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The molecular-scale structure and phase behavior of single-component Langmuir filmsnethgl-4-
mercaptobiphenyl (MMB) and’4erfluoromethyl-4-mercaptobiphenyl (FMMB) on mercury were studied

I. Introduction

Monolayer and few-layer organic films on liquid and solid
surfaces, such as wateand gold®~* have received ever
increasing research attention over the past few decades, because
of their importance for both basic and applied scierkéeSor
basic science, these systems allow the study of molecular
interactions, structural organization, and rheology in quasi-two-
dimensional matter. For applied sciences, they provide the mean
of controlling surface wettingchemical and physical patterning
of surfaces on micro to nano scafesyo-dimensional (2D)
nucleation and growth, surface-initiated polymerizatiol,
studying electrical transport through the single molectites
and more. Molecular-resolution structural studies of these
assemblies on liquids began only two decades ago, wit
Langmuir films of amphiphilic molecules on watet In these
films, the hydrophobic repulsion from the water surface, as well
as the intermolecular van der Waals interactions, invariably align
the organic molecules roughly normal to the surface, with the
hydrophilic headgroup residing in the water and the hydrophobic

using surface tensiometry, grazing incidence X-ray diffraction, and X-ray reflectivity. At low coverages, a
condensed but in-plane disordered single layer of surface-parallel molecules is found for both compounds. At
high coverages, both compounds exhibit in-plane-ordered phases of standing-up molecules. For MMB, the
biphenyl core dominates the structure, yielding a centered-rectangular unit cell with af, areal.8 A/
molecule, with molecules tilted by14° from the surface normal in the nearest-neighbor direction, and a
coherence length of >1000 A for the crystalline domains. For FMMB, the perfluoromethyl group dominates
the structure, yielding a hexagonal unit cell with untilted molecules, an/Are® 24.2 Amolecule, and a

much smallerf of ~110 A. The structure is discussed in comparison with self-assembled monolayers of
MMB on crystalline Au(111) and similar-length alkanethiolate SAMs on Au(111) and on mercury. The
differences in the structure are discussed and traced to the differences in the substrate’s surface structure, and
in the molecular cross section and rigidity.

tails pointing away from it. The phases and molecular ordering
of Langmuir films can be tuned by varying the surface coverage,
the temperature, the molecule dimensions, and additives to the
subphasé.

A different type of monolayer involves the self-assembly of
molecules on a solid surface, most notably of thiols orf-&u
and silanes on 3f These types of monolayers differ from the
3oreviously mentioned Langmuir films for more reasons than
Just the obvious change of the subphase from a liquid to a solid.
The adsorption energies are substantially higher than-tt@
kJ/mol energy of the hydrogen bond of the headgroup to the
water subphase in Langmuir films. One- or two-dimensional
epitaxy to the ordered, crystalline surface, induced by the strong
h headgroup-substrate bonding, results in SAMs in a surface-
parallel order longer than that of water-supported Langmuir
films, where the liquid surface has only short-range order and
the weaker chainchain van der Waals interaction is the only
ordering agent. Note, however, that while for SAMs the order
is longer-range, it is dominated by, and thus conforms to, that
of the crystalline substrate. The resultant order of the SAM may
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Recently, we have studied in detail Langmuir films of organic SCHEME 1: MMB (left) and FMMB (right) 2
monolayers on a new type of substrate: liquid metal3?
While preserving the strong binding of, for example, thiols to
a crystalline Au substrate (a few hundred kilojoules per mole),
this substrate has only short-range order so that no external
structure is imposed on the monolayer. Moreover, the liquid
surface comprises mobile molecules, and allows the same type
a continuous increase or decrease of the surface pressure and
surface coverage by the monolayer as for conventional Langmuir
films on water. An additional advantage of such liquid metal
subphases is their high surface tensio®90 mN/m for the
mercury subphase used in this study. This, in turn, provides a
supersmooth substrate (with roughness amplitudes of-ohl§
A; see below) of macroscopic lateral dimensions, which allows
the X-ray reflectivity method employed here to reach resolutions
of <1 A, which is ~4 times better than those which can be
achieved on a water subphase. Moreover, mercury is emerging
as a soft metallic contact of choice for charge-transfer studies
through single molecules in the field of molecular electron-
ics1213 This attracts additional interest in the structure of
mercury-supported organic monolayers for molecules having
favorable electronic properties for device construction, such as
the conjugated aromatics studied here. The surface thermodynamics were studied by surface pressure

Over the past few years, SAMs of conjugated aromatic thiols (7)—molecular areaX) isotherms. The structure of the Lang-
on crystalline Au surfaces became the focus of increasing Muir film was studied by surface-specific X-ray methods using
research interest. Originally, this was due to an interest in the Synchrotron radiation. Both types of measurements were carried
influence of the backbone rigidity on the structérehis led to outin a Langmuir trough, which could be mounted on the X-ray
the study of the MMB molecule, which has the same length as diffractometer for in-situ X-ray megsurements. The experimental
the best-studied alkyl-thioh-decanethiol, but consists of the @nd data analysis methods, particularly for the X-ray measure-
much more rigid biphenyl unit. An additional reason for the Ments, have been described previotisiP and thus will be

interest in conjugated aromatics is their relative abundance of discussed here only briefly.

a2The SH groups are at the bottom, and the protonated (MMB) and
perfluorinated (FMMB) methyl groups are at the top.

