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Crystalline Phases of Alkyl-Thiol Monolayers on Liquid Mercury

B. M. Ocko,1,* H. Kraack,2 P. S. Pershan,3 E. Sloutskin,2 L. Tamam,2 and M. Deutsch2

1Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA
2Department of Physics, Bar-Ilan University, Ramat-Gan 52900, Israel

3Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
(Received 7 October 2004; published 12 January 2005)
0031-9007=
The structure of octadecanethiol monolyers on liquid Hg surfaces, measured with subangstrom
resolution, evolves with increasing coverage from a laterally disordered phase of surface-parallel
molecules to ordered rotator phases of surface-normal molecules. For the latter, an abrupt transition is
found at 19 �A2=molecule from a rectangular packing of molecules tilted by 27� in the nearest-neighbor
direction to a hexagonal unit cell of untilted molecules. The unit cell of the tilted phase is centered for the
chains and noncentered for the headgroups. The thiol headgroups associate in pairs with a single Hg atom,
and the bonds form long-range orientational order. The different order of thiols on Au(111) and on Hg
highlights the subphase’s role in determining the overlayer’s structure.
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FIG. 1. (a) Fresnel-normalized x-ray reflectivity (points), and
‘‘box-model’’ fits (lines) for C18S on Hg at the indicated cover-
ages A, and T � 25 �C. qz � �4�=�� sin�	�, where � � 1:56 �A
is the wavelength, and 	 is the grazing incidence angle, of the
x rays used. Inset: the measured isotherm (points). The arrows
mark the A values where reflectivities were measured. (b) The
fit-determined surface-normal electron density profiles. The os-
cillations at z > 0 are due to the surface-induced layering in the
Hg. The plateaus at z < 0 are the organic layers. ML and SL are
the monolayer of standing-up molecules and the single-layer of
lying-down molecules, respectively.
The nature and pathways of charge transfer in single
organic molecules, and the processes involved therein, are
among the most intensely studied open questions in the
field of molecular electronics [1]. The majority of the
experimental studies addressing this question employ
self-assembled monolayers (SAMs) on solid substrates,
most notably alkyl thiols on gold [2,3]. However, recent
charge transfer studies between thiol-covered Hg elec-
trodes and solid metals [4,5], semiconductors [6], and
liquid Hg [7,8] demonstrate the great advantages of liquid
Hg substrates for these studies. These surfaces are atomi-
cally smooth, lack long-range order of their own, and have
no steps and structural defects. At the same time, their
strong chemical bond with the thiol headgroup is pre-
served. Moreover, unlike solid-supported monolayers, the
areal density of molecules in a Hg-supported monolayer,
and hence its charge transfer properties, can be easily and
continuously varied in situ by employing Langmuir
trough techniques. Thus, the liquid Hg substrate used in
this study is an ideal substrate for growing variable-density,
macroscopic-sized, highly perfect SAMs [9], which reflect
the monolayer’s intrinsic structure rather than that imposed
epitaxially by the substrate.

A detailed knowledge of the structure of a SAM is a
prerequisite for any study of its charge transport, and other
molecular-electronics-oriented properties. Thus, alkyl-
thiol monolayers on a solid Au(111) substrate were exten-
sively studied [10,11]. They exhibit a variety of different
phases, e.g., a striped phase of lying-down molecules and a
c�4� 2�-ordered tilted phase of standing-up molecules.
For all phases the epitaxy to the crystalline Au dominated
the structure of the monolayer. By contrast, only two high-
resolution structural studies of Hg-supported alkyl thiols,
by x rays [12], and by tip microscopy [13], have been
published to date. Both addressed only high surface density
films and failed to detect any lateral structure in the films.

We present here a subangstrom-resolution x-ray study of
the structure of an octadecanethiol (C18S) monolayer on a
05=94(1)=017802(4)$23.00 01780
liquid Hg surface, and its coverage dependence. The results
are contrasted with those found for SAMs on Au and
Langmuir films on water [14]. The comparison highlights
the important role of the substrate-molecule interaction in
the determination of the film’s structure.

