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The coverage dependent phase behavior of molecular filmsadifanes (CHCH, _,CH;, denote

Cn) on mercury was studied for lengths<2@=<50, using surface tensiometry and surface x-ray
diffraction methods. In contrast with Langmuir films on water, where roughly surface-normal
molecular orientation is invariably found, alkanes on mercury are always oriented surface-parallel,
and show no long-range in-plane order at any surface pressure. At a low coverage a two-dimensional
gas phase is found, followed, upon increasing the coverage, by a single condensednlayer (
=<18), a sequence of single and double layers{@s-20; n=26), or a sequence of single, double,

and triple layers (2&n<24). The thermodynamical and structural properties of these layers, as
determined from the measurements, are discusse@0@3 American Institute of Physics.

[DOI: 10.1063/1.1618211

I. INTRODUCTION developed!—**and A-resolution measurement of the surface
structure of water was publishédFollowing the first x-ray
Langmuir films have traditionally referred to quasi-two- structural studies of water-supported Langmuir monolayers
dimensional2D) monomolecular films of amphiphiles resid- in 19871 these methods have been extensively employed to
ing on the surface of water, with their hydrophilic head- investigate the structure of a wide range of mono and multi-
groups inside, and their hydrophobic tails outside the wateeomponent Langmuir monolayers under a broad spectrum of
subphase. Although similar films are already mentioned bythemical and physical conditiods®!41"18 One of the
the ancient Greek and Chinese sailors, the modern study @fowning achievements of this activity was the complete de-
these films started with experiments carried out by Agnesermination of the temperature—surface pressure phase dia-
Pockels at her home over a century agdfew years later  gram of Langmuir films of fatty acids on water, demonstrat-
Lord Rayleigh realized that these films had a thickness ofng its universality upon chain length variatibhA detailed
only a single moleculé.Since these first studies Langmuir theoretical description and interpretation of this phase dia-
films have been studied extensively for more than a centurgram within a Landau-type mean-field theory was also
by physicists, as a model for two-dimensional mattéyy  achieved
biologists as a model for the cell membrahey chemists as A rich array of interactions is possible in a liquid-
a template for oriented growth of crystals from solutfete.  supported Langmuir film of amphiphilic molecules. For ex-
Recently, Langmuir films have been studied for their potenample, for simple fatty acid molecules at the surface of an
tial use in nanoscale control of matter: nanoengineering iqueous salt solution the chains interact via van der Waals
general and nanopatterning of surfaces in particuliey  forces, the headgroup may have competing interactions of
are also being widely investigated for molecular electronicshydrogen bonding with the water, and screened Coulomb
applications}” and for studying the formation of supramo- interaction with the hydrated, or bare, ions in the subphase,
lecular structure8? etc. However, the dominant interaction, invariably present
~ For most of the 20th century, Langmuir films were stud-for organic monolayers on aqueous subphases, is the strong
ied e_xtenswely by a varlety_of macroscopic me_:thods, mOShydrophobic repulsion of the amphiphile’s hydrocarbon talil
prominently by surface tensiometry which provides surfac&om the aqueous subphase. The hydrophylic attraction of the
pressure—molecular area |soth_erjr?1ie-lowever, direct struc-  neadgroup in combination with the hydrophobic repulsion of
ture determination of Langmuir films by x-ray techniquesine chains and the chain—chain attraction, tend to orient the
with A resolution became possible only two decades agogmphiphilic molecules in the condensed phases of Langmuir
when synchrotron-based liquid surface x-ray reflectometryjjms on water roughly normal to the surface. Since until
and grazing incidence diffraction methods wereyery recently all subphases employed for x-ray studies of
Langmuir films were aqueous, the molecular orientation was
dElectronic mail: deutsch@mail.biu.ac.il invariably found to be along, or slightly tilted from, the sur-
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face normal. To the best of our knowledge, the only non-mine the SAM’s structure by epitaxy, both in the
aqueous subphase employed in x-ray studies of a Langmusurface-normal and the surface-parallel phagésin epi-
film is formamide!”?° which is also polar and induces the taxial arrangement was also found for alkane SAMs on
same surface-normal molecular orientation. graphite?® on single-crystals of coppé? and gold® This

To investigate the role of the molecules’ interaction with epitaxy of the organic monolayer to the structure of the sub-
the subphase in the determination of the Langmuir film'sphase does not exist, of course, in the case of mercury, where
structure we have studied the structure of Langmuir films othe liquid surface of the subphase does not possess long-
organic molecules on mercuty.Here the interaction of the range order, and hence can not force the Langmuir film to
chains with the subphase is attractive, rather than repulsiveonform to the order dictated by the surface’s corrugation
and the hydrophobicity of the molecular tail plays no role. Inpotential, as is the case in SAMR.
this case, a surface-parallel molecular orientation could be
expected, at least for a range of coverages. Such orientatiofls EXPERIMENT
were not observed in any organic Langmuir monolayer on The trough