II. Experimental Section

delocalized electron®2! which implies a higher electrical Trough. A specially designed Langmulir trough, with an area
conduction through, and across, the molecular backbone, aof 6.5 cm x 17.5 cm, made of KelF and enclosed in a
desirable property for molecular electronic devieé.in hermetically sealed box was used in the measurements. The box

comparison withn-alkyl-thiols, the aromatic molecules are had Kapton windows to allow X-ray measurements, and was

highly anisotropic, and their intermolecular interactions are more filled with helium (X-ray measurements) or nitrogen (isotherm
defined? This potential for generating a better- and different- Measurements) to reduce the level of both surface contamination
ordered in-plane molecular packing, as compared to that of of the mercury and beam damage during X-ray measurements.
alkyl-thiols, is demonstrated by the structure of MMB SAMs During X-ray measurements, the trough was supported on an
on Au2 Two phases of varying density were observed, a low- active vibration isolation unit, mounted on the X-ray diffrac-
density surface-parallel, or lying-down, phase and a high-density tometer. This arrangement was shown in our previous measure-
surface-normal, or standing-up, phase. The lying-down phasementé7’2°v25’26to effectively eliminate the surface fluctuations
exhibited a diffraction pattern consistent with an Au-surface- arising from environmental vibrations that are a major problem
commensurate rectangular {82+/3) surface lattice with four N this type of X-ray measurement. _

molecules having a head-to-head molecular orientation, while ~ The surface tension was measured by the Wilhelmy plate
the standing-up phase showed a diffraction pattern consistent,methods’ using an Hg-amalgamated platinum plate, and a

again, with an Au-commensurate hexagonaB(x +/3) R3C° homemade balance based on a linear variable differential
lattice with a molecular tilt of less than 19rom the surface  transformer (LVDT). The molecular ared was varied by
normal? The phases of alkyl-thiolates on Au, both gHnd stepwise deposition of metered volumes of chloroform-dissolved
CFs-terminated, are considerably different, in both their lying- Samples. The trough’s temperature was controllegt@2 °C
down and standing-up phas®s. by a commercial water circulator. Room-temperature measure-

We present here a study of Langmuir films of bipheny thiols MeNts were carried out at 2&.
on mercury. We used surface tension isotherms and surface- Materials. Mercury was purchased from Merck (triple-
specific X-ray measurements (grazing incidence diffraction and distilled, 99.999% pure) or from Bethlehem Apparatus (quadruple-
reflectivity) to characterize the thermodynamics and structure distilled, 99.9995% pure). The two yield isotherms which are
of the monolayer, respectively. Two biphenyl thiols were used, indistinguishable within our experimental accuracy.
a protonated ‘4methyl-4-mercaptobiphenyl (GHCsH4-CoHa- Two molecules, shown in Scheme 1, were investigated in
SH), denoted MMB, and a trifluoro analoguétéfluoromethyl- this study: 4-methyl-4-mercaptobiphenyl, GFHCsH4-CsHs-SH
4-mercaptobiphenyl (GFC¢H4-CeHy-SH), denoted FMMB. The (denoted MMB), and a trifluoromethyl analogué;tdfluoro-
trifluoromethyl functionality, which creates a large molecular methyl-4-mercaptobiphenyl, GFRCeHs-CsHs-SH  (denoted
dipole moment in FMMB, not existing in MMB?and increases ~ FMMB). The synthesis of the materials is described elsewtfere.
the end group’s cross section, should provide an additional Standard spreading solutions were prepared with molarities
“knob”, beyond the surface pressure, for changing the structurein the range of 3-8 x 107 using HPLC grade, 99.9% pure
of the monolayer in its various phases. chloroform (Aldrich).
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zZ (1) X-ray reflectivity (XR) measurement8 where the ratio
P of intensities of the incident and specularly reflected r&g;),
is measured. This is done by varying the incidence angle under
the conditions thatt =  and & = 0. In this geometry, the
wave vector transfer is normal to the surfaag:= (47/1) sin
o # 0 andg, = 0. R(qy) provides information about the surface-
normal structure of the Langmuir film, i.e., its surface-normal
electron density profile, its layer thickness, and its surface
roughness$?!

(2) Grazing incidence diffraction (GID), which measures the
intensity diffracted at a surface-parallel anglé @wvay from
the incidence plane for a fixed incidence angle< a., where
o, is the critical angle for total external reflection of X-rai/s.
In this casey, = 0, and the detected intensity is integrated over
the surface-normat), acceptance range of the detector. GID

provides information about the surface-parallel structure of the
film. Crystalline order will produce Bragg diffraction peaks at
T A~S0-1004 g (or 260) positions just like in conventional crystallography of
three-dimensional (3D) crystals.
Figure 1. Diagram of the surface-specific X-ray diffraction geometry. (3) Bragg rods (BR), which are the surface-normal (icg),
For a discussion, see the text. distributions of the diffracted intensity at the peak positions in

the GID pattern. In that casg; = 0 is fixed andg, is scanned.
BR provide information about the molecular tilt and its
azimuthal direction, and the length of the part of the molecule
which gives rise to the particular BR.

Isotherm Measurements.The surface thermodynamics were
studied by surface pressureg){-molecular areaA) isotherm
measurements. Herte = ynyg — y, the difference in surface
tension between the bargdy ~ 490 mN/m) and the film- . . .
covered §) surface.A is the nominal area per molecule as 1€ XR was measured in our case by a point detector (i.e.,
calculated from the number of molecules deposited on the &0 Nal §C|nt|llat|on detector having a single rectgngular slit in
surface and the trough area. For the in-plane-ordered phases offnt of it), and the GID and BR are measured simultaneously
the film, an accurate value fok can be derived from the unit ~ USing & linear position sensitive detector (PSD), aligned along

cell dimensions determined from the X-ray measurements. This the surface normal. A Soller slit, positioned in front of the PSD,
molecular area is denoted in the following By. provided a horizontal resolutiong, of 0.017 A . For a GID

