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The structure and phase sequence of liquid-mercury-supported Langmuir films (LFs) of anthrone and anthralin
were studied by surface tensiometry and surface-specific synchrotron X-ray diffraction. In the low-coverage
phase the molecules are both side-lying, rather than the flat-lying orientation found for anthracene and
anthraquinone. In the high-coverage phase, the molecules are either standing up (anthrone) or remain side-
lying (anthralin) on the mercury surface. In contrast with the symmetric anthracene and anthraquinone, both
high-coverage phases exhibit long-range in-plane order. The order is different for the two compounds. The
structural details, the role of molecular symmetry, the oxygen side groups, and the asymmetry-induced dipole
moments are discussed.

I. Introduction

The previous paper1 detailed the reasons for undertaking the
present study, discussed the measurement methods, and pre-
sented the results obtained for mercury-supported Langmuir
films (LFs) of anthracene and anthraquinone molecules, the
structure of which is symmetric relative to both the long and
short axes of the molecules.

We present here surface tensiometry and X-ray diffraction
results for two asymmetric derivatives of anthracene: anthrone
and anthralin, shown in Figure 1. These molecules lack mirror
symmetry with respect to the long axis of the molecules,
although the mirror symmetry with respect to the central short
axis is preserved. The planar anthrone, C14H10O, is a keto form
of 9-anthranol. Anthralin, C14H10O3 has two additional oxygens.
Both isomers of the keto-enol equilibria shown in Figure 1
can be isolated, but the keto form is the stable one because of
the hydrogen OH‚‚‚O‚‚‚OH bonds between the CdO(H)
moieties.2 In addition to presenting the results obtained for the asymmetric anthrone and anthralin molecules, we also discuss

these results together with those obtained for the symmetric
antharcene and anthraquinone molecules in the previous paper.1* Corresponding author. E-mail: deutsch@mail.biu.ac.il.

Figure 1. Molecular structure of the molecules studied. (a) Anthrone,
showing the numbering convention of the carbons; (b) anthralin. Arrows
indicate keto-enol equilibria. The left side is the keto, which has two
hydrogen atoms at the 10 position. The right side is the enol form,
where only one hydrogen atom is bound at the 10 position, and the
second hydrogen is bound to the oxygen atom at the 9 position of the
molecule.
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II. Results

A. Anthrone: Isotherm. The measured pressure-area,π-A,
isotherm of a LF of anthrone on mercury at room temperature,
T ) 24 °C, is shown in Figure 2. A decrease ofA from ∼300
Å2/molecule to∼95 Å2/molecule results in only a few millin-
ewtons per meter increase inπ, as expected for a dilute 2D gas
of molecules. ForA < 95 Å2/molecule, however, a steep rise
occurs inπ, from ∼8.5 mN/m atA ≈ 95 Å2/molecule to∼51
mN/m atA ≈ 48 Å2/molecule. In contrast with other LFs on
mercury, the fast-increasing region at 95g A g 48 Å2/molecule
of the isotherm can be only poorly fitted by the Vollmer
equation1 (dashed line in Figure 2, fitted to points in the range
59 e A e 600 Å2/molecule), and yields an exclusion area of
A0 ) (53 ( 1.5) Å2/molecule. The area of a flat-lying anthrone
molecule should be equal to, or larger than, that of the
anthracene,Acalcd

lw ) l × w ≈ 12 × 7.5 ) 90 Å2/molecule,
obtained in the previous paper.1 Here, l is the length andw is
the width of the molecule. The fact that the exclusion area
obtained here is much smaller indicates that at least near the
steep rise the molecules are not lying flat on the surface. In
fact,A0 is closer to the cross section of the anthracene standing
on its side: Acalcd

ld ) l × d ≈ 12 × 3.8 ) 45 Å2/molecule,
whered is the thickness of the anthracene molecule normal to
its plane. However, the unit cell dimensions obtained from the
grazing-incidence diffraction measurements of anthralin in the
side-lying phase, discussed below, indicate that the presence
of the oxygen moieties increases the effective thickness of the
anthralin molecules by∼0.7 Å over that of anthracene.
Assuming that this conclusion also holds for anthrone, which
also has an oxygen moiety, this results in a calculatedAcalcd

ld )
l × d ≈ 12 × (3.8 + 0.7) ) 54 Å2/molecule for a side-lying
anthrone molecule, in agreement with the exclusion area ofA0

) 53 Å2/molecule obtained here from the Vollmer equation.
As A is reduced below 48 Å2/molecule, a plateau is observed

in the isotherm. Previous studies show that such plateaus
represent coexistence regions between different-structure
phases.3-7 Continuing the line of thought presented above, this
plateau may represent a coexistence between phases of side-
lying and standing-up molecules. The latter phase is also found
in alkyl chain molecules.3,5-7 These suggestions, derived here
from the isotherm alone, are supported by the X-ray measure-
ments discussed in the next two subsections.

B. Anthrone: Surface-Normal Structure. Figure 3a shows
a set of Fresnel-normalized X-ray reflectivity (XR) curves
measured (open circles) at room temperature,T ) 24 °C, at the

listed nominal molecular areaA and at the listed time after
deposition of the LF. Fits to the box model discussed in the
previous paper1 (lines) yield the electron density profiles plotted
in the corresponding lines in Figure 3b, where the mercury-
anthrone interface is taken as thez-axis origin,z ) 0 Å.