The surface pressure (�) molecular area (A) isotherm of
C18S, shown in the inset to Fig. 1(a) (open circles and
interpolating line), was measured by the stepwise deposi-
tion of a solution of C18S in chloroform. The nominal A is
the trough area divided by the number of deposited mole-
cules. For A � 120 �A2=molecule, the isotherm is reason-
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FIG. 2. GID pattern for C18S at 23 �A2=molecule. Here 	<
	c, the critical incidence angle for total external reflection, we
scan the angle from the reflection plane, 2�, and qk ’ �4�=���
sin�2�=2�. The sharp diffraction peaks, originating in the struc-
ture of the monolayer, can be indexed in a (noncentered)
rectangular unit cell. The broad peak at qk 	 2:3 �A�1 is due
to the liquid structure factor of the Hg. The inset shows the
evolution of the low-order peaks with coverage.
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ably well fitted by the Volmer equation of a 2D ‘‘ideal’’ gas
law (dashed line), ��A� A1� � kBT. The fitted exclu-
sion area, due to the finite molecular size, A1 � �118�
8� �A2=molecule, agrees closely with the 121 �A2=molecule
calculated from the known molecular width (4:8 �A) and
length (25:2 �A). As shown for stearic acid on Hg [15,16],
this indicates that at A 	 120 �A2=molecule the film is a
closely packed monolayer of lying-down molecules.
Similar isotherms for other-length alkyl thiols, CnS, with
n � 12, 14, and 22, yield a linear A1��6:04�0:3��n

�10�6� �A2=molecule [17]. The coincidence of the slope,
�6 �A2=molecule per carbon, with the area, 1:27� 4:8 �A2,
of a lying-down CH2 group, further supports the conclu-
sions above identifying the A � 120 �A2=molecule phase.
Similarly, the single plateau observed for 35 � A �

120 �A2=molecule and the steep rise in the isotherm at
low A � 35 �A2=molecule hint at a coexistence region
between lying-down and standing-up molecules, and con-
densed phases of standing-up molecules, respectively, as
found for fatty acids [15,16]. Since definite structural con-
clusions cannot be drawn from the isotherm alone, we now
proceed to discuss our x-ray measurements.

Specular x-ray reflectivity (XR) probes the surface-
normal electron density profile. Figure 1(a) shows a set
of measured XRs (open circles), normalized to the Fresnel
reflectivity, RF, of an ideally flat and smooth surface, along
with their box-model [15,16] fits (line), all providing ex-
cellent agreement with the measured points. The surface-
normal electron density profiles derived from these box-
model fits are shown in Fig. 1(b). The rise in all R=RF
curves at qz > 1:5 �A�1 is due to surface-induced layer-
ing in the Hg subphase [18]. The Kiessig fringe period in
R=RF is observed to decrease with decreasing A. At
A � 19 �A2=molecule, the period, �qz � 0:25 �A�1, yields
a layer thickness of d � 2�=�qz � 25 �A, close to the
length of a fully extended molecule, 25:2 �A. The box-
model fit (solid line) yields �25:2� 0:4� �A. We con-
clude therefore that at this coverage the film is a mono-
layer of surface-normal aligned molecules. At A �

114 �A2=molecule, the fit reveals a uniform film of thick-
ness of d � 4:8 �A and an electron density � � 0:30 e= �A3.
These values are in excellent agreement with the interchain
distance and the electron density of close-packed alkyl
chains [19]. This, and the Volmer exclusion area, strongly
supports the conclusion that for A 	 114 �A2=molecule the
film is a dense single layer of surface-parallel molecules.
The high surface tension of Hg, � 	 500 mN=m, yields a
very low surface roughness, �1 �A, which permits accurate
thickness determinations of these very thin films. At
23 �A2=molecule the fit yields d � 22:2 �A. This, and the
25:2 �A length of a fully extended molecule, suggests at this
coverage a monolayer of standing-up molecules, tilted by
�28� 3�� from the surface normal. In the plateau region of
the isotherm, between 30 and 90 �A2=molecule, the XR
curves (not shown) can be fitted only by a model assuming
01780
a coexistence of the (tilted) standing-up and the lying-
down phases. At a coverage of A � 19 �A2=molecule, a
partial untilted standing-up phase, coexisting with a tilted
phase, could be produced directly at 25 �C. Cooling to
10 �C yielded a uniform untilted phase, which remained
stable upon subsequent heating to 25 �C.

The in-plane order was probed by grazing incidence
diffraction (GID) and Bragg rod (BR) measurements at
the GID peak positions. BR scans yield information on the
thickness of the laterally ordered phases, on the direction
and magnitude of the chain tilt, and on the formation of a
mercury thiolate in the headgroup. For the lying-down
phases no GID peaks were observed indicating that these
phases are disordered laterally. This is in contrast with the
lying-down phases of fatty acid monolayers on Hg, which
were found to be ordered laterally [15,16]. However, the
standing-up phases of alkyl thiols on Hg do exhibit well
ordered phases which we now discuss.