. . . g

water, although high tilts from the surface normal were de-
tected in crystallites of alkanei24) formed on water. A specially designed Langmuir trough, suitable for si-
These crystallites self-assemble spontaneously at zero suRultaneous surface tension and x-ray studies, was used. The
face pressure from excess materia' p|aced on water for ZUOUgh itself is milled from KelF and has inner dimensions of
<n<30.1722Mercury as a subphase for Langmuir films of- 175X65x3.5 mn?, with a thin (0.3 mm bottom to allow
fers several additional advantages. The high surface energpod thermal contact with the fixed-temperature plate on
of mercury, 500 mJ/f) as compared to that of water, which the trough is mounted. The temperature of the plate
72 mJ/ind, should enhance the spreading of surface films¢an be controlled tat0.2°C by water circulation from a
and induce spreading in compounds not readily, or not at a||(,:ommeer|aI water path/cwculator system. The trough is en-
spreadable on water. Since the solubilities of all organicclosed in an hermetically sealed aluminum box, equipped for
compounds, and most inorganic ones, in mercury are pract® flow of pure helium or nitrogen gas to minimize surface
cally zero, compounds which can not be studied as Langmuﬁ:ontammatmn and oxidation of th_e mercury. The enclosure
films on water due to their high water solubility could still be Nas thin Kapton entrance and exit windows for the x rays.
investigated on mercury. Also, the higher surface tension of N mercury is fed into the trough from the center of a stain-
mercury allows the extension of the x-ray reflectivity mea-|€ss steel reservoir moun_ted on t_he top plate _of the enclosure,
surements to fourfold larger scattering vectors than thoséfough a valve and a fine capillary extending through the
achievable on water, yielding a commensurately higher resdllate almost to the trough’s bottom. Since oxides a_nd organic
lution. The first atomic resolution measurement of the surcontaminants float to the surface of the mercury in the res-
face structure of pure mercury, a prerequisite for anye™voIl this arrangemer_ﬂ allows the_lntroductlon of clean mer-
mercury-supported Langmuir film structure determination,CUrY into the trough without breaking the seal of the enclo-
was published only recenth. Following our studies of SUre, and without exposing the mercury to air.
dense self-assembled alkyl-thiol monolayérs and
multilayerg® and, very recently, of a Langmuir film of stearic
fatty acic’ on mercury, we present here a study of the struc-  The surface tension is measured using the Wilhelmy
ture of Langmuir films of normal-alkanes on mercury as aplate method. We use a platinum plate (128
function of surface coverage, for molecular length ok0 X 0.5 mn?). To obtain good wetting of the plate by the mer-
<50. Surface tensiometry was used to measure surfaagury it must be first amalgamated with mercury by placing
pressure—molecular area isotherms, and synchrotron-basetk clean plate into a mercury bath in a glass dish, which is
surface scattering x-ray methods were employed to detethen placed in a sealed aluminum cell under a nitrogen at-
mine the structure at various points along the isotherm.  mosphere. The cell is then heatedTte- 125 °C and left at

Finally, we note that self-assembled mono- and multilay-this temperature for 48 h. This procedtfreroduces a thin
ers onsolid substrates, mostly alkyl-thiols on gold, have amalgam layer on the plate, which is stable for periods up to
been also investigated extensively by x-ray, and other2 months. Each time a new mercury subphase is introduced
methods’® Surface-parallel molecular orientations of suchinto the trough, the plate is removed from the balance, and
self-assembled monolayefSAMs) were found at certain rubbed lightly with tissue paper. This renews the amalgam-
coverage ranges. However, these SAMs should be clearlgtion layer. The plate is then “washed” several times by
distinguished from Langmuir films on a liquid substrate. Ob-dipping into clean mercury to remove contaminants, and is
viously, on a liquid subphase the film’s molecules are at leasthen ready to use.
as mobile as those of the subphase, while on a solid one the The balance consists of a leaf spring, which carries the
film’s molecules are bounémore or less strongjyto static  platinum plate, and a linear variable differential transformer
sites on the surface of the substrate. Thus, varying the coLVDT). The LVDT produces an output voltage proportional
erage is considerably simpler, the surface coverage is moite the displacement of the spring upon immersion of the
uniform and more likely to be a true equilibrium on a liquid plate’s edge into the mercury. The displacement is propor-
surface than on a solid one. More importantly, in the mostional to the force exerted on the leaf spring by the surface
extensively studied SAMs by far, alkyl-thiols on gold, the tensiono pulling on the plate. Repeated readingsooin an
crystalline structure of the gold surface was found to deterunperturbed system vary by less thapr=0.05 mN/m.

B. The surface tension balance
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C. Materials " T TL T " T

Mercury was purchased from Merck Qgriple distilled, % DL
99.999% purg and Bethlehem Apparatus C¢quadrupple
distilled 99.99995% pupeAlkanes were purchased from Al- Sr SL
drich and were at least 98% pure. All materials were used as s5.2f
received without further purification. Measurements on the,é\‘*0 i 55.1 1 17
same alkane with different puritie®9.5%, 98% did not > 2550}
show any differences in the surface pressure—molecular are€ 30 %54.9 -
isotherms. Stock solutions were prepared with molarities in © 5481 S 1
the range of 3—-8&10 * using HPLC grade, 99.9% pure 20k 5471 z 14
chloroform. Film deposition was done by a micropipette, 546 .
through a sealable hole in the enclosure’s top plate. 0l 545 1150 1175 1200 1355 1250 1075

t (sec)

D. Measurement methods 0 : ! . ! . L
1. Surface pressure —molecular area isotherms 0 10 2 io(min) 0 % %0

The surface pressure;=oy— o, is defined as the dif- _ . .
f b P h f 0 . fb d fil FIG. 1. The time dependence of the surface pressularing the stepwise
erence between the surface tension o arg) (an 1im- deposition of a Langmuir film of C22. SL, DL, and TL indicate the forma-

covered (o) mercury. 7 varies with the surface coverage, tion of single, double, and triple layers of molecules. The inset is an ex-
given by the area per molecube through the dependence of panded time scale plot of the measufegen circles and fitted(solid line)
o on A0 exponential relaxation ofr near the onset of the DL phase. The fitted re-
. . laxation time constant here is50 s.
To measure an isotherm, i.e.,aversusA curve, the
trough was first cleaned thoroughly with isopropanol and

chloroform, the enclosure sealed, and flushed for one hOLgn example of the measured relaxationmfopen circles
with a flow of (99.999% purgnitrogen, when only isotherm following a deposition step at~1150 s. The surface pres-

measurements are planned,(89.999% purghelium, when g,1e is observed to relax exponentially, with a time constant

x-ray measurements are pIanngd. The trough was then fillegk 5o s(solid line). Figure 1 shows three steps in These
with mercury from the reservoir through the capillary to ayij pe shown below to be the formation of singlSL),

level of about 1 mm above its rim. The measured surfacgjoyple(DL), and triple(TL) layers of flat-lying molecules.
tension of freshly filled mercury varied between

