curves measured for freezing of ange of temperatures above the transition for these alkanols.

layer at the liquid—vapor interface of a one-component al- 6) The temperature dependence of the reflectivity provides

kane or alkanol melt for an appropriate range of chainStrong evidence for domain formation. For example, the data

lengths®®"3We summarize the surface freezing results herel0f C240H cannot be explained by a homogeneous mono-

Surface freezing occurs within a few degrees above the bul[@‘yer that changes its average density with temperature.

freezing temperature. X-ray grazing incidence diffraction ]

and reflectivity measurements have shown that the surface Pomain phases

frozen layer of alkanes is a monolayer in a crystalline, rotator ~ Earlier Brewster angle microscopy studies of
phase with hexagonal packing. For alkanols, the surface fra=(CF,),o(CH,),OH and GgOH monolayers at the water—
zen layer is a bilayer in one of two rotator phases distin-hexane interface and x-ray off-specular diffuse scattering
guished by the molecular tilt that can be either normal to thestudies of F(CFE),o(CH,),OH monolayers at the water—
interface or tilted towards the next-nearest neighbors. Théexane interface directly demonstrated the formation of do-
packing for most alkanols is hexagonal, though some show mains of these surfactants at the interf4t€. X-ray reflec-
slightly distorted hexagonal lattice. The area per molecule irivity measurements are also consistent with the formation of
the surface frozen phases is either 19%%dk the alkanes or domains in monolayers of both F(©f(CH,),OH and
20.3 A2 for the alkanols. These surface frozen phases consi$t(CF,)g(CH,),OH at the water—hexane interfate.Our

of nearly all-trans molecular chains. The surface freezingneasurements provide evidence for domain formation in
transition occurs discontinuously in temperature within annormal alkanol monolayers.

accuracy of a few m °C. No structural changes in the frozen  The Gibbs phase rule indicates that these interfaces with
layer were observed over the range from the bulk freezing t@omains are not coexistence regions of two interfacial
the surface freezing temperature. No evidence of layeringhases, but rather that the interface is in a single phase that is

The interfacial tension curves in Fig. 3 are qualitatively
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spatially inhomogeneous. This is a consequence of our olstep for that particular measuremé@t02 °C for G,0OH and
servations that the domains are observed over a range of2°C for G,OH). These results indicate that domains are
temperatures, that the domains are in equilibrium, and thairesent over a wide range of impurity levels, including the
the role of impurities seems to be negligible. To consider thigow levels required to remove the hysteresis in the transition
in more detail we state the phase rule for our system. Theemperature.

thermodynamic variance is Although these conclusions on domain equilibrium and
impurities were determined from measurements on fluori-
W=2+(c—1)=¢—(¢—9), (1D nated alkanols at the water—hexane interface, it is plausible

wherec=3 is the number of componentsvater, hexane, thatthey are also applicable to the normal alkanols. For both
and alkandl, r=0 is the number of chemical reactions, tyPes of alkanols, the alkanols we studied are soluble in hex-
—2 is the number of bulk phases=1 is the number of ane, have similar tension curves, and similar domain cover-
types of interfaces, angtis the number of interface phasés. @ge curves as determined by temperature dependent x-ray

Equation(11) is appropriate for systems in which the inter- réflectivity measurements. These conclusions indicate that
face phases are contiguo(s we only consider the liquid— the interfaces we have measured that contain domains over a

liquid interfacé and the interface is flat. wide range of temperature are in a spatially inhomogeneous