A GID scan at A � 23 �A2=molecule is shown in Fig. 2.
In contrast with previous measurements [12], which did
not show any GID peaks [20], eight distinct, resolution
limited, diffraction peaks are observed here between 0:5 �

qk � 3:0 �A�1. These peaks can be indexed to within
�0:002 �A�1 in a noncentered rectangular unit cell of
dimensions a � 5:51 �A and b � 8:42 �A, with two mole-
cules per cell. The presence of the odd-(h
 k) peaks is the
unambiguous signature of a noncentered cell. SAMs of
alkyl thiols on a solid Au(111) substrate [11] also show a
noncentered unit cell, often referred to by the larger c�4�
2� supercell. Noncentered cells have not been hitherto
reported for monolayers of any chain molecule on Hg
[15,16] or on water [14], although such cells were obtained
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for subphases of aqueous solutions of some (though not all)
divalent metal ions [21].

The contour plots and BRs, Fig. 3, for the (10), (11), and
(02) GID peaks of Fig. 2 reveal a richer and more intrigu-
ing structure than the noncentered unit cell concluded from
the GID alone. Two types of BRs are observed: long [e.g.,
(10) in Fig. 3(d)] and short [e.g., (02)] in the qz direction.
A BR’s half length at half maximum, �qBRz , yields the
thickness dBR � �=�qBRz of the layer which gives rise to
the BR. For our two types, �qBRz 	 0:7 and 0:15 �A�1 yield
dBR 	 4:5 and 23 �A for (10) and (02), respectively.
Detailed modeling [17], shown in solid lines in
Figs. 3(a)–3(c), fully concurs with these results. The thin
and thick layers can be identified, therefore, with the
molecules’ headgroups and aliphatic tails, respectively.
The (11) BR in Figs. 3(b) and 3(d) is a superposition of
both a short BR and a long BR, indicating contributions
from both the headgroups and the tails. A careful exami-
nation of all BRs reveals that the odd-(h
 k) ones com-
prise only long BRs, while only the even-(h
 k) ones
include short BR contributions (although they may also
include long BR contributions). Thus, the odd-(h
 k) GID
peaks originate exclusively in the headgroups’ layer, while
the tails’ layer contributes only to even-(h
 k) GID peaks.
This leads to the conclusion that while the headgroups
order in a noncentered rectangular cell, the tails order in
a centered rectangular cell [22].

We discuss first the tails’ centered unit cell, based on the
short BR components of the two lowest-order peaks origi-
nating in this layer, (11) and (02). Their �qk; qz� peak co-
ordinates, (1.36,0.6) and �1:49; 0� �A�1, and the detailed
modeling [17], indicate that the tails in this layer tilt
from the surface normal by �27�1�� in the nearest-
FIG. 3. (a)–(c) Measured (circles) and model fitted (lines)
Bragg rods for the indicated GID peaks. The sharp surface-
enhancement peaks near the origin (’’Vineyard’’ peaks) are due
to interference between incident and diffracted rays at the critical
angle. For Bragg rods peaking at qz � 0 �A�1 only the positive
half of the peak is observed. (d) Equal-intensity contour plot of
these peaks.
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neighbor (NN) direction. This is the tilt required for a 2-
carbon shift between adjacent chains, which moves the
‘‘tooth’’ of one zigzag chain to the next ‘‘depression’’ in
an adjacent zigzag chain. In the plane perpendicular to the
tails this yields a unit cell 5:51 cos�27�� � 8:42 � 4:91�
8:42 �A2. The resultant x-ray-derived area per molecules in
the plane perpendicular to the molecular long axis, A? �

20:66 �A2=tail, is typical of a rotator phase and not of a
herringbone-ordered crystalline phase which has a molecu-
lar area 18:5–19:0 �A2=molecule [19]. Moreover, the ratio
8:42=4:91 	

���

3
p

proves that the tails pack hexagonally in
this plane. These results identify the structure of the tails’
layer as the L2d phase of fatty acid monolayers on water
[14].