Curves identical to the long-time ones shown in Figure 3 were
also observed atT ) 4.7 °C and T ) 7.5 °C for the same
coverages, provided that∼2.5 h or more have passed since the
LF was spread. The XR curves measured for four different
samples, each studied at 2-3 coverages and 2-3 temperatures,
lead to the conclusion that at high coverages the XR curves
vary only with the time elapsed since the spreading of the film,
but not with temperature. At low coverages, the dominant
variation is with time, although a weak dependence on tem-
perature cannot be ruled out.

We now discuss in details the XR results for lowA, marked
with arrow no. 1 in the isotherm in Figure 2, and highA, marked
with arrow no. 2.

1. Low CoVerage.The modulation period in the XR curves
at the nominal coverage ofA ) 48 Å2/molecule, slightly below
the onset of the plateau in the isotherm, is found to decrease
with increasing time following the spreading of the film. This
corresponds to an increase in the thickness of the layer with
time. The fit of the XR curve measured 1 h after film spreading
yields a uniform LF of a (fixed) 8 Å thickness and a (fitted)
electron density ofF ) (0.28( 0.02) e/Å3. Attempts to fit the
XR curve with a thickness ofd ≈ 4 Å failed. This thickness is
close to the width of the molecule and therefore supports the
suggestion above that the molecules at this coverage are side-
lying: the molecular plane is roughly normal to, and the
molecular long axis is roughly parallel to, the mercury surface.
Three hours after deposition the period of the modulations is
shorter,∆qz ≈ 0.48 Å-1, yielding an estimate ofd ) 2π/∆qz ≈
13 Å for the layer thickness. The fact that this value is close to
the ∼12 Å length of a molecule implies that at that time a
considerable fraction, if not all, of the molecules stand up. To
allow for the coexistence between a side-lying (SL) phase and
a standing-up (SU) phase (which is observed to also be the
single, uniform, phase in the high-coverage regime, discussed
below), we adopt a model used in previous studies for similar
coexistence regions.3,5-7 The LF is represented by two layers.
The lower layer is 8 Å thick and comprises the side-lying
molecules plus the lower part of the standing-up molecules. The
upper layer, of thickness∼4 Å, comprises the upper part of the
standing-up molecules. While the lower layer is close-packed,

Figure 2. π-A isotherm of a LF of anthrone on mercury (circles and
solid line). The dashed line is a fit by the Vollmer equation, yielding
an exclusion area ofA0 ) 53 Å2/molecule. The arrows mark the
coverages where X-ray measurements were carried out.

Figure 3. (a) Measured Fresnel-normalized X-ray reflectivity curves
(open circles) for anthrone at the nominal area (per molecule) and time
(since deposition) indicated. The box model fits (lines) are also shown.
(b) The surface-normal electron density profiles obtained from the fits,
corresponding to the lines in part a. Curves in parts a and in b are
shifted from each other by 0.4 and 2, respectively, for clarity.
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the upper layer is not, unless all molecules stand up. The ratio
of the fitted electron densities of the upper and lower layers is,
therefore, the fraction of the LF’s total area covered by standing-
up molecules. This method effectively averagescoherentlyover
the coexisting different-phase domains. Such averaging is
supported by the good contrast8 in the R/RF fringes, observed
in the 3 h old XR curve in Figure 3a, and by all previous fits
of coexisting phases in several other LFs on mercury.3,5-7 The
fit to this model in Figure 3a yields a thickness of (12.2( 0.1)
Å for the standing-up part of the LF, close to the∼12 Å length
of the molecule, and an electron density ofF ) (0.16( 0.01)
e/Å3, which indicates a fractional coverage of (58( 8)% by
the standing-up phase. As shown in Table 1, fits to XR curves
measured 3.5 h (lowT) and 7 h later show that the fractional
coverage by the SU phase increased to (70( 6)%, and remained
stable with time at that value.

For LFs of all molecules studied on mercury to date, including
the anthracene and anthraquinone discussed in the previous
paper,1 the low-coverage phase consists of molecules that lie
flat on the high-energy (σ ) 486 mN/m) surface of mercury.
This arrangement reduces the surface’s free energy by using
the smallest possible number of molecules to cover the surface.
It is therefore surprising that the anthrone is found to lie on its
side. This alignment does not provide the largest possible contact
area with the subphase, and, consequently, does not yield the
largest possible reduction in free energy. Because such an
alignment does not occur for anthracene, it is very plausible
that the anthrone’s side alignment is due to the oxygen, the
contact of which with the surface is thus maximized, presumably
overcompensating for the incomplete free energy reduction due
to the side-lying alignment. The better contact between the
parallel-aligned rings of adjacent side-lying molecules, as
compared to flat-lying molecules, may also contribute to the
reduction in the system’s free energy. However, the major
contribution has to come from the Hg-O contact.