For one interface phasej=1, the system is trivariant, Phase. o
w=3, and its state is determined by specifying three inten- It is d|_ff|cult for_ our megsurements_ to distinguish be-
sive thermodynamic variables, such as the temperature, buf/een & high density domain phase with coverage near to
pressurelone atmosphere in our experimentand the con-  ON€ and a hom(_)geneous monolayer. S_|m|larly it is also dif-
centration of the alkanol. For two interface phases, the sydicult to distinguish between a phase with coverage close to
tem is divariantw= 2, and two interface phases should existZ&re and a homogeneous monolayer. FgIE1 and G;OH,
only at one temperature for a chosen bulk pressure and af-9- 9 indicates that these monolayers may be homogeneous
kanol concentration. If the domains are a coexistence bebove and below the transition. Fop,OH and G¢OH, Fig.
tween two phases, then that coexistence should occur only §tShows coverage values different from zero or one over a
one temperature. Alternatively, domains can be the result gidnge of temperatures. In this case, the phase transition is
competing interactions that yield a single, spatially inhomo-fom & low temperature, high density domain phase to a high
geneous, interface pha%’8In this case, the interfacial con- emperature, low density domain phase.
centration of alkanols is not isotropic, but varies within the N
interface due to the presence of domains. Since this spatially: Phase transition order
inhomogeneous phase is a single interfacial phase, it can Our data cannot conclusively assign the order of the
exist over a range of temperatures for a given bulk pressurphase transition. As discussed below, our data provide evi-
and concentration. dence that ¢OH and G,OH undergo a first order transition

It is also possible for domains of coexisting phases towhile C,,OH and GyOH undergo either a weakly first order
exist over a range of temperatures due to the presence tfansition or a second order transition.
impurities or nonequilibrium effects that invalidate the phase  The kink in the interfacial tension curves as a function of
rule. Both of these possibilities will now be discussed. temperature, shown in Fig. 3, indicates that the transition is

Our earlier measurements of the sizes of domains irfirst order. The sharp change in coverage illustrated in Fig. 9
F(CR)10o(CH,),OH monolayers at the water—hexane inter-for C,OH and G,OH is consistent with a first order phase
face demonstrated that domains can be created or annihilaté@nsition. The gradual variation in coverage over a range of
as a function of temperatuf@.This can happen only if al- temperatures above and below the transition fe/OFl and
kanol molecules can freely exchange between the bulk an@;,OH may be consistent with a weakly first-order transi-
the interface, indicating that there is good reason to believéon, but as discussed below, it may also be a second-order
these systems are in, or very close, to equilibrium. transition. Several other experimental observations argue

In our earlier measurements on F(@R(CH,),OH  against a first-order phase transition. For purified syst@ss
monolayers at the water—hexane interface we tested the role this papey, there is no evidence of hysteresis across the
of impurities. Our initial experiments did not include purifi- transition as expected for a first-order transition. Measure-
cation of either the hexane or the surfactant. Eventual puriments of domain sizes in F(GFoCH,),OH monolayers at
fication of first the hexane, then the surfactant did not lead tahe water—hexane interface yielded a relatively narrow dis-
significant changes in the variation of the domain coveragéribution with a nearly temperature independent mean
with temperature if the sample was always hedtedooled radius’® First order transitions between spatially homoge-
through the transition. However, the least pure systems exaeous phases typically have a broad distribution of radii of
hibited a large hysteresis-10 °C) in the transition tempera- coexisting phases, with a mean radius that varies with tem-
ture upon heating or cooling through the transition. Afterperature. These observations indicate that alkanol monolay-
purification of the hexane the hysteresis was reduced ters at the water—hexane interface may undergo a transition
~2°C 23t and after purification of the surfactant the hysteresishat is higher than first order.
was reduced to below the level of the experimental tempera- The theoretical literature discusses spatially inhomoge-
ture step(0.3°C).>? Similar measurements on purified sys- neous phases that arise from competing interactions in many
tems of normal alkanols led to a reproducibility of the heat-areas of condensed matter physics. These include strongly
ing and cooling curves to within the size of the temperaturecorrelated electron systerfi$;®! ferromagnetic film$2-87
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TABLE Il. Domain coverage parameters from Marchenko theory. Param{q,r of the alkanols we have studiQ(ﬂZMOH and GoOH

eters for fitting the data in Figs. 8 and 9 to Ed2). The analysis is based . .
upon coherent reflectivity except forgOH which exhibited incoherent re- plus the earlier studies of F(Gf(CH,),OH and

flectivity. F(CR)10o(CH,),0OH]. However, both ¢OH and G,OH
have a more abrupt transition and the exponent is much