The headgroups’ noncentered order can be traced to the
chemistry of the thiol moiety. As the short and long BRs
originate, respectively, in the tails and headgroups of the
alkyl thiols, the ratio of their contributions (integrated over
qz) to the intensity of the low-qz GID peaks in Fig. 2 is
related to the ratio Re of the number of scattering electrons
in these two parts of the molecule. The 1:1:5� 1:3 BR
intensity ratio found implies an Re significantly larger than
the 17=145 expected from the SH : CH3�CH2�17 composi-
tion of the molecule. This argues against the two-molecule
S-S hybridization (disulfide), suggested for alkyl thiols on
Au [11], as the origin of the noncentered headgroups’ cell,
since this does not significantly change Re. Rather, the high
intensity ratio suggests the incorporation of a single Hg
atom per two thiol molecules into the headgroups’ layer to
form a covalent S-Hg-S bond. This conclusion is supported
by the 1:2 Hg:thiol stoichiometry found in bulk Hg thio-
lates [7], where the strong covalent S-Hg-S bond is found
to involve a transfer of one electron per thiol with the
corresponding loss of the terminal hydrogen. In contrast,
on Au(111), only a partial transfer, �0:3 electrons per
thiol, is found [23]. We also note that the equal qk widths
of the odd- and even-order GID peaks in Fig. 2 imply not
only equal crystalline coherence lengths for both the tails’
and the headgroups’ layers, but also a long-range orienta-
tional order for the S-Hg-S bonds [24].

The positions of the GID peaks remain nearly the same
down to A � 20 �A2=molecule (Fig. 2 inset), implying no
change in the crystalline order in either the tails or the
headgroups, except for a reduction in the crystalline co-
herence length, �, reflected in a broadening of the peaks.
At A � 19 �A2=molecule (after cooling and reheating) the
GID pattern changes abruptly to a single peak at qk �
1:50 �A�1, with a short BR which peaks at qz � 0 �A�1.
These values indicate a hexagonal LS-like rotator phase of
surface-normal molecules [14], with a lattice constant of
4:84 �A and A? � 20:35 �A2=molecule. The single GID
peak’s width, 0:074 �A�1, yields � 	 90 �A only, as com-
pared to � > 1000 �A obtained from the resolution limited
peaks at A � 38 �A2=molecule. This reduction in �, reflect-
ing a packing frustration, may originate in the S-Hg-S bond
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orientation disorder arising from the absence of a unique
preferred direction for the bond in the hexagonal phase. A
similar explanation accounted for the reduction in � upon
lateral polymerization in monolayers of octadecyltrichlor-
omethylsilane on silicon [25].

The discontinuous transition from a 27�-tilted L2d phase
to a nontilted LS one appears to be first order, with a
coexistence between the two phases for 19 � A �

23 �A2=molecule. Although the tilted phase exhibits a
1.6% decrease in A? as A decreases from 38 to
20 �A2=molecule, the tilt remains virtually unchanged. In
contrast, the L2-to-LS transition in fatty acid monolayers
on water exhibits a continuous decrease in the tilt with A.
The relative intensities of the odd- and even-(h
 k) GID
peaks remain roughly constant in the coexistence region.
This suggests that no change occurs in the structure of the
S-Hg-S bond orientational order in the L2d phase as the
transition is approached, except for the change in � men-
tioned above.

C18S on Au(111) is perhaps the most extensively
studied SAM [2]. Its full-coverage phase has a struc-
ture commensurate with that of Au(111), with A? �

18:7 �A2=molecule, very close to the A? �

18:4 �A2=molecule of a herringbone packing, and a mo-
lecular tilt of 30� in a direction 8�–10� away from the next
nearest-neighbor direction [2,11]. Stearic acid on mer-
cury, with its larger headgroup, has a molecular area of
A? � 19:6 �A2=molecule and a tilt decreasing continu-
ously with A [15,16]. These should be contrasted with
C18S on Hg, which exhibits rotator phases only, with
A? � 20:35–20:66 �A2=molecule, a constant 27� molecu-
lar tilt in the NN direction, and an abrupt rectangular-to-
hexagonal, tilted-to-untilted transition. These structural
differences originate most likely in the different nature
of, and the headgroups’ interaction with, the subphase.
The liquid Hg’s lack of long-range order, and the high
mobility of its atoms, eliminate the epitaxial constraints
present for Au(111), in spite of the strong S-Hg-S bond. At
the same time, this very bond may produce constraints on
the tilt’s magnitude, direction, and stability, especially
compared with stearic acid which does not bind as strongly.
Moreover, the length and the orientation preferred by the
bond for creating long-range orientational order may dic-
tate a rotator, rather than a herringbone, packing. Studies,
now in progress, of the variation of the structure found here
with the alkyl thiol’s chain length and the temperature
should provide new insights into the factors dominating
the monolayer’s structure. The present results, especially
the formation of the S-Hg-S bond and the lower chain
packing density than that on Au, may provide better under-
standing of, and allow new ways of tuning, the charge
transfer properties across the thiol monolayer and the
thiol-Hg junction.
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