=475 mN/m andoy=495 mN/m, depending on the quality
of the amalgam layer on the Wilhelmy plate and its immer-
sion depth into the mercury. Film deposition began immedi-  The molecular structure of the Langmuir films was stud-
ately after filling the trough, to minimize the collection of ied at various coverages using surface-specific x-ray tech-
impurities on the bare mercury surface. Two reasons rendariques. The x-ray measurements were carried out at the
the coverage control by a travelling barrier, as done for waHarvard/BNL liquid surface spectrometer at beamline X22B,
ter, less advantageous here. First, well-sealing barriers aldSLS, Brookhaven National Laboratory, at wavelengths of
notoriously more difficult to construct for mercury than for A=1.55—-1.58 A. The trough was supported on an active
water’® Second, the largA-range of interest here entails a vibration isolation unit, mounted on the spectrometer. This
high compression ratio of 20—25. This, in turn, requires aarrangement was demonstrated in previous
prohibitively long trough and long traveling range for the measurementd?* to eliminate vibrational pickup from the
barrier. Thus we measured the isotherms by consecutivenvironment, the dominant effect which severely curtailed
deposition of accurately measured volumes of the stock sdhe measurement range in all early studies of the surface
lution by a micropipette, adding from 1 to 10 microliters of structure of mercury’
solution at each step. Waiting time following each deposition A detailed description of the x-ray measurement meth-
varied from about half a minute at low coverage to 30 min atods used is available in the literatiité® and will not be
high coverage, and strongly depended upon the chain lengtiepeated here. We have carried out x-ray reflectivkiR)
of the alkane, as we discuss below. The required waiting timeneasurements, which yield information on the surface-
was determined by monitoring the variation sffrom the  normal structure of the Langmuir film such as its surface-
moment of deposition until no further change is observechormal density profile and its surface roughness. The in-
in . plane order was investigated by grazing incidence diffraction
A typical trace of the surface pressure vs time for a long(GID). The XR measurements employed a point detector
(C22 chain alkane is shown in Fig. 1. When solution is while the GID was measured using a linear position sensitive
added, a jump inr is observed, followed by a relaxation detector, which allows a simultaneous measurement of a full
period to a new, higher value af. For C22 the relaxation Bragg rod(BR) when GID peaks are observed. To minimize
time was found to be almost independentfoéind 7. Equi-  beam damage, sample exposure times were kept to a mini-
librium in 7 is reached within less than a minute after eachmum by using an automatic shutter upstream of the trough.
deposition, indicating a very good spreading of the alkanérhis was opened only for counting, and kept closed during
molecules on the mercury surface. The inset to Fig. 1 showspectrometer movements.

2. X-ray measurements
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3. X-ray reflectivity modeling ' . - . - T
60 [ s/
Point  Areq

X-ray reflectivity, R(q,), is measured as a function of
the scattering vectay,= (47/\)sin(«); wherea is the graz-
ing angle of incidence of the x rays on the liquid surface. The
measured XR is often presented normalized by the XR of ar
ideally flat and abrupt interface, the so-called Fresnel reflec-— 40
tivity Re(q,).%® The density profile of the alkane-covered S
mercury was modeled by a box model of a single box for £30}
each alkane layer and 6 boxes for the mercury. For the bar®
mercury surface 8 slabs were used. Following a number ol
trial fits varying various fit parameters in different combina-
tions, a final model was adapted allowing us to obtain good 0l
fits to all measured curves, with reasonable fit parameters
The final model was as follows.

50

For the mercury a fixed box width of 1.3 A and a fixed 0 50 100 150 260 250 300
interfacial roughness of 0.7 A was used for all 6 boxes rep- A (8% /molecule)

resenting the near-surface oscillatory density profile of the

0 L |

L. . FIG. 2. Surface pressurer)—molecular areaX) isotherm for docosane
mercury. Thus, onIy the helghte" denSIty of each box was C22) on mercury(solid line+ points). The dashed line is a fit to the Volmer

varied, except that the density of the first box was kept fixetkquation for a gas of flat-lying molecules having hard-core interactions. The
at 5.5e/A3. A separate interfacial roughness parameter waghree abruptm changes atr~138, 64, and 41 A/molecule suggest the
assigned to the mercury-alkane interface, and varied in thgonsecutive formation of a single, double, and triple layers of flat-lying
. : ; ’ . lecules.

fit. The mercury’s bulk electron density was kept fixed at the™ o eeues

pe=3.25e/A% calculated from the known mass density of

mercury. This model is admittedly more restricted and lesgoughness allowed to vary in the fit. The density obtained
detailed than that used preViOUSly in the studies of the SUfrom the fit, p" was then used to derive the coverage frac-
face structure of bare mercuty.However, theg,-range of  tion of the top layer a& = p'/0.3. This procedure is equiva-
the present measurements is restrictedits1.5-1.7 A |ent to a coherent averaging over the coexisting different-
by the need to minimize beam damage to the alkane filmphase domains, an assumption supported by the good
This range excludes almost all of the quasi-Bragg peak origicontrast observed in the undulationsRfRr .3 Almost iden-
nating in the mercury layering at the surface, which peaks afical R curves were obtained by using the values of the fit-
~2.2 A" and extends out te-2.5 A™*. Only the begin-  derived parameters and assuming incoherent averaging over
ning of the rise of the layering peak can be observed at thghe domains(i.e., summing reflected intensities rather than
high-q, end of theg,-range in our measuremeriisee Fig. amplitudes.