System T (°C) a b C(To) smaller. As previously discussed, the variation in coverage

C,sOH 27.0:0.2  0.20+0.09 0.63-0.08 0.54-0.02 for C,;OH and G,OH is consistent with a first-order transi-

C,,0H 27.4+0.1  0.17£0.02  0.55:0.25 0.5-0.1 tion, therefore, Marchenko’s theory may not be applicable

C,,0H 26.8+0.2 1.3£0.1 3.8£0.3 0.52£0.05 for these two alkanols.

C30H 29+0.5 1.5:0.5 4(+6/-2) 0.6+0.05

FC,OH 27.4+0.2 1.6+0.1 2.1+0.2 0.770.02

F&ZOH 40.4+0.2 0.9+0.1 1.9:0.2 0.5-0.02 V. CONCLUSIONS

We have used x-ray reflectivity, off-specular diffuse scat-
tering, and interfacial tension measurements to probe the mo-
lecular ordering and phase transitions at the interface be-
ferrofluids® and Langmuir monolayers at the water—vaportween water and a hexane solution of alkangither
interface®¥°°Although the latter may seem closely related to C20OH, C2OH, C,OH, or GOH). Our data demonstrate
our system, phase transitions in Langmuir monolayers may‘lat the adsorbed interfacial film is a monolayer. The highest
be very different than our system because the alkanols ca#ensity films that are accessible in the studied temperature
freely exchange between the interface and the bulk whered@nge (19—45°Q contain alkanol molecules with progres-
the surfactants in Langmuir monolayers are essentially corsive disordering of the chain from the -GEH to liquid
fined to the interface. We are not aware of a theory of thes@rdering in the terminal half of the chain near the -CH
phenomena that properly accounts for the role of the bullgroup. An upper limit of one hexane molecule penetrated
phase as a surfactant reservoir. into the chain region of every 5 or 6 alkanol molecules is

These theories disagree about the order of the transitioigonsistent with our data. In contrastzOH at 24 °C at the
Analytical studies have argued for a first order water—vapor interface forms an ordered phase of nearly rigid
transition/8838491.94hough recent numerical studies provide rods that excludes the solvent.
evidence for a continuous second order transitiof These At the water—hexane interface the density in the alkanol
numerical studies are consistent with an early argument bjeadgroup region is 10% greater than either bulk water or
Marchenko that two-dimensional first-order phase transitionghe ordered headgroup region found at the water—vapor in-
are forbidden at the surface of a liquttiBased upon a terface. We conjecture that this higher density is a result of
theory for a dipolar Ising ferromagnet, Marchenko also sugwater penetration into the headgroup region of the disordered
gested that a second-order transition between domain phas@@nolayer. Our data are consistent with a water to alkanol
should occur at the surface of a liqUitiThe domains are ratio of 1:3.
stabilized by a balance of their line tension and dipole inter-  The alkanol monolayer at the water—hexane interface
actions. Using a scaling theory and the form of these intertindergoes a phase transition as a function of temperature
actions, Marchenko predicted a characteristic dependence Pm a dense monolayer at low temperatures to a dilute
the surface polarization with temperature. monolayer at high temperatures. Our interfacial tension data

Although the applicability of the Marchenko theory to indicate a significant change in interfacial excess entropy at
our system needs to be further investigated, we have choséhis transition that increases with increasing chain length of
to test it by fitting our domain coverage data. Marchenko'sthe alkanol. The data for JOH and G,OH indicate the
prediction for the polarization can be rewritten in terms ofphase transition is first order, however, the transition for
domain coverage, C,,OH and G,OH may be weakly first order or second or-