A possible reason for the preference of the molecules to stand
up is that in the SL phase the charged oxygens of adjacent
molecules are close to, and thus repulse, each other. The
presence of the oxygen on one side of the molecule only induces
a strong electric dipole moment of 3.3 D9 in the direction of
the short molecular axis of the molecule, running through
carbons 9 and 10 in Figure 1. Because adjacent molecules in
the SL phase have their oxygens on the same side of the
molecule (the one touching the mercury surface), repulsion

between the parallel-aligned dipoles ensues. In contrast, when
the molecules stand up it is possible to have the oxygens of
adjacent molecules point in opposite directions, aligning the
dipoles antiparallel to each other. If the nearest-neighbor
positions are anisotropic, then this can yield a net dipolar
attraction that would reduce the free energy. Several in-plane
structural motifs are possible with such pairs of standing-up
antiparallel molecules, for example, stripe phases, pair-decorated
lattice points, and so forth. In principle, the packing can be
refined from grazing-incidence diffraction (GID) patterns, when
these show diffraction peaks corresponding to long-range in-
plane order. However, the lack of such GID peaks for the low-
coverage layer, discussed below, precludes a definite determi-
nation of the molecular packing, and relative dipole orientation,
in the present phase.

2. High CoVerage. The X-ray measurements at the high-
coverage phase, presented in Figure 3, were carried out at a
nominal A ) 26 Å2/molecule, near the lowest-A end of the
plateau, whereA ≈ A0/2. Figure 3 shows two XR curves,
measured on the same sample 1.5 and 5 h after deposition. Fits
to XR curves taken 5 h (shown) and 9 h (not shown) after
deposition show a stable film of thicknessd ) (12.4( 0.1) Å
and an electron density ofF ) (0.28 ( 0.01) e/Å3 (Table 1).
As discussed above, these values correspond well to a uniform
monolayer of molecules oriented with their long axis normal
to the mercury surface. At short times (1.5 h) a side-lying phase
is observed, as indicated by the fit to the corresponding XR
curve in Figure 3, and the resultant values listed in Table 1.
Because a 100% coverage by the SU phase is achieved with
time, clearly this is the stable phase, and the SL phase is an
unstable transient.

C. Anthrone: Surface-Parallel Structure. The GID scans
for anthrone spanned the range 0.30e q| e 1.73 Å-1 and were
done in several separate scans, rather than a single scan, with
the trough moved between these scans to expose a fresh surface
area, thus minimizing beam damage effects. For all nominal
coverages studied, except forA e 32 Å2/molecule, no GID peaks
were observed either at room temperature,T ) 24 °C, or at
lower temperatures,T ) 4.5, 7.5, 9.5°C. This indicates that
these LFs have only short-range in-plane order. For the nominal
coverages of 26 and 32 Å2/molecule, GID peaks are observed
only at low temperatures, but not at room temperature. The most
extensive set of GID measurements was carried out at a nominal
coverage ofA ) 32 Å2/molecule andT ) 7.5 °C. The GID
patterns suggest a coexistence of two ordered phases, one with
a noncentered rectangular unit cell and the other with a
hexagonal packing. We now discuss these results in detail.

Figure 4 shows the GID pattern for anthrone at a nominal
coverage ofA ) 26 Å2/molecule andT ) 7.5°C, measured 4.5
h after film spreading and 3 h after cooldown toT ) 7.5 °C.
Earlier partial scans of the region of the two lowest-order peaks
reveal fully developed peaks atq| ) 0.742 and 0.776 Å-1 ∼30
min after cooldown. Repeated partial scans at longer times, and
a full scan 6 h after cooldown, prove that the GID pattern shown
in Figure 4 is stable with time.

The three lowestq| peaks can be indexed in a rectangular
unit cell of dimensions ofa × b ) (8.09 ( 0.01)× (8.45 (
0.01) Å2, with two molecules per unit cell. Thus the X-ray-
derived area per molecule isAx ) 8.09 × 8.45/2) (34.2 (
0.1) Å2. The reflectivity indicates that the molecules are standing
up. Note that the area occupied by a vertically aligned anthracene
moiety of the anthrone, calculated from its dimensions, should
be ∼7.5 × (3.8) ) 28.5 Å2, which is smaller than theAx )
34.2 Å2 of the unit cell. As we show below, the slightly larger

TABLE 1: Fit Parameters of the Anthrone XR Curves,
Measured as a Function of the Time Elapsed since the
Spreading of the Film, at Two Nominal CoveragesAa

SL SU

time
(hours)

d1

(Å)
cov.
(%)

d2

(Å)
cov.
(%)

σLF

(Å)
σHg

(Å)

Nominal areaA ) 48 Å2/molecule
1 8 100 1.5 1.2
2 8 56 12.2 44 0.7 1.2
3 8 42 12.2 58 0.8 1.2
6.5b 8 30 12.1 70 1.0 1.0