As a well-sealing movable barrier is difficult to construct for S¢@n a fullgz-resolved rod is measured at eagiposition, and
a mercury subphag®,the molecular are# was reduced by this allows the construction of an equal-intensity contour plot
stepwise deposition of additional solution onto the surface, rather that describes the diffracted intensity landscape in thex|

than by the conventional method of barrier compression. EachP!ane. This provides an excellent overview of the film's
step consisted of 35 uL, deposited using an adjustable structure, and allows easy differentiation of features originating

microsyringe. This is equivalent to an increase 625 x 10~ in the qaus_i-2D film from those tha_t originqte in theT few small
molecules/& per step (depending on the concentration of the 3!:) crystallites that may form within the f|!m, particularly at
solution) in the areal density of the molecules. The surface Nigh surface coverages that are close to film collapse.
tension variation following each deposition was monitored, and 10 Minimize beam damage, an automatic shutter was
the next step was carried out only affenas been observed by ~ €mployed to block the beam at all times other than the actual
eye to relax to a roughly constant value. These relaxation timescounting period at each point. This, and periodic translations
varied from~30 s at low areal densities t6250 s at high areal of the trough_ in the beam-normal direction, partl_cularly during
densities. the longer, higher-flux, GID measurements, provided reproduc-
X-ray Measurements. The structure of the Langmuir films ible results free from beam-generated damage to within the
was studied in situ on the trough with subangstn@solution accuracy of our measurements.
using surface-specific X-ray techniques. The X-ray measure-
ments were carried out at the Harvard BNL Liquid Surface !ll- Results
Diffractometer at National Synchrotron Light Source (NSLS)
Zt beamline X22B, with X-ray wavelengtis= 1.539 and 1.523

Pressure-Area Isotherms. The 7—A isotherms of MMB
and FMMB on mercury, measured at 25, are shown in Figure

: ) 2. They are qualitatively similar. A8 is reduced from~300
The geometry used for the X-ray measurements is shown in A2molecule, both show (a) a flat, near-zero region Ao

Figure 1. The incident rays have a wavevedtgr The detector 100 AZmolecule (b) a fast rise ta ~ 30—40 mN/m atA ~
selects a beam with a diffracted wavevedtgy; according to 70 AYmolecule ,(c) a plateau at ~ 30—40 mN/m down toA
its spatial position, and integrates the intensity over its angular , 3549 Azlmc;lecule and finally (d) a fast rise below this
acceptance range (i.e., its angular resolution). The momentumyq, fiim collapse ath ~ 2'0 A2molecule andr ~ 60—80 mN/m.
transfer,q, is then given by = Kout — Kin, where|kin| = [koud On the basis of our recent measurements on Langmuir films of
= 27/i. The surface-normalg, and surface-parallelg, fatty acidsl’ alkaneg alcoholst® and alkyl-thiol&° on mercury,
components of are and on the basis of the X-ray results discussed below, these
q, = k,(sina + sinp) (1.1) four regions can be identified as (a) a 2D gas of lying-down
molecules, (b) a single layer of condensed lying-down mol-
_ ecules, (c) a coexistence of lying-down and standing-up
4= km\/co§ o+ co$p —2cosacosfcosd  (1.2) molecules, and (d) a monolayer of standing-up molecules. We
Several types of measurements have been carried out. now discuss these regions in some detail.
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Figure 2. Surface pressurerf—molecular areaX) isotherms of MMB of MMB (O) and FMMB (a) on mercury, with box model fits—).

and FMMB on mercury. A fit to the Vollmer equation, the isotherm of ~ Curves are shifted vertically by 0.4 each for clarity. The inset shows

a gas of hard disks (dashed lines), yields exclusion afgas 63.5 the same for a bare Hg surface. (b) Surface-normal electron density

A2/molecule for MMB andA, = 73 A%/molecule for FMMB. profiles derived from the fits in panel a. MMB and FMMB results are

. shown as solid and dashed lines, respectively. The Hg surfacezis at
The reduction of the molecular aréafrom ~220 to~100 = 0, with z > 0 pointing into the liquid. Curves are shifted by 0.7 for

A2imolecule results in only a few millinewtons per meter cjarity. Numbers in parentheses are the nominal molecular area in A
increase in the surface pressure, as expected for a dilute 2Dmolecule.

gas. Reducin@ to below 100 A/molecule results in a very

steep rise in the surface pressure fraraz 6 mN/m at~100 acid$” and alcohol®¥ on mercury and on watérThe X-ray
AZimolecule tar ~ 35 mN/m at~65 A2molecule. These fast-  measurements discussed below support the inferences in these
increasing parts of the isotherms are very well fitted by the paragraphs, and show that long-range order indeed exists in the

Vollmer equation for a 2D gas of hard spherg@ — Ag) = pure standing-up phases of both molecules.

ksT, wherekg is the Boltzmann constant ard is the exclusion Finally, we note that very high surface pressures can be
area due to the finite size of the sphere. The fits are shown asachieved in these monolayers on mercury, before the pressure
dashed lines in Figure 2 and yields exclusion amas 63.5 causes the film to collapse. The values found here, and in

AZimolecule for MMB andA, = 73 A¥molecule for FMMB. particular that of FMMB, 80 mN/m, are20 mN/m higher than
The Aq value of MMB is very close to the calculated area of even those found for alkanethiols on mercdgnd~40 mN/m
the molecule, 65 A obtained from the 13.4 A calculated length  higher than those found for Langmuir fims on aqueous
of the molecul&32 (see below), and the 4.8 A average between subphases.This is partly due to the strong attraction of the
the widths of lying-down (6.3 A) and standing-up (3.3 A) phenyl film to the mercury surface and partly to the strong chemical
rings. This average is in line with the B@otated conformation  bond, of a few hundred kilojoules per mole, between the sulfur
of the two phenyls, found here (see below) and on Au(1A3d).  of the headgroup and the underlying mercury, none of which
of MMB is also close to the value of 57.72fnolecule found exist on aqueous subphases. The area per molecule observed
by Leung et aP for the single striped phase observed in their in the isotherms at collapse20 AZmolecule, is consistent with
X-ray study of vapor-deposited MMB on Au(113)in this our X-ray results below, the value o2 AZmolecule measured
phase, the molecular long axis is aligned parallel to the surface,by X-rays by Leung et &@for the hexagonal standing-up phase,
with one phenyl ring lying flat on the surface, and the other and the same value measured using STM by Azzam%tfat.
rotated (around the molecular long axis) at an angle away from the y ande phases for MMB on Au(111).
it. Although this phase was not found in the STM study of  To confirm the conclusions derived from the isotherms, and
liguid-adsorbed MMB on Au(111) by Azzam et & their detect possible lateral order within the film, we have carried
striped 8 phase yields 72 #&molecule, not too far from the  out surface-specific X-ray measurements, which will be de-
presentAo. In this phase, the molecules are found to lie flat on scribed in the next section.
the surface. The coincidence Af with these values and with X-ray Reflectivity. Figure 3a shows a selection of the
the calculated area of the molecule implies therefore that the Fresnel-normalized XR curves (circles) measured at the indi-
rise in the isotherm nealy is due to the close packing of a cated coverages, along with their model fits (lines), for MMB
monolayer of flat-lying molecules for both MMB and FMMB.  (solid line) and FMMB (dashed lines). The XR curves shown,
This conclusion is supported by the X-ray measurements detailedtwo for each of the two molecules, were measured at the onset