. Ca der. The x-ray data are consistent with the presence of do-

C(T) = C(Te)=bsignTe—T)[IN(T/[Tc—=T)] mains in the monolayer and determine the domain coverage
for T>T., (120  (fraction of interface covered by alkanol domaims a func-

) . ) tion of temperature. This temperature dependence is consis-
whereT, is the phase transition temperatu(Tc) is the oy with a theoretical model for a second-order phase tran-
domain coverage at the transition, aa@ndb are positive  gjtion that accounts for the domain stabilization as a balance

constants related to scaling parameters in the theory. ThEayyeen line tension and long range dipole forces. Several

temperature dependence of our reflectivity measurementsne cis of our measurements indicate that the presence of
and the resultant domain coverage are consistent with th&omains represents the appearance of a spatially inhomoge-

unusual temperature dependence proposed by this theory, s, s phase rather than the coexistence of two homogeneous
illustrated by the lines in Figs. 8 and 9. Although this is a hases.

theory for a second order phase transition it is consistent

with ?he observed sharp change in domgln coverage at thECKNOWLEDGMENTS

transition temperature. Values for these fitted parameters are

listed in Table Il as well as values from two previously stud-  We acknowledge conversations with Vladimir March-
ied fluorinated alkanol® A deficiency of Marchenko’s scal- enko (Kapitsa Institute, RussjaDirk Morr (UIC), Binhua
ing theory is that it does not provide a value for the exponentin (U of Chicagg, and Mark Maroncelli(Pennsylvania
a. Experimentally, the exponent varies between 1 and 3/2 foBtate University, Sarka Malkova for assisting with interfa-

Downloaded 07 Feb 2006 to 130.199.3.22. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 24, 22 June 2004 Molecular ordering and phase transitions in alkanol monolayers 11837

cial tension measurements; Ming Li for assistance with mea¥*A. A. Acero, M. Li, B. Lin, S. A. Rice, M. Goldman, I. B. Azouz, A.
surements at NSLS; and the valuable assistance of BinhugGoudot, and F. Rondelez, J. Chem. Pr88.7214(1993.

Lin (U of Chicagd, Guangming LugUIC), Mati Meron (U 37l(\i.gIé.?)Schlossman, D. Synal, Y. Guaet al, Rev. Sci. Instrum68, 4372

of Chicago, Tim Graber(U of Chicagg, David Schultz 38D, K. échwartz, M. L. Schlossman, and P. S. Pershan, J. Chem. $8)ys.
(UIC), and Jeff GebhardtU of Chicagg in taking the 2356(1992.

water—vapor measurements at the Advanced Photon Sourc®B. Lin, M. Meron, J. Gebhardt, T. Graber, M. L. Schlossman, and P. J.
M.L.S. acknowledges support from the Petroleum ResearctyViccaro, Physica B836, 75 (2003.

Fund administered by the ACS, the UIC Campus Researchgé hg'leég'ﬂ%'gi; S. M. Williams, and M. L. Schiossman, Phys. Rev. &
Board, and the NSF Division of Materials Research. Chemsy; "\ tigswell. B. M. Ocko, P. S. Pershan, S. R. Wasserman, G. M.

MatCARS is supported by NSF Chemistry and DOE. whitesides, and J. D. Axe, Phys. Rev48, 1111(1990.
Brookhaven and Argonne National Laboratories are sup?’P.S. Pershan, Faraday Discuss. Chem. 88c231(1990.

ported by the U.S. Department of Energy. 43M. Born and E. Wolf,Principles of Optics 6 ed.(Pergamon Press, Ox-
ford, England, 1980

44L. Nevot and P. Croce, Rev. Phys. Apfib, 761 (1980.
V. M. Kaganer, H. Mohwald, and P. Dutta, Rev. Mod. Phy4, 779 4SAccording to J. Daillant, O. Belorgey, J. Chem. Phg&.5824(1992), the