10 8 30 12.1 70 1.0 1.2

Nominal areaA ) 26 Å2/molecule
1.5 8 100 1.5 1.1
5 12.5 100 1.1 1.1
9.5 12.3 100 1.1 1.1

a The percent coverage (“cov.”) and layer thickness (d1,2) are listed
for the standing-up (SU) and side-lying (SL) phases. The roughness of
the LF-air interface (σLF) and LF-mercury interface (σHg) are also
listed. Uncertainties ind2 are(0.1, inσLF (0.3 Å, and inσHg (0.2 Å.
b Measured atT ) 4.5 °C.
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Ax here is due to a molecular tilt, found in the BR measurements,
with a possible contribution from the oxygen moieties. Alter-
natively, a rotator phase, with molecules in the vertical
orientation, would require a molecular area that is somewhat
larger than the cross section of a rotating molecule. With a width
of 7.5 Å for the anthracene moiety, the cross section of a rotating
vertically aligned molecule is at least∼π(7.5/2)2 ) 44.2 Å2/
molecule, much larger than the 34.2 Å2/molecule found. Thus,
a herringbone-like, or parallel-molecular-plane, ordering10 most
likely occurs. It is tempting to assign the rectangular unit cell,
and the possible herringbone packing, to the existence of a glide
(or a mirror) symmetry along one of the axes. Such symmetry
was found to dominate the structure of many of the LFs studied
to date on aqueous surfaces.10,11 This, however, would neces-
sitate the absence of either the (01) or the (10) peaks, depending
on whether the symmetry plane is parallel to thea or b axis of
the unit cell. In our case both (01)a and (10)a are observed,
rendering the assumption of a glide symmetry along one of the
axes untenable.

The observation of both lowest-order odd (h + k) peaks, (01)a
and (10)a, leads, therefore, to the conclusion that the unit cell
is noncentered. For mercury-supported alkyl thiols,7 the head-
groups in the SU phase were found to form a similarly
noncentered unit cell even though the alkyl moieties of the
molecules formed a centered cell. The noncentricity of the
headgroup’s unit cell was assigned there to the inclusion of a
single mercury atom per unit cell into the headgroup’s lattice,
due to the strong S-Hg bond. In contrast, no headgroup exists
for the present molecule, and a single unit cell describes the
packing of the molecules. Unfortunately, beam damage pre-
vented measuring adequate-statistics GID data at the same
position of the sample for all three peaks. Because the monolayer
is a coarse 2D powder, moving the sample to a different position
changes the diffracted intensity. Thus, a full refinement, which
would have allowed a determination of the position of the
molecules within the unit cell and the cause of its noncentricity,
as well as ascertain the herringbone packing, could not be carried
out.

The fourth peak, atq| ) 1.242 Å-1, could not be indexed in
the noncentered unit cell above, nor, indeed, were we able to
find a unit cell in which all four GID peaks could be indexed.

Thus, a second, coexisting, phase had to be assumed. The single
peak of this phase suggests a hexagonal packing, which, in a
rectangular representation, has a two-molecule unit cell of
dimensionsa × b ) (5.84( 0.01)× (5.84( 0.01)× x3 Å2,
with an area per molecule ofAx ) (29.5 ( 0.1) Å2/molecule.
We have also considered the possibility that this single peak
might arise from phases other than hexagonal. One possibility
is that the phase is highly tilted, giving rise to peaks far from
theqz ) 0 Å-1 plane, above theqz range scanned by the PSD.
However, the XR reveals a monolayer thickness close to that
of fully extended, surface-normal molecules. This renders the
tilt hypothesis untenable because a high molecular tilt would
result in a thinner layer. Moreover, the BR of the (11)b, shown
in Figure 4e, corresponds to a surface-normal molecule. A single
GID peak may also result from 2D smectic-like ordering.
However, such ordering seems unlikely for a system that does
not exhibit bulk mesophases. Thus, the most appealing physical
model is the hexagonal phases.

A rotator phase, very common in the case of hexagonal
packing, is highly unlikely in view of the smallAx of the present
hexagonal phase. However, the fact that theAx of the rectangular
phase is larger than that of the hexagonal phase indicates a
possible molecular tilt in one or both phases. This is indeed
consistent with the BR results presented in the next section.

Although a hexagonal or trigonal in-plane ordering of
molecules in organic monolayers is often associated with rotator
phases,10,11where the volume occupied by a molecule is cigar-
like, phases of molecules that do not incorporate alkyl chains
were also found to exhibit such order. One example is
cholesterol, the molecular shape of which is plate-like, similar
to that of the anthralin. At low coverage cholesterol exhibits a
monolayer phase, wherein the long molecular axis is aligned
along the surface normal, as it does for the hexagonal phase of
the anthrone, and the in-plane order exhibits a trigonal p3
symmetry. At higher coverages, this phase coexists with an order
bilayer phase having a centered rectangular unit cell.12

The two coexisting hexagonal and rectangular phases differ
in both the intensity of their corresponding peaks and in the
widths of the peaks. The integrated intensity ratio of the (11)
peaks of the two phases is 1:10 in favor of the proposed
hexagonal phase. Although this ratio is partly due to the higher
degeneracy of the suggested hexagonal phase’s peak, and
perhaps an additional factor from the slightly different Debye-
Waller and structure factors, this ratio indicates that a larger
fraction of the area is covered by the hexagonal phase than that
covered by the rectangular one.

The widths of the rectangular phase’s (01)a, (10)a, and (11)a
peaks range from the diffractometer’s resolution limit,∆q| )
0.006 Å-1, to ∆q| ) 0.008 Å-1. The (11)b peak of the proposed
hexagonal phase is considerably broader:∆q| ) 0.03 Å-1. Thus,
the crystallinity of the rectangular phase is considerably higher
than that of the proposed hexagonal phase, with the former
having a crystalline coherence length ofê g 1000 Å, and the
latter ê ≈ 200 Å only.