below. of the plateau and in the lov; fast-rising regions of each of
The onset of the plateau At~60 A¥molecule for MMB and the two isotherms shown in Figure 2.
A~70 A%molecule for FMMB marks the completion of a A rough estimate of the structure in the surface-normal

densely packed single layer (SL) of lying-down molecules, and direction can be obtained from the period of the modulations,
the onset of the coexistence range between standing-up and\q,, in these curves, which are related to the layer thicknesses,
lying-down phases. With further decreasesAinincreasingly D, of the corresponding films by the equatidw, = 27/D.

more of the molecules stand up, until a pure standing-up phaseThe amplitude of the modulations depends on the electron
is obtained at the onset of the steep risdatalues ofA~30 density differences among the gas phase, the surface layer, and
AZimolecule for MMB andA~40 A2molecule for FMMB. The the bulk and also on the interfacial roughn&sgor the two
steep rise indicates low compressibility, as expected from the low densities, 63 (MMB) and 73 Zmolecule (FMMB), Ad,
condensed solid 2D phase at these low areas per molecule, which 0.9 A~L, which yields aD~26.9 A. This value is considerably

are close to those found for the standing-up phases of fattyless than the calculated length of the molecule, (13.4
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A), but is not too far from the 6.3 A diameter of the phenyl TABLE 1: Nominal Coverages, A, Calculated from the

ring, which is the width of the molecule. This implies that at Amount of Material Deposited, Layer Thicknessesd, and

this coverage the molecules do not stand up and their long axisl\R/l%lﬁgSrnefﬁ/ﬁ)sl eoguﬁge(yc;lﬁg?e}fé'cr e(sgm"'ecu"“) and

should be parallel to the surface, or nearly so. For the high y H9

densities, 23 (MMB) and 28 Amolecule (FMMB),Ag, ~ 0.47 molecule A(A%)  d(A)  phase omoecuie(A)  ong (A)

A-1, which yields aD~13.4 A. This value corresponds wellto ~ MMB 63 49(1.2) SL 1.2(0.5) 1.3(0.5)

the expected molecular length, 13.4 A, obtained when adding 23 135(05 ML 17(03) 1.9(0.3)

to the 10.4 A “S-to-methyl-C” length of the molecé&Ré the FMMB ;g 11'2%'25) fALL g'g (8'2) %? (8'3)
S—Hg bond length of approximately 2.5 A and the 0.5 A 1(03) 203 103
“methyl-C-to-topmost-H” bond lengt#, projected onto the 2 SL represents the single-layer phase of lying-down molecules and
molecular axis. The correspondence of these values indicated"Il the monolayer of standing-up molecules. Numbers in parentheses
that at these coverages the molecules are oriented with their™® estimated uncertainties.

long axis roughly normal to the surface. These estimated valuesinterface, and the positive-axis pointing into the subphase.
confirm, therefore, the conclusions derived above from the The previously detecté@surface layering peak of mercury is
isotherms that the low-coverage and high-coverage phasesobserved ag, ~ 2.2 A~ in the bare mercury reflectivity curve
comprise lying-down and standing-up molecules, respectively. in the inset qf Figure 3a. The fit results are su.mmarlzed in Table
These estimates are, however, rather rough, particularly for thel- The fits yield a surface roughness value in the range of 1.3
lying-down phase where the modulation period is difficult to =+ 0-5 A. A slightly larger value, 1.2 0.5 A, is obtained for
determine since only two minima are observed in the XR curves. the film—mercury interface. Both are close to the roughness of
A more accurate determination of the structure requires detailedthe bare mercury free surfage.

modeling. The best fits by the model constructed as detailed The MMB fitat A= 63 A¢/molecule, the onset of the plateau,
below are shown in Figure 3a in lines, with the corresponding Yi€lds & layer thickness of 4.9 A and an electron densipy of
surface-normal density profiles plotted in Figure 3b. These fits 0-3 el/R. Thisd value agrees very well with the average of the

confirm the conclusions derived here and provide additional diameter (6.3 A) and thickness (3.3 A) of the phenyl ring,
details of the structure. discussed above, suggesting that one phenyl ring lies flat while

the other is rotated by~90° and stands on its side. This
molecular conformation is found also for the stripe phase of
MMB on Au,? where the molecular area is somewhat smaller

The box model employed here to describe the surface-normal
electron density profile is identical with that used in previous

iacl7—-20 H H « ”. H
studies: I consists of eight “boxes™ a single box 9f (57.7 RImolecule). This conclusion is valid also for FMMB,
constant electron density for each molecular overlayer (a smglefor the same reasons. Note. however. that the small thickness