(1999. effect of finite resolution should appear in Ed) in the form of a gamma
2B. Berge and A. Renault, Europhys. Left, 773(1993. function. This factor takes into account the spatial resolution of the x-ray
3A. Renault, J. F. Legrand, M. Goldmann, and B. Berge, J. Phy;. 7161 instrument and the short-wave cutoff in the spectrum of the capillary

(1993. waves. Using ga=27/5 A1 for this cutoff and the parameters of the
*J. F. Legrand, A. Renault, O. Konovalov, E. Chevigny, J. Als-Nielsen, G. instrument[see M. L. Schlossmaet al, Rev. Sci. Instrum.68, 4372

Grubel, and B. Berge, Thin Solid Film248 95 (1994. (1997] we evaluated this resolution dependence for the reflectivity. The

5J. P. Rieu, J. F. Legrand, A. Renault, B. Berge, B. M. Ocko, X. Z. Wu, and
M. Deutsch, J. Phys. I5, 607 (1995. error bars shown.

6 . . . .
7B. Lin, Pr_\.D. Thesis, Northwestern Umversﬂy, 1990. 4F, p, Buff, R. A. Lovett, and F. H. Stillinger, Phys. Rev. Let6, 621
M. C. Shih, T. M. Bohanon, J. M. Mikrut, P. Zschack, and P. Dutta, J. (1965

Chem. Phys97, 4485(1992. 473, K. Sinha, E. B. Sirota, S. Garoff, and H. B. Stanley, Phys. Re88B
8S. W. Barton, B. N. Thomas, E. B. Flom, S. A. Rice, B. Lin, J. B. Peng, 2.297-(1I988, $ B Slot, > ' T Y, FIYS. '
9J. B. Kettersqn, and P. Dutta, J. Ch_em. PI88.2257(1988. . . 43 D. Weeks, J. Chem. Phy&7, 3106(1977).
D. Jacquemain, F. Leveiller, S. Weinbach, M. Lahay, L. Leiserowitz, K. 497 Braslau M. Deutsch. P. S. Pershan. A. H. Weiss. J. Als-Nielsen. and J
Kjaer, and J. Als-Nielsen, J. Am. Chem. Sdd.3 7684 (1991. B'ohr Ph 5 Rév Let154’ 1'14.(1985) o o ’ .
103-L. Wang, F. Leveiller, D. Jacquemain, K. Kjaer, J. Als-Nielsen, M. =0 TS REV. ' .

correction for the resolution dependence is always much smaller than the

Lahav, and L. Leiserowitz, J. Am. Chem. Sdd6, 1192(1994. A. Braslau, P. S. Pershan, G. Swislow, B. M. Ocko, and J. Als-Nielsen,
1A, M. Tikhonov and M. L. Schlossman, J. Phys. Chem.167, 3344 51?{2' I\?I?t:'/lnzc\%/?c Z:SK/I(]-'?iiﬁc.)nov M. Li 7. Huana. and M. L Schloss.
12(2003'- m'an'Phys Re\; L.et8.5 582 (2060 T * o
13?_ SQO%:L?;]d:HdQA_DLl;u%Z?EEU?'Cshr;?nn_' é:hhyesrﬁl._;g)ésé?ﬁﬁggz(-lw& 52Note that our domain coverag@, is different from the standard thermo-
143 T. Buontempo and S. A. Rice, J. Chem. PI88.7030(1993. dynamic coveragéypically referred to a®). The coveragé refers to the
153, T. Buontempo and S. A. Rice, J. Chem. P88.5835(1993. total number of surfactant molecules at the interface normalized by the
163 J. Jasper and B. L. Houseman, J. Phys. CI6in1548(1963. number of surfactant molecules in a fully covered, close-packed mono-
7N. Matubayasi, K. Motomura, M. Aratono, and R. Matuura, Bull. Chem. layer. Since x-ray reflectivity cannot determine the number of surfactant

Soc. Jpn51, 2800(1978. molecules in the very low density gas phase that often covers part of the
18K, Motomura, N. Matubayasi, M. Aratono, and R. Matuura, J. Coll. Int. _interface, the two coveragesand C will be slightly different.