3(a) below]. Thus, the measureld(q,) in this study are not Finally, all fits were done using the matrix method
sensitive to, and cannot support a full modeling of the merimplementatiof’ of the Parratt formalismt As the results
cury layering. Nevertheless, the variation of the alkane—iscussed below indicate, the model and strategy employed
mercury interface, which is rougher for lower coverage thamere result in good fits and a consistent variation of the fitted
for hlgher one, still reqUireS some ﬂElelllty in the modeling parameter values with coverage, keeping, at the same time,
of the mercury surface. A comparison of the mercury densitthe number of fit parameters down to a manageable number,

profiles obtained here employing our restricted model withgnd the interparameter correlation to a minimum.
those obtained in our previously-published detailed studies

of bare mercur§® shows that the present simple model cap-|||. RESULTS AND DISCUSSION
tures the main features of the layering, though obviously not ] ] ] ] )
all the details, particularly in the mercury layers lying below ~ We first discuss in detail the results obtained for
the first two surface-adjacent layers. As the results presenté¥PcosangC22), and then extend the discussion to alkanes of
below show, the model described here for the mercury i®ther chain lengths.
flexible enough to provide a good fit to the_ measuﬁqz) A. Docosane
of the alkane-covered mercury surface with physically rea- )
sonable parameter values, while keeping the number of fif- Surface pressure —molecular area isotherms
parameters reasonably small. The measuredr-A isotherm of C22, taken at=23°C

For the alkane layers a fixed density pf=0.3e/A® is shown in Fig. 2. The measured points are shown as open
was employed, and the width and roughness parameters wet#cles and the solid line is a smoothed curve connecting the
varied in the fit. Using a fixeg, deviating by up to+x5%  points. Comparing this isotherm with typical isotherms on
from this value yields equally good fits. In the coexistencewater® two differences stand out immediately in the léw-
regimes(single/double and double/triple layel layers ex-  region. One is the high surface pressure obtained,
cept the top layer are assumed to have a 100% coverage, andb0 mN/m, which is much higher then the collapse pres-
are represented by a box having a fixed density o053 sures observed in Langmuir films on aqueous subpHases.
The top, incomplete layer was represented by a box havingimilarly high collapse pressures were found for other or-
the fixed width of a completed layer, and its dengifyand  ganic molecules on mercufy3%“°The fact that the collapse
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7

pressure on Hg is much higher than that on water may point 15
towards film buckling as a possible collapse mechanism
here. For such a mechanism the attraction of the monolaye 1.0
to the surface is the dominant factor in determining the col-

lapse pressure. Thus, one would expect a much higher col

lapse pressure for the strongly-attracting mercury than for

water, where the chains are repelled from the surface, and the*
relatively weak hydrogen bond of the headgroup to the water™
anchors the molecules to the surface. While this expectatior Ny
indeed agrees with the observation of a lower collapse pres
sure on water and a higher one on Hg, more direct experi-
mental evidence is required for a definite conclusion on the
nature of the collapse mechanism prevailing here. ;

P (e/8)

The second outstanding feature in Fig. 2 is the absenc¢ T 025050 075 1.00 125 150 175
of a fast increase iar upon reducingA at the lowA end of 5, &)
the isotherm. Such an increase is a common feature of
isotherms measured to date for amphiphiles on aqueous suRrg y/r_(q,), (open circles of docosangc22) on mercury, with their box-
phases, where it manifests the existence of a condensed soliddel fits (lines. Curves are shifted vertically by-0.3 each for clarity.
phase of low Compressib“ifiﬁ-7 The absence of this feature Inset: Same for the bare mercury surfa@®. The model density profiles

3. (@ Measured Fresnel-normalized x-ray reflectivity curves,

here is discussed below. based on the x-ra measurememsqlﬂained from the fits ifa). The successive formation of three layers of flat
! y lying molecules, marked by the vertical lines for sing®i), double(DL),

this A-region. and triple(TL) layers, is clearly observed.
As Fig. 2 shows, reducing the molecular ararom
~350 A%/molecule to ~200 A?/molecule causes only a
very small change in the surface pressure, as expected forb@rs on the isotherm in Flg 2. The results of these measure-
dilute 2D gas of molecules. However, a further reductionments are detailed in the next section.
below 200 A/molecule produces a very steep rise frem
=2mN/m at ~250 A?molecule to w=47 mN/m at 2. X-ray reflectivity