:aye: '3 tmh'sr Sn:dy) inﬂ sevelg bcr)]xss);[ohrepre\?vtai,gtththe su:]fatc?]-of this layer, which results in only a single Kiessig fringe being
ayered mercury subpnase. £ach box has a » @ constant, - surable in the reflectivity curve, renders the uncertainty in
electron density, and a roughness at its interfaces with the

di th For th | box. the electron densit this value relatively large. The situation is much improved in
adjacent boxes. -or the overlayer box, the electron density wasy, q standing-up phase, where more fringes could be measured.
calculated by dividing the number of electrons in the molecule The MMB fit at A = 23 A¥molecule yields a uniform film
by the molecular volume. For the standing-up phases, the X-ray un 4 thicknesa of 13.5 A and an electron densipyof 0.35

GID measurements provide accurate dimensions for the unit e/A%. Thisd agrees well with the extended “terminal-H-to-Hg’"

cell, and thus, the molecular volume can be calculated ac- length of a surface-normal aligned molecule of MMB, indicating

curaktely. Ffor ti:je (rj]!sordlered Iy|ng-dlow|n pga;se, ﬁhe;? no GID that at this coverage the MMB molecules are aligned along the
peaks are found, this volume was calculated from the dimensionsg, .t normal. However, since the apparent film thickness

of the molecules, and slight variations were allowed so that good derived from the XR measurements has a cosine dependence
fits could be obtained. The basic features of the model for the on the molecular tilt. a small tilt from the vertical cannot be

Hg subphase were dete”?_";fd from our previous studies of g, ¢y ged. Indeed, the GID measurements discussed below reveal
Langmuir films on mercury!™2° The width of the topmost box  g,ch 4 tilt of~14°. This changes the model thickness by only

(representing the thickness of the film) was varied in the fit, 54 A \which is within the error bar of the XR model fits.
either as a free fit parameter or, when strongly correlated with Thé electron density obtained from the fit, = 0.35 e/

other fit parameters, as a fixed, but changing, value in an ¢gincides with the calculatege(calcd) = 104/(21.9x 13.5)
iterative series of fits. The widths of the seven boxes represent-_q 35 o/8 where we used the molecular ada= 21.9 A/

ing the layered density profile of the mercury subphase were mjecule, obtained below from the GID measurements for this
fixed at 1.3 A, half the atomic layer spacing at the mercury ordered phase, the length= 13.5 A obtained here from the

surface2®?All interfacial roughness values between these boxes xr measurements (see Table 1), and the 104 electrons of the
were taken to be constant at 0.7 A. The electron densities of ygjecule.

the boxes were varied, except for that of the first box, which  por FMMB at A = 28 AZmolecule the XR fit yields a
was fixed at 5.5+ 0.2 e/&, an average of numerous trial fitS  thicknessd = 14.1 A and an electron densitg = 0.38 e/R,
for different reflectivity curves. The mercury’s bulk electron \yhich agrees well with a calculated length of 14.2 A. This length
density (the last box) was also kept fixed at the value of 3.25 jhcludes the SHg bond lengtf, 2.5 A, the S-to-methyl-C
e/As calculated from the known mass density of mercury at room gistance o#3210.4 A, and an axis-projected lengt#®L.3 A
temperature. These procedures were found in previous studiegor the “methyl-C-to-topmost-F” distance plus the van der Waals
of Langmuir films on mercury~?°to yield very good fits, and  radius of the topmost F. The value of the electron densitys
consistent, physically reasonable results. They were, thereforeg 38 e/&, agrees with that calculated froth= 14.2 A, the
adopted here as well. As can be observed in Figure 3, this modelmoplecular aread, = 24.2 A2 derived below from the GID
provides excellent fits to the present data as well, over a broadmeasurements, and the 130 electrons of the molecule, yielding
g; range and 89 orders of magnitude in the reflectivitiR(qy). pe(calcd) = 130/(24.2x 14.2)= 0.38 e/R.

The density profiles derived from the fits are shown in Figure ~ Grazing Incidence Diffraction. The GID measurements
3b, with z = 0 taken at the position of the mercutfilm reveal no in-plane order in the low-coverage, lying-down phases
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q = 1.600 A1 peak is still too weak to observe. With time, as
the crystalline domains grow, the intensity of the diffraction
peaks also grows, and the (0g) = 1.600 A~* peak becomes
observable. This trend of increasing intensity was indeed
observed on the (11) peak with a half-intensity lifetime of
roughly 1.5 h.

We focus now on the characteristics of the two peaks in the
equilibrium phase observed5 h after film deposition. The
indexing of these peaks as (11) and (02) implies an intensity
ratio of 1(1.384)~ 2I(1.600), as indeed observed in Figure 4.
The molecular area, 5.56 A 7.85/2 A= 21.8 A/molecule, is
very close to that found for SAMs of MMB on A#iThe 5.56
A length of lattice vectom is almost commensurate with the
3.18 A lateral interatomic distance of the mercury atoms at the
surface: 5.56/3.18- v/3. A similar correspondence with the
Hg—Hg atomic distance at the surface was also found for alkyl-
thiols on mercury, where the Hg-commensurate lengtfa of

c) for the standing-up phase of MMB at room temperature. The inset yamains constant upon increasing the length of the alkyl chain,

of panel a shows the body-centered rectangular unit cell derived from

the GID pattern in panel a.

of either the MMB or the FMMB. For the high-coverage,

and hence also the length of the second lattice vaxt8iThe
similarity between the structures of alkyl-thiols and the biphenyl-
thiols on mercury highlights the dominant influence of the thiol

standing-up phases, different order is found for MMB, which group’s strong affinity for the mercury in determining the
exhibits a body-centered 2D unit cell, and FMMB, which Structure. The main difference between the structures is that

exhibits a weak 2D hexagonal packing. We now discuss thesethe thiol headgroups of the alkyl-thiols form a noncentered unit

results separately for the two materials.
MMB. The GID scan for MMB spanned the range of G:3

cell, indicated by the appearance of oddh + k) GID peaks,
due to the binding of two headgroups in each unit cell to a

q < 1.73 A-1. As shown in Figure 4a, the high coverage, single mercury ator®? By contrast, the absence of such odd

standing-up phase of MMB at a nominal= 30 A¥molecule
andT = 25 °C exhibits two GID peaksqg; = 1.384 A* and
g, = 1.600 A1, Theq, = 1.384 A1 peak appears immediately

(h + k) peaks here indicates that no such bonds occur for MMB.