Sci. 64, 356 (1978. 53A. M. Tikhonov, M. Li, and M. L. SchlossmafBNL National Synchro-
19M. Lin, J.-L. Firpo, P. Mansoura, and J. F. Baret, J. Chem. Phys2202 tron Light Source Activity Report 2001, 2002op. 2.73—-2.76.

(1979. %4The measurement df S° across the transition for gJOH has been inde-
20T. Ikenaga, N. Matubayasi, M. Aratono, K. Motomura, and R. Matuura, pendently verified using the pendant drop technique by Takanori Takiue
21Chem' Soc. Jpn. Bulb3, 653(1980. _ (Kyushu University, personal communicatjon

J. T. Davies and E. K. RldedhterfaCIaI Phenomenﬂnd ed.(ACﬁdemlC, 55Takano|’i Takiquyushu University’ persona| Communicat}on
,,ew York, London, 1968 %60, Gang, X. Z. Wu, B. M. Ocko, E. B. Sirota, and M. Deutsch, Phys. Rev.

M. Rouhi, Chem. Eng. NewBugust, 6 (1995. E 58, 6086(1998.

2%J. T. Davies, Proc. R. Soc. London, Ser288, 224 (1951. _ SE. B. Sirota and X. Z. Wu, J. Chem. Phyk05, 7763(1996.

#*B. Y. Yue, C. M. Jackson, J. A. G. Taylor, J. Mingins, and B. A. Pethica, s8\ote that the values afS for the bulk rotator—liquid transition quoted by

25‘]' Chem. Soc., Faraday Trans72, 2685(1976. 0. Ganget al. (previously cited were stated for an effective “bilayer” of
J. A. G. Taylor, J. Mingins, and B. A. Pethica, J. Chem. Soc., Faraday | material to facilitate comparison with their frozen surface bilayer.

Trans. 172, 2694(1976. 5940.7 A=29x 1.27 A (C—C)+ 1.5 A (-CH3)+ 2.4 A (-CH20H
26M. L. Schlossman, Curr. Opin. Colloid Interface Sgj.235(2002. 60p -M Small .The th sic:I (-:hem(istr o)f Li. idéP(Ienum N)éw York
27G. L. Richmond, Annu. Rev. Phys. Chef®, 357 (2001). 15.386. ' Y y p ' '

2M. Watry and G. L. Richmond, J. Am. Chem. Sd@2, 875(2000. . :
29G.R. B(ZII, C. D. Bain, and R. N. Ward, J. Chem. Soc., Faraday Tegs. 613. N. Israelachvilintermolecular and Surface Forcd#é\cademic, Lon-

515(1996 don, England, 1992
) 62 . .

303, C. Conboy, M. C. Messmer, and G. L. Richmond, J. Phys. Chég). 633' Harris and S. A. Rice, J. Chem. Phgs, 5898(1988.

7617(1996. J. P. Bareman, G. Cardini, and M. L. Klein, Phys. Rev. Lé@. 2152
817, Zhang, D. M. Mitrinovic, S. M. Williams, Z. Huang, and M. L. (1988.

Schlossman, J. Chem. Phyid0, 7421(1999. 64A. Habenschuss and A. H. Narten, J. Chem. PB¢s5692(1990.
32A. M. Tikhonov, M. Li, D. M. Mitrinovic, and M. L. Schlossman, J. Phys. ®R. G. Snyder, K. Tu, M. L. Klein, R. Mendelssohn, H. L. Strauss, and W.

Chem. B105 8065 (2007). Sun, J. Phys. Chem. B06 6273(2002.