Although the GID results clearly indicate here the presence
of two coexisting standing-up phases of different in-plane
structure, the reasons for this are not clear. Such coexistence
usually results from a structural packing frustration of some
sort, which is difficult to identify in the present case. We
speculate that the coexistence may be related to the orientation
of the oxygen moiety of the molecule. The anthrone molecules
in the bulk can take, at random, two possible orientations in
the molecular plane, transformable to each other by a 180°
rotation around the long molecular axis.14 The two phases found

Figure 4. Measured (open circles) (a) GID patterns and (b-e) BR
curves, for the SU phase of anthrone atA ) 32 Å2/molecule andT )
7.5 °C. The model fits are shown in lines. The BRs correspond to the
GID peaks at (b)q| ) (0.742( 0.002) Å-1, (c) q| ) (0.776( 0.002)
Å-1, (d) q| ) (1.073( 0.002) Å-1, and (e)q| ) (1.242( 0.003) Å-1.
(..)a and (..)b denote the rectangular and hexagonal phases, respectively.
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in the monolayer may reflect phases with randomly and
uniformly oriented molecules, with the higher-symmetry hex-
agonal phase comprising, presumably, the randomly oriented
molecules. Packing strains due to the random orientation may
also be the cause of the shorter coherence length of this phase,
as compared to the orientationally ordered rectangular phase.
If indeed the rectangular phase comprises molecules the oxygen
groups of which are uniformly oriented, then the larger
molecular area of this phase may reflect the need to increase
the intermolecular distances to reduce the additional repulsion
due to parallel-oriented dipoles induced by the oxygens in the
molecule. Further measurements are required to test the validity
of these suggestions.

D. Anthrone: Bragg Rods and Molecular Tilt. The
measured (open circle) and model fitted (lines) BR’s corre-
sponding to the four GID peaks are shown in Figure 4b-e. The
fits employ the model discussed in detail in ref 15. The short
measuring times dictated by beam damage considerations result
in low intensities and an admittedly large scatter in the measured
values, in particular for the weaker peaks of the rectangular
phase. Some compensation for this is obtained from the
requirement that all three peaks of the rectangular phase, Figure
4b-d, should be fitted well by a single molecular length, tilt
angle, and azimuthal tilt direction. The fit shown yields a
molecular tilt angle ofθ ) (28 ( 3)° from the surface normal,
in the azimuthal direction of next-nearest neighbors (NNN).

The BR of the hexagonal diffraction peak is shown in Figure
4e. The BR peaks slightly higher thanqz ) 0 Å-1, indicating a
small molecular tilt. The fitted tilt angle isθ ) (7 ( 3)°, again
in the NNN azimuthal direction.

With a molecular tilt ofθ ) 28°, the rectangular phase’s unit
cell in the plane perpendicular to the molecular long axis has
a⊥ ) (8.09 ( 0.01) Å andb⊥ ) (8.46 ( 0.01) × cos 28° )
(7.47( 0.009) Å, close to the width of the anthrone molecule.
The molecular area isA⊥ )a⊥ × b⊥/2 ) (30.2 ( 0.1)
Å2/molecule. The tilt angle of the hexagonal unit cell,θ ) 7°,
yields a unit cell in the plane perpendicular to the molecular
long axis of dimensionsa⊥ ) (5.84( 0.01) Å andb⊥ ) 5.84
x3 × cos 7° ) (10.04( 0.02) Å, and a molecular area ofA⊥
) (29.3 ( 0.1) Å2/molecule. Thus, the molecular area of the
rectangular phase is larger than that of the hexagonal phase not
only in the plane of the substrate but also in the plane
perpendicular to the molecular long axis, in spite of the larger
tilt angle.

E. Anthralin: Isotherm. Theπ-A isotherm of anthralin on
mercury, measured at room temperature,T ) 24 °C, is shown
in Figure 5. As for all previously discussed molecules, forA g
110 Å2/molecule the LF behaves as a dilute 2D gas of molecules.
For A j 110 Å2/molecule a steep rise inπ is observed, fromπ
≈ 5 mN/m atA ≈ 113 Å2/molecule toπ ≈ 40 mN/m atA ≈
60 Å2/molecule. This fast-increasing region is well fitted by
the Vollmer equation (for all points in the range 71e A e 450
Å2/molecule), as shown in the dashed line in Figure 5, and yields
an exclusion area ofA0 ) (62 ( 1) Å2/molecule. Similar to the
anthrone,A0 is smaller than the area of a flat-lying anthracene
molecule,A J 90 Å2/molecule, indicating a side-lying orienta-
tion of the anthralin molecule in this phase. However, the X-ray
data below indicates that the long axis of the side-lying molecule
is tilted up from the surface plane so that the length of the
molecule, projected onto the mercury surface is∼14 Å. This,
and the extra∼0.7 Å thickness of the anthralin over that of
anthracene due to the oxygen moieties, as obtained from the
GID measurements discussed below, yield a calculated molec-
ular areaAcalcd

ld ) l × d ≈ 14 × (3.8 + 0.7) ) 63 Å2/molecule

for a side-lying anthralin molecule, in excellent agreement with
the exclusion areaA0 ) 62 Å2/molecule obtained here.