135 A%/molecule. Similar to our previously measured iso- The measured Fresnel-normalized X®Rg, of C22 is
therm of stearic acid on mercutythe isotherm here can be shown in Fig. 8a) (open circles as a function of coverage,
reasonably well fit in this region by the Volmer equation glong with their box-model fitésolid lineg. The density pro-
m(A—A;)=KT, which describes a two-dimensional hard- files derived from the fit are shown in Fig(i8, with z=0
core-interacting gas of molecules. The exclusion seas  taken at the position of the mercury—alkane interface, and
due to the finite size of the molecules. The fit is shown in a&he positive z-axis pointing into the subphase. The
dashed line in Fig. 2, and yields an exclusion a®a previously-detected surface layering of mercdris indi-
=138 A?/molecule. This value is very close to the area of acated by the peak at,~2.2 A~ of the bare mercury reflec-
C22 molecule lying flat on the mercury surfack=IXw tivity curve in the inset of Fig. ). It is also implied by the
=29x4.8 A>=139 A?. Thus, the onset of the first plateau rise at the highg, end of the othetsmaller-ranggreflectiv-
in the isotherm in Fig. 2 can be concluded to mark theity curves shown in Fig. @). The corresponding layering is
completion of a densely-packed single lay&@L) of flat-  shown in the real-space density profiles in Figo)3
lying molecules. Note that although the two-dimensional ver-  The fits yield a surface roughness in the range of 1.1
sion of the van der Waals equation of state predicts an ex+0.3 A, close to that of a pure mercury surface. The fit for
clusion area of twice the molecular af®athis result is A=118 A2/molecule, slightly lower than the area of a lying-
derived using an expansion valid in the low-concentrationrdown molecule A;=139 A?), yields an alkane layer thick-
limit, i.e., whenA>A, in our case. When the molecules are ness of 4.7 A, with a 100% complete first layer and a 40%
packed densely on the surface, i.e., wher A, in our case, complete second layer. The fits fok=71, 64,52, and
a number of theoretic*® and experimental studies on 44 A%/molecule, at the onset, about one third along, and
Langmuir films on watef! show that the exclusion area is near the end of the second plateau and at the onset of the
very close to the area taken up by a single molecule. third plateau, yield, respectively, a 100% complete double
When A is reduced belowA;, a series of nearly flat layer 9.4 A thick, a 100% complete double layer with a 20%,
plateaus are observed a{A)~47, 56, and 58 mN/m. The 70%, and 100% complete third layer, respectively. The triple
transitions between plateaus are abrupt, and occA=a84  layer is found to be 13.5 A thick. When the coverage is
and 41 A/molecule, respectively. The fact that these transiHincreased further towards 20%Anolecule no further in-
tions occur atA values which are roughly one-half and one- crease is detected in the number of layers either by x-ray or
third of the molecular area of a single flat-lying molecule isotherm measurements. The only observable effect in the
strongly suggests that double and triple layers of flat-lyingXR measurements is a strong increase in the alkane-air in-
molecules form at thesa values. To confirm the suggested terfacial roughness, from-1.0 A for a triple layer at5
stepwise growth of the three layers, obtain their thicknesse§44 A%/molecules), to 2.3 A for the highest measured cov-
and detect possible in-plane order within these layers, x-ragrage at6 (20 A?/molecules). This high roughness sup-
measurements were carried out at the points marked by nunpresses all but the first oscillation in the XR curve. The layer
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80 rgp==_1 T T T T T T TABLE |. The exclusion are#;, and the onsets of the second and third
2U..... Ay plateausA, andA;. 7, 7,, and g are the surface pressures of the pla-
%g“"”‘ﬁ" teaus for the chain lengths, listed.
50 136
18 Ay Az Az T T2 m3
40 16 n A2/mol mN/m
0 10 0
> 114 \ 11 7
EX \ 12 87 13
€ 1 \ 14 93 24
20 | \ 16 109 34
\ 18 114 42
\\ 19 122 60 46 52
10 10 N 20 124 60 42 46 56 59
_ N S 21 131 63 44 46 56 59
"""" s TR N 22 138 64 41 47 56 58
0 L L L 24 152 70 48 44 54 56
0 50 100 150 ) 200 250 300 350 28 172 87 42 54
A (K/molecule) 36 233 105 40 50
293 115 40 51

FIG. 4. Measuredr-A isotherms for alkanes of the indicated chain lengths: 50
10<n<36.

thickness is unaffected by the increased roughness. TheQ%;h-energy surface of mercury, probably from the gas phase
results clearly demonstrate for C22 a stepwise, Iayer-by-laye? Ve, or even from the mercury bulk below the surface.
growth of the Langmuir film, up to the completion of the Decrzeasmg the_ . molecular_ area from A
third layer of flat lying molecules. Further increase in the%400 A’Imolecule a distinct steep rise inis observed for
coverage most probably results in the formation of 3D mi-aII n=11, followed by a break and a plateau. The bre_ak
crocrystallites, which cause the roughening of the surfac@°CUrs always at., or hear, the molecular_ area of a flat-lying
observed in the XR measurements. Towards the |cAvend r_nc_:lecule,Al, Wh.'Ch Increases I|nea}rly with. The steeply
of the isotherm the microcrystallites become visible to the''!NY part of _aII isotherms can be f'.t reasonab Iy_ we_II by the
olmer equation, as shown for C22 in a dashed line in Fig. 2.

eye as nonreflecting white spots or lines on the shiny surfacgl . . -
of the mercury. e also observe a linear increase witlin the surface pres-

These observations, and the average layer thickness @J{Z oLthe pla_tee}u fc;rtlﬂn$_|?: ) Thfhlsothe;rgsi;orhﬁn ;
4.6 A obtained from the fits, agree very well with the con- show a single plateau. The Isotherm o SNOWS Wo

clusions drawn above from the isotherms. This growth beplateaus, while those of 2n=<24 show three plateaus. For
havior is similar to that of SAMs of butane, hexane, andlonger alkanesn=28, only two plateaus are observed, as
heptane on an Ad11) surface at 40 K, where these much fo_und for C19. The area at the onset of the secdkg) @nd
shorter alkanes also form up to three molecular laydes third (A,) plateaus are always equal to one-half and one-

pending on coveraget the surface before bulk growth sets EE"S (:ft;he arleatl of atl;:at]-c!?g]ng ?:niglte r‘rf]ct)\l,?cufa |trr1](:|ca;ung ;
in.® An important difference between that study and ours is, |2, & [€S€ piateaus the Tiim ConsIsts oftwo a ee layers

however, that the ordered Ag surface imposes long-range i of fIat-Iyipg molecules. The areas gnd pressures obtaingd
plane order on the layers, as revealed by GID measuremen:}ggm the isotherms are summarlzed n Table_z \. Each entr)_/ IS
For the longer alkanes on mercury, studied here, no cIi" average of values derived from three independent iso-
peaks are observed for any indica:[ing that only 'short- therms. The absolute surface pressures of the plateau varied

range in-plane order may exist, extending to a few moleculapy up to 5 mN/m between different experiments with the

diameters only, as for a quasi-2D liquid or amorphous soligSame material, while thd!fferenceln surface pressure be-
tween plateaus never varied by more than 1 mN/m. The area

per molecule at the onset of the first plateau varied between
different isotherms by up to 5% when using the same solu-
tion, and up to 10%, when using different solutions.