The fwhm of the GID peaks iAq; ~ 0.018 A~ which is
close to the resolution limitgres = 0.017 AL This yields,

after deposition of a new film on the mercury surface. However, through the DebyeScherrer formulg = 271l(Aq? — Aqred)V?,

the g = 1.600 A1 peak was only observed5 h after the

a large crystalline coherence length > 1000 A. This is a

film deposition. No further changes were observed in the GID characteristic of the herringbone-packed crystalline CS phase
pattern after this period. A single GID peak indicates a of Langmuir films on mercurd?2° and on watet, while
hexagonal phase, which can be represented alternatively by ahexagonally packed rotator phases are found to have shorter

body-centered rectangular unit cell with dimensions of 5.24
x 5.24/3 A with two molecules per unit cell. This yields,
= 23.8 A/molecule, which is~10% larger than the molecular

coherence lengths, on the order of a few hundred angstroms
only, 171920 similar to that found below for FMMB. This
similarity implies a herringbone-like molecular packing for

area of the same molecule on Au(111), at the same nominal\\p, rather than a rotator one. This conclusion is further

coverage.
On the other hand, the two peaks obsdrgeén after deposition

can only be indexed in terms of a body-centered rectangular
unit cell that is shown in the inset of Figure 4a. The two GID

peaks are the lowest-order nonvanishing [i.e., evein + K)]

peaks, (11) and (02), in a body-centered 2D rectangular cell

with dimensions of 5.56 A< 7.85 A with two molecules per
unit cell, i.e.,Ax = 21.8 A/molecule. While it is possible to

supported by the observation of an anisotropic expansion
coefficient for MMB, another characteristic of the CS her-
ringbone packing in Langmuir films, as discussed below, and
the rather small area per molecule at this phase, which would
hinder a free rotation of the molecules.

The Bragg rods measured at the two GID positions are shown
in panels b and c of Figure 4, along with their fits to a rigid-

assign the time-dependent change observed in the GID patterdnclecule model having gsl;”ifor,m density and cross section
to a structural transition from a hexagonal to a rectangular cell, @0ng the molecular axis:”*°The intensity distribution in the

it is more likely that only one phase is observed at all times, BR @longg; is determined by the product of the molecular form

and the absence of tiig = 1.600 A1 peak is due to the self-

factor and the structure factor of the 2D crystal. The Bragg rod

organization time of the crystalline domains. This is further IS characterized by“a sharp surface-enhancement pepk=at
supported by the fact that the single BR that was measured ford (known as the “Vineyard peak’) on top of a broader
the (11) peak~2 h after deposition, when the (02) peak was distribution, the width of which is inversely proportional to the
still not observed, is very similar, albeit within a large scatter Projection of the length of the molecule onto the surface normal.

due to its low intensity, to that shown in Figure 4b: it peaks at The d. position of the maximum of the broad distribution
. ~ 0.3 AL For a hexagonal packing, surface-normal depends on the tilt of the molecules and its direction. For the

molecules, showing a BR peaking @t = 0 A~1, similar to

MMB data shown in Figure 4, the BR peak positions gfe=

that in Figure 4c, would have been expected. Note also that the0.28 A~ for the q; = 1.384 A1 GID peak andy,® = 0 A1

(11) peak at 1.384 Al is 4 times degenerate while the (02)

for theq = 1.600 A1 GID peak. This combination indicafes

peak at 1.600 Al is only doubly degenerate. Thus, at the early a molecular tilt of6 = tam{q,%(11)/[q,%(11) — q,%(02)/4] 12
stages of the self-organization of the crystalline domains, when = 13.9 from the surface normal in the direction afwhich is

the domains are still small and thus scatter weakly, the strongerthe nearest-neighbor (NN) direction. A fit of the measured BRs
(11) q; = 1.384 A1 peak is observed, while the weaker (02) by a widely used modéf,13%shown in lines in panels b and
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ook (03 " T ] =10 (t')) " crystalline he_rringboné:Sphasel,like that argued above to exist
° Sos for the standing-up phase of MMB.
€06 Table 2 shows that the expansion coefficients of all three

— ~ compounds are anisotropic. The length of the lattice veator
= >04 . . .
S 085 3z 02 hardly chang_es W_|th temperature, poss_lbly becausg of its
B 270 b R N commensuration with the HgHg surface distance mentioned
N2 ) SR o a above. By contrast, the length of the lattice vediaaries with
z 0 0102 0'3(;;‘?)0'5 06 07 temperature, yielding coefficients of expansion di/¢(f)/b =
%om © 9 5x 1074 9.5x 104, and 2.5x 104 K~1 for the alcohol, the

fatty acid, and MMB, respectively. The anisotropic expansion

\ coefficient is a signature of the crystalline herringbone phase,
2 while the rotator phases, e.g., tetradecanoic acid on mercury in
the same temperature ranfgegexhibit isotropic expansion

) coefficients. The observation of anisotropy for MMB further
supports the suggestion above that the standing-up phase of

i ) MMB is a crystalline herringbon€S phasé. It is interesting
Figure 5. Measured®) and model-fitted{) GID (a) and BR (b) for

. to note in Table 2 that the expansion coefficient of the MMB
the standing-up phase of the FMMB at room temperature. (c) Hexagonal ir il Ha is 2-4-fold I h h f
in-plane order as represented by a centered rectangular unit cell of 5_29LangmU|r Iim on Hg Is -fold smaller than those o