ForA j 62 Å2/molecule a plateau is observed in the isotherm.
However, the plateau is significantly more sloped than the
corresponding almost-horizontal plateau observed in the iso-
therm of anthrone in Figure 2. The X-ray measurements detailed
below indicate that unlike anthrone, where the plateau cor-
responded to a coexistence region between two different phases,
only a single crystalline phase of roughly side-lying (SL)
molecules is observed here at both ends of the plateau. This
point is discussed in more detail in the next section.

F. Anthralin: Surface-Normal Structure. Figure 6a pre-
sents room-temperature (T ) 24 °C) measured (open circles)
and model-fitted (lines) XR curves for the anthralin, at two
different nominal coverages. The surface-normal density profiles
derived from the fits are shown in Figure 6b. The XR curves
shown were measured at a low coverage of 50 Å2/molecule,
somewhat below the onset of the plateau, and at a high coverage
of 32 Å2/molecule, slightly larger than film collapse. As can
be observed, the XR curves are similar, with the same-period
fringes, and the only difference is the higher maximum-
minimum contrast, which is larger at high coverage. This
indicates that there is only one phase that gives rise to an
observable reflectivity fromA0 to film collapse. This is in
contrast with our conclusions1 for anthracene and anthraquinone,

Figure 5. π-A isotherm of a LF of anthralin on mercury (circles+
solid line). The dashed line is a fit by the Volmer equation, yielding
an exclusion area ofA0 ) 62 Å2/molecule. The arrows mark the
coverages where X-ray measurements were carried out.

Figure 6. (a) The measured, Fresnel-normalized, X-ray reflectivity
curves of anthralin (open circles) on mercury, with their box model
fits (lines). Curves are shifted vertically by 0.4 each for clarity. (b)
The model density profiles obtained from the fits in part a. The Hg
surface is atz ) 0 and the positivez axis points into the liquid. Curves
are shifted by 1.4 for clarity.
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where the low- and high-coverage reflectivity curves were
similar but not identical, yielding two different observable
phases at low and high coverage. One possible explanation for
the observation of a single reflectivity at different converges is
if some fraction of the molecules are assumed to aggregate at
low coverage into rough structures such as islands. The surface
would then be somewhat heterogeneous and would contain a
uniform-thickness layer across the full surface area, with a small
fraction of rough islands. Similar island phases were found in
LFs on water.16 The larger apparent roughness observed in the
density profile at the monolayer-air interface at 50 Å2/molecule
is also consistent with this suggestion. Finally, we note that
neither time nor temperature dependencies were observed for
the anthralin LF over a period extending from 0.5 to 10 h after
film spreading, and forT ) 7, 10, 20, and 24°C.

The fit of the XR curves yields a layer thickness of (8.9(
0.1) Å and electron densities of (0.19( 0.01) and (0.21( 0.01)
e/Å3 at the low and high coverage, respectively. With the
anthracene molecule’s dimensions,17 12 × 7.5 × 3.8 Å3, the
fitted layer thickness indicates that the monolayer comprises
side-lying molecules. However, as we show in the next section,
the GID results reveal that the molecular long axis is tilted up
from the surface-parallel orientation, which accounts for the fact
that the layer thickness found here is∼1.4 Å larger than the
molecular width. The electron density calculated from the layer
thickness, exclusion areaA0, and the 118 electrons of the
molecule,Fcalcd ) 118/(62× 8.9) ) 0.21e/Å3 is close to the
fitted value. This further supports the conclusion that the film
is a monolayer of side-lying molecules, rather than a bilayer of
flat-lying molecules, which, although consistent with the fitted
layer thickness, would have yielded a higherFcalcd ) 2 × 118/
(12 × 7.5 × 8.9) ) 0.29 e/Å3

G. Anthralin: Surface-Parallel Structure. The GID mea-
surements on the Anthralin LF were carried out over the range
0.36e q| e 1.71 Å-1, at the two coverages studied by XR, 50
and 32 Å2/molecule, as well as at 25.5 and 26.5 Å2/molecule.
Although most scans were done at room temperature,T ) 24
°C, some were carried out at a lower temperature of 7°C.

The GID pattern measured at 32 Å2/molecule 2 h after film
spreading (open circles) is shown in Figure 7a, along with its
fit (line). The fitting function includes a linear background and
a single Lorentzian for each peak. Figure 7a shows two peaks,
one atq| ) (0.830( 0.004) Å-1, and the other atq| ) (0.889
( 0.004) Å-1, which can be indexed as (11) and (02) in a
rectangular cell with dimensionsa ) (8.97( 0.04) Å andb )
(14.15 ( 0.07) Å, with two molecules per unit cell.10 The

resultant area per molecule, (63.5( 0.4) Å2/molecule, agrees
well with the exclusion area,A0 ≈ 62 Å2/molecule, obtained
from the isotherm. In contrast with the anthrone’s SU phase,
the present GID pattern does not show any odd (h + k) peaks,
indicating a centered unit cell. Within our measurement ac-
curacy, the GID patterns are identical for the four coverages
studied, and independent of temperature.