The exclusion ared\;, obtained from the Volmer equa-

The 7-A isotherms of alkanes on mercury are shown intion fit, and the onset area&, andA;, are shown in Fig. 5,
Fig. 4 for several lengthsn at room temperature;l  along with their linear fits. The larger error bars foe50
=23°C. Qualitatively, four types of isotherms are observedreflect the difficulty in keeping these long molecules sol-
Decane(C10 and shorter alkanes exhibit a very low  vated, and the consequent larger scatter among the measured
(=3-5mN/m) over most of the measurement range A8 isotherms. AllA; are very close to the expected area occu-
=400 A?/molecule, without any prominent features, exceptpied by a single layer of closely packed, flat-lying molecules,
for a small increase inr towards the lowA end of the iso- and, as expected, increase linearly with The fit to a
therm. This increasébserved fon=14) was found to de- straight line yieldsA;=(6.2+0.2)n+(3+5) A%/molecule.
pend on time rather than coverage, and probably results frofRor the onsets of the second and third plateaus we obtain
the accumulation of contaminants on the not-fully-coveredA,=(3.0+0.1)n A%/molecule and A3;=(2.0=0.1)n

B. Molecular length dependence

1. Surface pressure —molecular area isotherms
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FIG. 5. Chain length dependence of the exclusion &reabtained from the
Volmer equation fit to the isotherms and the onsets of the secagdand
third A; plateaus.
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The isotherms of C12—-C16 in Fig. 4 show only a single
plateau, pointing to the existence of a single flat-lying layer
of alkanes. This is indeed found in the x-ray measurement.
For C18, although the isotherm in Fig. 4 shows a small sec-
ond step, the x-ray measurements find just a single layer of
flat-lying molecules with a thickness of 4.8 A, as shown in
Fig. 6, and no other changes are observed upon vawing
The only change observed in the XR fits is an increase in the
roughness, similar to that discussed above for C22, indicat-
ing the growth of three-dimensional crystallites.

The XR measurements of C19, however, show the for-
mation of a double layer with a thickness of 9.4 A as ex-
pected from the isotherm, but no further increase in the layer
thickness was observed with decreasihgC20 also shows
clearly a double layer 9.4 A thick. Both of these alkanes,
show of course, in the x-ray measurements also a single
layer, for lower coverages. Despite a weak third step in the
isotherm of C20 no third layer could be observed in the XR
measurements. This behavior can be explained by the growth
of a metastable third layer with a lifetime long enough for
measuring an isotherm but too short for measuring a reflec-

A?/molecule. The surface pressure at the onset of the firdivity curve.

plateau increases linearly from~0 mN/m forn=10 to =
~46 mN/m at 19<n<22 then decreases again to

As discussed above, C22 shows, in addition to the single
and double layer phases, a triple layer phase, the XR curve of

~40 mN/m forn=36. The surface pressure difference be-Which is shown in Fig. 6. This is the only chain length

tween the first and second plateaud\is~9—-11 mN/m for

all n except forn=19, whereA w~6 mN/m. The step from

the second to the third plateau, where it exists,Aig
~2-3 mN/m. The implications of tha-variation of A; , 3
and, , 3 are discussed below.

2. X-ray reflectivity

among those studied for which the triple layer phase was
observed in the x-ray measurements. For longer chains the
maximum number of layers found was two. A typical reflec-
tivity for this regime of chain lengths is shown for C36 in
Fig. 6, where the XR curve of the thickest film is that of a
double layer phase. We now proceed to discuss tha, @)
three-dimensional phase diagram emerging from the x-ray
and isotherm measurements.

X-ray reflectivity curves and corresponding electron
density profiles, representative of the different chain length
regimes discussed above, are shown in Fig. 6, for the alkanes
and coverages indicated. We now discuss these in order & The phase diagram

Increasingn. The isotherms and XR curves discussed above fully

characterize the structure of the various phases of the
mercury-supported Langmuir films of alkanes as a function
of surface pressure, area per moleculé& and chain length,

n. The phase diagram is shown in Fig. 7. The gas phase of
the flat-lying molecules is observed on the right-hand side,
with a steep rise with decreasimy to a condensed single
layer phase. The onset of this condensed phase is character-
ized by a sharp bend of the isotherm from an steeply-rising
to a horizontal curve. For 22n<24 we observe the forma-
tion of up to three layers of flat-lying molecules. Longer
chain lengths, and slightly shorter onas=(19,20) show a
maximum of two layers, and shorter chain lengths exhibit a
single layer only. A projection of the phase diagram on#he

n plane is shown in Fig. 8. It shows all the features described
earlier, and then,7r-ranges of the gas, single, double, and
triple condensed layer phases, umte 50, the longest mol-
ecule investigated in this study. The collapse pressure, which

0 025 050 0.75 1.00 1.25 150
q, (&

FIG. 6. (a) Measured Fresnel-normalized x-ray reflectivity curfepen

circles for the alkanes and coverages indicated, with their box-model fits

(lineg). Curves are shifted vertically by 0.3 each for clarity(b) The den-
sity profiles obtained from the fits, corresponding to the curve®jinThe
vertical lines show the singléSL) and doubleg(DL) layers.

is the equilibrium pressure between 2D and 3D growth, rises
steeply for low chain lengths, reaches a maximum rior
=22, decreases slightly for>22 and levels off for longer
chain lengths.
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touching each other. Any further reduction in the effective
could come only by the expulsion of molecules from the
surface layer into the 3D phase. Since fos17 the 3D

8 phase is liquid, and foA> A, the 2D phase is a gas, the film

% collapse afA; can be considered as a condensation transition
~ from a 2D-gas to a 3D-liquid. This transition is associated
g*‘) with a vaporization enthalpy which is derived below.