0.55

a=529

A x529/3A =529 Ax 9.16 A. Langmuir films of the linear chain molecules on Hg. This
indicates an intermolecular attraction of the biphenyl molecules
TABLE 2: GID Peak Positions at the Indicated which is stronger than that of the alkyl chains, resulting in an
-,\r/ﬁ\;l"é)erat“res for Hexacosanol, Tetracosanoic Acid, and increased stiffness. The increased stiffness and stability of the
MMB monolayer as compared to those of alkyl-thiols are also
C2s0H alcohol - G,O0H fatty acid MMB reflected in the significantly higher collapse pressure of the
T(°C) (11) (02) (11) (02) (11) (02) Langmuir film of MMB as compared to that of the chain

10 1515 1.689 1516 1712 1386 1.606 Mmolecules, and in the higher thermal stability of the MMB
25 1511 1.676 1.512 1.688 1.384 1.600 monolayer on Au, the melting temperature of which-i80 °C

) _ higher than that of a Langmuir film of an equal-length alkyl-
c of Figure 4, agrees well with the measured BRs and supportSthiol on the same substraie.

the conclusions drawn from the peak positions.
FMMB. The high-coverage, standing-up phase of FMMB, at |/ piscussion
a nominalA = 25.7 Amolecule, exhibits only a single GID
peak atq; = 1.372 A1, shown in Figure 5. This indicates a Two important questions arise from the results presented
hexagonal phase, with a corresponding centered rectangular unigbove. (a) Why are the structures of the high-coverage phases
cell with dimensions of 5.29 A< 5.29/3 A and A, = 24.2 of the apparently very similar MMB and FMMB molecules so
A2/molecule. The intensity of this peak is onty10% of that different? (b) How do the results for Langmuir films of MMB
of the (11) peak of MMB, shown in Figure 4. Moreover, the and FMMB on liquid mercury compare with previous results
FMMB peak is much broader than the nearly resolution limited for self-assembled monolayers of the same molecules on solid
peaks of MMB. lts fwhm width, 0.050 AL, corresponds to a  Au on one hand, and with those of Langmuir films of alkyl-
coherence lengtl of only ~110A, as compared to the of thiols on liquid mercury on the other hand, and what are the
>1000 A of MMB. The 10-fold loweré and 10% large@ molecular-level origins of the differences? We now discuss these
lead to the conclusion that this phase is a rotator phase, inquestions in turn.
contrast with MMB, where the corresponding phase is a  The only difference in structure between MMB and FMMB
herringbone crystal. is the replacement of the methyl’'s hydrogens with fluorines.
The measured BR of FMMB at this coverage, shown in This apparently small change results, however, in a significant
Figure 5b, peaks ai,° = 0 A1, indicating that the molecules increase in the size of the terminal methyl group. Kim eal.
are oriented along the surface normal and are untilted. The BR’scalculate for the terminal CHmoiety of an alkyl-thiol chain a
fwhm and the model fit, shown in a line in Figure 5b, yield a cross section oAcy, = 17.6 A2 Replacing this terminal group
surface-normal projected length of 14 A for the ordered with a CR; group increases the cross sectiomtg, = 25.4 A2,
molecules. This value coincides, within the experimental and Acp, is much smaller than the area per molecule favored by the
fit errors, with the value of 14.1 A derived from the XR MMB molecule,A, = 21.84 R/molecule, obtained above from
measurements and listed in Table 1, and the bond-lengthsthe X-ray GID measurements, and hence, the terminaldoids
calculated value of 14.2 A. These values support therefore thenot impose packing constraints on the structure of MMB. By
conclusion that the FMMB molecules are untilted. This is again contrast,Acr, is 15% larger than the molecular area favored
in contrast with the tilted phase found for MMB at the by the biphenyl moiety of the molecule, and hence imposes
corresponding nominal coverade as discussed above. severe packing constraints on the in-plane structure. These
Temperature DependenceA few temperature-dependent constraints result in the molecular area of FMMB bekg—=
GID measurements were carried out for stable MMB films, i.e., 24.2 A/molecule, i.e., 11% larger than that of MMB. The
more tha 5 h after film deposition. These were done in the packing frustrations due to the mismatch between the molecular
standing-up phase at a nomirai= 30 A2molecule. The peak  areas preferred by the perfluorinated methyl and the biphenyl
positions that were obtained are summarized in Table 2, alongbackbone result in the crystalline coherence length of FMMB
with similar results obtained for two other Langmuir monolayers, being 10-fold shorter than that of MMB, as discussed above.
tetracosanoic acid (GH4/COOH)” and hexacosanol ¢gHsz- As the close packing of the roughly sphericals@ffoups now
COH)? on mercury, in their standing-up phase. These two were dominates the in-plane order, a hexagonal phase is obtained for
selected since they exhibit in this temperature range a 2D FMMB, rather than the rectangular packing favored by the
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platelike biphenyl backbone, which dominates the structure of A, yielding an area per molecule &, = 21.6 A/molecule.
the corresponding phase of MMB. We also note that the large The molecules were found to tilt by19° from the surface
electronegativity of the fluorine atoms should induce in the upper normal, but the accurate magnitude and azimuthal direction of
end of the FMMB molecule a significant dipole moment, which the tilt could not be determined. A recent STM study reveals
does not exist in the C#terminated MMB, similar to the dipole  that a 2x 1 superlattice is first formed-3 h after immersion
moment found for Ckterminated alkyl-thiols on Aé33°The of the Au substrates in the MMB solution. This phase converts
repulsion between the parallel-aligned dipoles of adjacent to the hexagonal phase at longer immersion tifde$his
molecules may also contribdfeo the packing frustration which  structure is in marked contrast with the equilibrium phase of
reduced the crystallinity of the standing-up phase of FMMB. MMB on mercury, discussed above, which has a rectangular
X_ray measurememntn the |ying_down phase of MMB on cell structure of 5.56 A( 7.84 A, and thus a (Similar) area per
Au(lll) reveal a Striped phase having a |0ng_range in_p|ane molecule of 21.84 Almolecule. Th@x values of MMB on both