The intensities of the two GID peaks were very low, resulting
in a correspondingly low intensity for the Bragg rods, as can
be observed in Figure 7b and c. Thus, the peak positions and
exact shapes of the BRs could not be determined very accurately.
Within these constraints, the maxima of the BRs at the two GID
peaks are atqz1(11)≈ 0.23 Å-1 (Figure 7b) andqz2(02)≈ 0.45
Å-1 (Figure 7c), that is,qz2(02) ≈ 2 × qz1(11). Moreover, in
spite of the low intensities, several scans show consistently that
the integrated intensity ratio of the peaksI(qz1)(11)≈ 2 × I(qz2-
(02)). This intensity ratio, along with the offsets of the BR peaks
from qz ) 0 Å-1, identify a molecular tilt in the NNN direction,10

as found above for the SU phase of anthrone. The angle of the
molecular tilt from the surface normal is then calculated from
the BR peak positions asθ ) tan-1[qz2/q| (z2)] ≈ 26 °.

We now focus on the arrangement of the molecules in the
unit cell. The long lattice vector,b ) 14.15 Å, is longer than
the molecular length of the anthralin molecule, 12 Å. However,
it is very close to the diagonal of the rectangle bounding the

three rings: x7.52+122 ) 14.15 Å. This coincidence may
indicate an uptilt of one end of the molecule from the surface,
presumably due to the oxygens, so that the molecule’s diagonal,
rather than its length, determines the unit cell’s length. Given
the 7.5× 12 Å2 dimensions of the molecule, an uptilt of∼23°
will suffice to yield a |b| ≈ 14 Å. This in turn will yield an
aVerage molecular height of∼9.2 Å, close to the 8.9 Å
monolayer thickness obtained from the XR fits. For side-lying,
surface-normal molecules the long axis of which is parallel to
b, this would also provide the magnitude and direction of the
molecular tilt deduced from the BR measurements in the
previous paragraph.

A suggested schematic model for the packing of the anthralin
molecules in the LF is shown in Figure 8, depicting the uptilt
of the long molecular axis and a possible tilt of the molecular
plane from the surface normal. Although this arrangement is in
agreement with all measured quantities, and closely resembles
the bulk packing of crystalline anthralin18 as we discuss below,
other packing arrangements may also be possible.

Figure 7. Measured GID (a), BR (b and c, open circles), and model
fits (lines) for a LF of anthralin at a coverage of 32 Å2/molecule at
room temperature. The BR fits yield a tilt angle ofθ ) 27° in the
next-nearest neighbor (NNN) direction.

Figure 8. Schematic plot of the packing of anthralin in the LF. The
molecule is represented by a rectangle (d). The top (a) and two side (b
and c) views of the packing are shown.
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A determination of the exact ordering (positions and orienta-
tions) of the anthralin molecules within the unit cell requires a
refinement of a diffraction pattern with a reasonable number of
diffraction lines. Because beam damage prevented achieving
good statistics even for the two peaks observed, and because
higher-order peaks were not observed, a standard structure
refinement could not be carried out. However, several plausible
suggestions can be made based on the GID and BR patterns
observed, and other known properties of the molecule. The
oxygen atoms are known to have a high electronegativity (3.46),
which, for anthralin, result in a high calculated dipole moment
of ∼3.6 D19 in the direction of the short molecular axis. The
strong dipole-dipole interaction may therefore cause an anti-
parallel orientation of the oxygens in adjacent molecules, with
those of one molecule pointing toward the mercury subphase
and those of the other pointing away from it. A similar
antiparallel orientation of adjacent molecules is found in the
bulk packing of anthralin.18 We also note that for anthralin
molecules oriented with their long axis roughly in theb
direction, the length ofa is ∼1.4 Å larger than the combined
thickness of two anthracene molecules, 2× 3.8 Å. This may
be due to the presence of the oxygen moieties of the molecule,
the positions of which deviate slightly from the plane of the
anthracene backbone. A contribution from a small tilt (<10°)
of the molecular plane from the surface normal, similar to that
observed in the bulk crystal structure,18 may be also included
in this increased effective molecular thickness. A small rotation
of the molecular plane away from theb direction, around a
surface-normal axis, could also account for the excess length
of a. This is particularly appealing because if this rotation is in
opposite azimuthal directions for the molecules at the vertices
and at the center of the unit cell, a herringbone-like structure,
with glide plane symmetry with respect tob would ensue.

The GID peaks’ full width at half-maximum is close to the
resolution limit, δq| ) 0.006 Å-1, and yields a crystalline
coherence length ofê g 1000 Å, consistent with the large
coherence lengths of other herringbone-packed 2D crystals,10

and the rectangular phase of anthrone monolayers, discussed
above.

The GID measurements were repeated atT ) 24, 20, and 7
°C. Thermal expansion, observable as shifts in the peaks’
positions, was expected to be similar to that of the herringbone
phases of mercury-supported LFs of fatty acids,4 alcohols6 and
biphenyls.20 In these cases, an asymmetric thermal expansion
was found with no measurable expansion, within our temper-
ature range, in thea direction, and an expansion coefficient of
(db/dT)/b ) (6 ( 3) × 10-4 K-1 in the b direction. For the
Anthralin, no changes were observed, within our experimental
accuracy, in the peak positions over the temperature range
studied, indicating an expansion coefficient less than (2.5(
0.5)× 10-5 K-1. This high thermal rigidity may be due partly
to the strong interactions between the aligned rings of adjacent
rigid molecules, and partly to the strong intermolecular H-
bonding,18,21,22due to the O and OH moieties.