& The same arguments show that for 18, which exhibit

&

a maximum of two surface layefsxcludingn=22 where a
TL phase was observidthe collapse point is a@=A,,
where the second layer is 100% complete, and any further
reduction inA must lead to the expulsion of molecules from
the 2D surface phase into the 3D phase. The 3D phase here is
known to be solid, but unlike the case for the 2D single layer
case, where foA>A; the phase was shown to be a 2D gas,
the exact nature of the 2D double layer phas&zatA, is not
known. Since no GID peaks were observed, the DL phase is
amorphous. AsA<A; the DL phase is condensed, rather
FIG. 7. The phase diagram of Langmuir films of alkanes on the surface othan a gas. Of the two remaining choices, i.e., a liquidlike or
mercury. The measured isotherms are shown in a dashed line, and the c%{—n amorphous-solidlike 2D phase, we have chosen the
lapse pressure—in a bold line. ' .
former. Thus, the collapse &t, can be considered to be a
transition from a 2D liquid to a 3D solid, i.e., a freezing
4. The collapse pressure and adsorption energy transition associated with a melting enthalpy.
. . As we show in the next paragraphs, and in Fig. 8, this
The collapse pressure of each isotherm and the maximal . L
oo general picture of the collapse agrees very well quantitatively
number of surface layers of the Langmuir film are deter- ih the measured collanse pressures. and theifenen-
mined by a balance between the energies of the 2D surfac pse p ' P
film and the 3D bulk. We note that t=23 °C, where our

measurements were carried out, the bulk alkane is liquid for To m_ake _t_he d_|scu35|0n above more ql_Janntatlve we
n=17 and a solid fon=18. Moreover, as Fig. 8 shows adopt a simplified view of the surface adsorption process of

~18 is also the transition point below which only a singlethe alkane moleculles.as beiﬂg controlled. by a bfilance be-
layer, and above which a double layer, are observed in thiween two competing interactions and their associated ener-

isotherm. Fom= 17, where only a single 2D surface layer is gies. One is the attractive molecule—surface interaction
observedA, is the transition point between a 2D phase anghich _favors the formation of a 2D monolayer since the
a 3D one, i.e., the collapse point, since at this point thdormation of such a layer lowers the total interfacial energy.

molecules of the 2D gas are maximally compressed, and arBNis process is characterized by an adsorption energy. The
other interaction is the molecule—molecule interaction which

favors the formation of a 3D liquid or solid over the forma-

' ' ' ' ' ' ' ' ' tion of a 2D layer. Forn up to n~18 this interaction is
60 - 7 characterized by the enthalpy of vaporizatidH , . The ad-
sorption energy of an alkane af carbons iSE = (n
50 —_—. . —2)AEch,+ 2AEch, ~ Egefec WhereAEcy, andAEcy, are
the adsorption energies of the gldnd the CH groups, re-
40 a spectively.Eyerect IS the reduction in the adsorption energy
§ due to packing defects, caused, e.g.gayichekinks which
Expt increase the average area per ,CiHonomer over that of
® ideal packing. Sinceyauchekinks appear primarily at the
20 L ) ends of alkane chains and their number is mostly indepen-
46
dent of the molecular length,™ Egetect CAUSEd bygauche
kinks should be independent of an assumption adopted in,
or and supported by, the fits discussed below. The surface pres-
sure 7, at collapse for chain lengths exhibiting a single-
T o 3w % = layer plateau only, are then given by;=Eqgs~ AH,=(n
n —2)AEcy,+ 2AEch, ~ Egefec AH, . Using published\H,
FIG. 8. n-7 phase diagram for alkanes adsorbed on mercury. The points ar\e/all'leéw"18 and assummgAECszAECHs’ this expression

averages of the surface pressure at the phase transition between SL, DL, a@an be fitted to ther; values derived from the measured

TL for at least three different isotherms. The solid line are guides to the eyejspotherms, to obtairk Ecn, andEgerec. The fit, shown by a
The dashed and dotted lines are fits, discussed in the text, yielding th 2

adsorption energies of the first and second condensed layers. The colIapggShed line in Fig. 8, ag'rees Ve.ry well with the experimental
pressure is shown as a bold line. data forn=20, even slightly higher than the expectad
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=17. It yields AEcy,(SL)=5.4 kJ/mol(CH), close to the e ' ' ' ' ' '

estimated adsorption enthalpy of alkyl chains or(#1) of o i

6 kJ/mol(CH).*° We also obtairE jesec= 15 kd/mol. This is c1e

about twice the 6.5 kJ/mol energy cost of forming a gauche S0r 18

kink in an alkane chaif® Moreover, the formation of a ct6

gauchekink in a molecule lying flat on the surface necessar- _ 40 g

ily entails lifting part of the molecule off the surface, thereby §

causing a loss of the adsorption energy of that part. To a firs.E 30 | c12

approximation, assuming that a single £group is lifted, €

the formation of a gauche kink costs 6.53-5.4 20 o1 N

=11.9 kJ/mol, close to the value found f&fygsec. Thus,

while a definite origin forEgereery based on its numerical 10

value, cannot be given here the comparison above demon

strates that its value as derived hegge.= 15 kJ/mol, is

not unreasonable. T T e . aw . w
As discussed above, for longer chains; 20, the bulk t (min.)