crystalline order with a distorted rectangular unit cell. A recent Au and Hg are close to the value of 22.#/dolecule derived
detailed STM Stud:g? at this coverage range resolved two from the 3D CryStaI structure of blphenyl, which has a unit cell
different striped phases, with slightly different long-range ©f 5.51 A x 8.04 A in the &y) plane. This indicates that the
ordered structures. On mercury, however, no GID peaks arebiphenyl core of the MMB dominates the structure of the
observed for the corresponding phase of lying-down molecules, Standing-up monolayer phase. Note, however, that although the
indicating that the coherence length of any order that may exist area per molecule is similar, the unit cell dimensions are not.
within the monolayer cannot exceed very few tens of angstroms, Compared to the dimensions of the biphenyyunit cell, that
as for a liquid or an amorphous solid. In the absence of GID of MMB on mercury deviates by only 0.9% 2.5%, while that
peaks, the only clue about the organization of the molecules aton Au deviates by a much larger amount (9.5%.5%). The
the surface in the lying-down phase is the exclusion area derivedOPPOsite signs of the deviations in the two lattice-vector
from the Vollmer equation fit to the fast increasing part of the directions keep the area almost unchanged.
isotherms, which yield#, = 63.5 A/molecule, as discussed The different behavior of MMB on Hg and Au can be
above. Comparing this to the GID results of the striped phase attributed, again, to the structure of the subphase. For MMB
of MMB on Au(111) which yields an area per molecule of 57.7 on Au, the larger distortions of the biphenyl's native unit cell
AZimolecule leads to the conclusion that the lying-down phase are imposed by strong epitaxy to the crystalline structure of
of MMB and FMMB on mercury atA ~ 65 (MMB) and 75 Au. With these cell dimensions, all S headgroups of MMB
AZmolecule (FMMB) is such that the molecular axis is surface- indeed reside at the three-atom hollows of the hexagonally
parallel, with one phenyl ring lying flat on the mercury surface. packed Au(111) surface. However, the packing frustration
However, the fact that the XR measurements yield a 4.9 A layer resulting from the unit cell dimensions favored by the biphenyl
thickness, larger than the 3.3 A thickness of the ring, indicates core and those favored by the S headgroups result in the poor
that the second phenyl ring is rotated about the molecular axis; crystallinity, i.e., rather short crystalline coherence length,
i.e., the dihedral angle between the planes of the two rings is observed in both X-réyand STM? studies of MMB on Au.
non-zero, as indeed found for the striped phase of MMB on On liquid mercury, where the-8Hg bond strength;>200 kJ/
Au as well. Moreover, on Au the molecular axis of MMB was mol, is similar to that of the SAu bond3¢ but no long-range
argued to be not fully parallel to the surface, but tilted up from Ssubphase order exists, no such constraints are imposed, and the
it by a small angle, presumably by the need to make room for deviations from the native structure are much smaller. However,
the lower section of the dihedrally rotated ring but also because even here a very weak epitaxy, albeit one-dimensional only, is
of the strong attraction exerted on the terminal thiol group by observed: the lattice vector leng#i = 5.56 A coincides almost
the Au atoms of the surfa@2Such a tilt is likely to be present ~ exactly with v/3 x 3.18 A, where 3.18 A is the HgHg
here as well for the very same reasons. If this is indeed the interatomic distance at the surface at room temper&tufe.
case, the XR-observed layer thickness would be a combinedsimilar one-dimensional weak epitaxy to the-Hgg interatomic
result of the up tilt of the molecule from the surface and the distance at the surface is found for the standing-up monolayer
non-zero dihedral rotation angle of the rings. For a given layer phase of alkyl-thiols on mercury, where, again, a lattice vector
thickness, the larger is the former, the smaller is the later, and length of+/3 x 3.18 A is founck®
vice versa. More definite conclusions about these details of the  Another type of deviation from the native structure occurs
structure could have been inferred only from accurate GID for FMMB. Here the bulky end group results in a hexagonal
patterns, which, however, do not exist due to the lack of long- unit cell, 5.29 Ax 5.29/3 A, much larger than that favored
range order. The lying-down phases of alkyl-thiols on mercury by the biphenyl core. In line with our conclusions above, the
also lack long-range in-plane order for all carbon numbers packing frustration leads here, as for MMB on Au, to a
investigate®® (n = 9-22). This, again, is in contrast with  coherence length considerably shorter than that of MMB on
alkanethiols on Au(111) which show long-range ordered striped Hg, to a hexagonal, rather than a rectangular, packing, and to
phaset' akin to those observed for MMB on A&#? The a loss of even the weak one-dimensional epitaxy to the surface
discussion leads, therefore, to the not very surprising conclusioninteratomic Hg distance observed for MMB on Hg. A structural
that the subphase’s structure, or lack thereof, plays a major rolestudy of FMMB on Au, not currently available, would help in
in determining the structure of the lying-down monolayer: for further elucidating the interplay between the molecular cross
the long-range ordered Au subphase, a commensurate order (asection and the subphase epitaxy in determining the structure
least in one direction) is epitaxially induced in the organic of solid- and liquid-supported organic monolayers.
overlayer, while for the disordered (or short-range ordered)  Finally, it is interesting to compare the structure of the
liquid Hg interface, a similarly disordered (or short-range standing-up phase of MMB on mercury with the corresponding
ordered) layer is obtained. phase of alkyl-thiols. While the structure of GIEH,)eSH
Previous X-ray measurements on the standing-up phase of(denote GoS) on mercury, the length of which is roughly equal
MMB on Au? reveal a hexagonal order with a rather poor to that of MMB2 has not been studied by X-rays, the not-much-
crystalline coherence length and a unit cell of 4.998.65 longer G4S was studied in detadf. The standing-up phase of
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