3\, L. Schlossman and A. M. Tikhonov, iMesoscale Phenomena in Fluid M. F. Toney, J. N Howard, J. Richer, G. L. Borges, J. G. Gordon, O. R.
Systemsedited by F. Case and P. Alexandrid@xford University Press, Melroy, D. G. Wiesler, D. Yee, and L. B. Sorenson, Nat(rendon) 368

New York, 2003, pp. 81-95. 444 (1994).
34A. Goebel and K. Lunkenheimer, Langmui8, 369 (1997). 7D, E. Gragson, B. M. McCarty, and G. L. Richmond, J. Phys. Cho0,
%D, M. Mitrinovic, Z. Zhang, S. M. Williams, Z. Huang, and M. L. 14272(1996.

Schlossman, J. Phys. Chem.1B3 1779(1999. %8G. L. Richmond, Chem. ReyWashington, D.Q.12, 2693(2002.

Downloaded 07 Feb 2006 to 130.199.3.22. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11838  J. Chem. Phys., Vol. 120, No. 24, 22 June 2004

%9Q. Du, R. Superfine, E. Freysz, and Y. R. Shen, Phys. Rev. I&t2313
(1993.

Tikhonov, Pingali, and Schlossman

81y, J. Emery, E. Fradkin, S. A. Kivelson, and T. C. Lubensky, Phys. Rev.
Lett. 85, 2160(2000.

D, I. Svergun, S. Richard, M. H. J. Koch, Z. Sayers, S. Kuprin, and G.%C. Kittel, Phys. Rev70, 965 (1948.

Zaccai, Proc. Natl. Acad. Sci. U.S.A5, 2267(1998.

"F. Merzel and J. C. Smith, Proc. Natl. Acad. Sci. U.S98, 5378(2002.

23, C. Smith, F. Merzel, C. S. Verma, and S. Fischer, J. Mol. 18{, 27
(2002.

B. M. Ocko, X. Z. Wu, E. B. Sirota, S. K. Sinha, O. Gang, and M.
Deutsch, Phys. Rev. B5, 3164(1997).

743, Uredat and G. H. Findenegg, Langmi§, 1108(1999.

SM. Li, A. Tikhonov, and M. L. Schlossman, Europhys. Lé&8, 80 (2002.

"SR, Defay, |. Prigogine, A. Bellemans, and D. H. Ever&tyface Tension
and AdsorptionlLongmans, Green & Co. Ltd., London, 1966

"7V, 1. Marchenko, JETR3, 1315(1986.

®D. Andelman, F. Brochard, and J.-F. Joanny, J. Chem. P8§,s3673
(1987.

®C. H. Chen and S.-W. Cheong, Phys. Rev. L&6, 4042(1996.

80M. P. Lilly, K. B. Cooper, J. P. Eisenstein, L. N. Pfeiffer, and K. W. West,
Phys. Rev. Lett82, 394 (1999.

833, A. Brazovskii, Sov. Phys. JET#L, 85 (1975.

84T, Garel and S. Doniach, Phys. Rev.2B, 325 (1982.

85R. Allenspach and A. Bischof, Phys. Rev. L, 3385(1992.

8M. Seul and R. Wolfe, Phys. Rev. 46, 7519(1992.

87D. K. Morr, P. J. Jensen, and K. H. Bennemann, Surf. $&7-309, 1109
(19949.

88D, Lacoste and T. C. Lubensky, Phys. Rev6& 041506(2007).

89H. M. McConnell, Annu. Rev. Phys. Chem2, 171 (1997).

90H. Mohwald, Annu. Rev. Phys. Chem1, 441(1990.

9'M. Seul and D. Andelman, Scien@67, 476 (1995.

92y, M. Kaganer and E. B. Loginov, Phys. Rev.5d, 2237(1995.

9. Booth, A. B. Maclsaac, J. P. Whitehead, and K. De'Bell, Phys. Rev.
Lett. 75, 950 (1995.

947, Arlett, J. P. Whitehead, A. B. Maclsaac, and K. De'Bell, Phys. Rev. B
54, 3394(1996.

%V, I. Marchenko, JETP54, 605 (1981).

Downloaded 07 Feb 2006 to 130.199.3.22. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