phase is a solid ai=23 °C, and the collapse is regarded as ] ) o
FIG. 9. Time evolution of the surface pressure during isotherm measure-

a 2D-liquid to a 3D-solid freezing transition. The collapse . . D .
. . ments, for different alkanes. The time to reach equilibrium pressure is very
pressure is then determined by a balance between the adsofgyg (<25 min) for the high-coverage phases at medium-length alkanes

tion energy and the enthalpy of melting:,=E_ 4 AH,,. (C18, C19 and decrease for shorter as well as for longer alkanes.

Using measured values &fH, (Ref. 47 a fit to the mea-

sured collapse pressures, shown in a dotted line in Fig. 8,

yields AEcy,(DL) =9 kd/mol(CH) for the double layer symptoms suggest that Smith’'s isotherms, taken by rather
phase preceding collapse for 20. If the adsorption energy fast barrier compression<2.2 cnt/s), were most probably

of the first, mercury-adjacent layer in this case is assumed ttaken under nonequilibrium conditions, and are not, there-
be unchanged from the 5.4 kJ/mol(©Hlerived above from fore, true thermodynamic equilibrium isotherms. As dis-
the single layer collapse pressurenat 20, theA ECHZ(DL) cussed above for C22, the method used here of adding ma-

obtained indicates an adsorption energy of 3.6 kJ/moy)CH terial stepwise and waiting for the surface pressure to level
for the second layer, two-thirds only of that of the first layer. OUt (see Fig. 1, most probably results in near-equilibrium
A reliable calculation of the adsorption energy of the thirdconditions, as attested by the flat plateaus, lower oAset
layer directly from the triple layer phase’s collapse pressure@nd sharper phase boundaries.

cannot be carried out because of the too-few data points We now discuss some of the features observed in the
available for the restricted-range of this phase, as shown in time evolution of the surface pressure following a sample
Fig. 8. Finally, we point out that this phenomenological deposition step, and the variation of these features with chain
analysis may be oversimplified. A more sophisticated analy!ength and number of surface layers. In Fig. 9 we show some
sis, even at the mean-field Landau theory level akin to thaf the pressure vs time plots recorded while measuring iso-
carried out for fatty acids on watdis called for. This could therms for alkanes of different lengths The typical jump in
perhaps be done when the temperature dependence of tfeUPon material addition, and the consequent relaxation of

phase diagram, now under study in our laboratory, is fullym are clearly observed in each isotherm, and are generally
determined. similar to those shown in Fig. 1. For all alkanes with

=20 we observe very small decay timés; 1 min, as dis-
cussed above for C22, over the flllrange of the isotherm,
at all surface phases. The small decay times indicate a good
The general shapes of the isotherms measured here Ispreading of the materials on the mercury surface and a high
stepwise deposition of molecules onto the surface are rathenolecular mobility, even for double- or triple-layer phases.
close to those measured by Smiftnd Ellison®t using com-  For these chain lengths, the rapid pressure relaxation allows
pression of a fixed number of molecules by a traveling barcompleting the measurement of an isotherm with a sufficient
rier. Close inspection, however, reveals a number of imporaumber of points in about 1 h.
tant differences. The number of plateaus obtained seems to For shorter chain lengths, a different behavior is ob-
be generally larger in the measurements of Smith and o$erved. For C19 equilibrium pressure is reached rapidly for
Ellison than those observed here. For example, Smith obesoverage#\ down to the completion of the second layer. On
served three plateaus for C32 and two plateaus for both C1firther addition of material, 3D crystallites are eventually
and C10, while we observed two plateaus for C28 and C3&ormed, and the relaxation times increases stronglyt to
one plateau for C18 and no plateau for C10. Moreover=15 mins. The time dependence for C18 and C16 is similar.
Smith’s isotherms seem to reach higher surface pressureshey show a strong increase in the relaxation times, up to
and the plateaus have considerably larger slopes than the25 mins, albeit this occurs here for a single layer, the only
near-zero ones observed here. Smith’s plateaus have alb@h-coverage surface phase observed for thmegsee Fig.
higher A-onsets than ours. As discussed in detail by Pershad). Both C18 and C16 show also a large jump upon addition
et al> for Langmuir films of behenic acid on water, these of material, unlike those of longer alkanesz 20, which are

C. Equilibrium versus nonequilibrium isotherms
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relatively small. This may be indicative of an initial forma- ecules with different head groups should provide a deeper
tion of a metastable double layéwhich has a correspond- understanding of the role of the head group in inducing order
ingly higher 7) which then transforms into the equilibrium in flat-lying and standing-up phases of Langmuir films of
state of 3D crystallitefC18) or droplets(C16) coexisting organic molecules on mercury. The thiol moiety is of particu-
with a 2D single surface layer. In C18, in particular, thelar interest in this respect, in view of the broad interest, and
pressure relaxes very slowly at high coverages, and the retumerous studies, of various thiolates on single- and poly-
laxation curve is almost linear, indicating a very small gaincrystalline gold surfaces published over the last deé&dfe.

in energy for the formation of 3D crystallite over the forma- Investigations of such compounds on mercury are currently
tion of a second 2D surface layer. A close look at C12 andn progress.

C11 reveals an even larger initial jump in the surface pres-

sure after deposition of new material. However, in contrast, ~, NOWLEDGMENTS
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