H. Anthralin: Bragg Rods and Molecular Tilt. Figure 7b
and c shows the BR of the two peaks of the anthralin. The full-
shape fit of the measured Bragg rods, shown in lines, yield a
tilt angle of θ ) 27° toward the NNN azimuthal direction, in
agreement with the conclusions derived in the previous section
from the peak positions of the BR along theqz direction. This
tilt yields a unit cell in the plane perpendicular to the molecular
long axis, with the lattice parametersa⊥ ) (8.97 ( 0.04) Å
andb⊥ ) (14.15( 0.07)× cos 27° ) (12.61( 0.06) Å, close
to the length of the molecule, as expected. The corresponding

area isA⊥ ) (56.5( 0.4) Å2/molecule, in close agreement with
A⊥calcd ) 12.6 × (3.8 + 0.7) ) 56.7 Å2/molecule, calculated
from the molecular dimensions and the extra∼1.4 Å spacing
between molecules in the unit cell, derived above from the GID
measurements.

Comparing the structure of the anthralin monolayer on
mercury with that of the crystalline bulk,18 we observe a close
general similarity. The unit cell of the bulk phase contains eight
molecules, the molecular planes of adjacent molecules are
parallel, and the molecules are rotated by 180° relative to each
other so that the oxygens of adjacent molecules point in opposite
directions. The molecular long axis is tilted up from thea-b
plane of the unit cell, and the molecular plane may be tilted
away slightly from the normal to that plane. All of these features
are also observed for the anthralin LF on mercury as well,
although the angles and distances are different.23 Such differ-
ences are, however, expected, and indeed observed,10 when
comparing the structure of the bulk with that of a subphase-
supported monolayer.

III. Discussion and Conclusions

Taken together, the isotherms and X-ray results presented
here and in ref 1 for monolayers of anthracene and its derivatives
on mercury demonstrate the important influence of the mol-
ecule’s functional groups, and their positions within the
molecule, in the determination of the film structure and the
phases observed as a function of coverage.

Both anthracene and anthraquinone exhibit the same structure
of flat-lying molecules for molecular areas down toA ≈ 90
Å2/molecule, the molecular-plane area of the molecule. Below
this A a phase of side-lying molecules is formed, with the
molecular plane roughly normal to the surface. Thus, one can
conclude that the balance between the two major interactions
found to dominate the structure of penatcene on solid surfaces,
as discussed in the Introduction of the previous paper,1 also
dominate the structure of the symmetric molecules. At low
coverages theπ orbital-subphase contact dominates causing
the molecules to lie flat on the surface. At high coverages, the
π-π orbital overlap dominates and the molecules are driven
into a side-lying orientation. The surface pressure drives the
transition from one orientation to the other. The absence of GID
peaks for both molecules and in both phases indicates that no
long-range in-plane order is established in these films. This again
is in line with the conclusion that the epitaxy to the surface’s
structure dominates the film’s structure.1 In pentacene on
crystalline substrates the film exhibits long-range order com-
mensurate at least in one direction with that of the substrate.24,25

For a short-range-ordered liquid metal substrate employed here,
the monolayer of the symmetric molecules also exhibits short-
range order only at all coverages.

The oxygen moieties of the anthraquinone do not produce
any changes in the structure except for a slightly larger exclusion
area. The symmetric positions of the oxygens on carbon nos. 9
and 10 result in the absence of a net dipole moment, which
does exist for both the anthrone and anthralin, where the oxygens
are attached to one side of the molecule only. Indeed, the LFs
of the asymmetric anthrone and anthralin molecules show
structures and phase sequences that differ greatly from those
of the symmetric molecules. The exclusion areas deduced from
the isotherms indicate that at the steep rise in the isotherm both
molecules are roughly side-lying. For the anthrone, this phase
does not exhibit long-range in-plane order. At high coverage,
the anthrone exhibits two coexisting phases of standing-up
molecules, one having a noncentered rectangular packing with
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molecules tilted by 27° in the NNN direction, and a large,
>1000 Å crystalline coherence length, and the other an
hexagonal phase with a much smaller tilt, 7°, in the same
direction, and a smaller coherence length of∼200 Å only. The
anthralin exhibits only a single phase both at low and high
coverage: the molecules are side-lying, with the molecular axis
tilted up from the surface. The average tilt angle, obtained from
several different measurements, is (27( 2)°. Unlike the side-
lying phase of the anthrone, for the anthralin long-range in-
plane order is found, with a coherence length of>1000 Å.

The different behavior of the last two molecules from that
of the first two is very likely related to the positions of the
oxygens. Their asymmetric positions in the last two molecules
induce a strong dipole moment, calculated to be 3.3 and 3.6
D19 for the anthrone and anthralin, respectively, along the short
axis of the molecules. This adds a strong dipole-dipole
interaction, creating, apparently, a new balance between the
molecule-molecule and molecule-subphase interactions, and,
consequently, different structures emerge. The emergence of
in-plane long-range order in these films, where none exists in
either the subphase or in the symmetric anthracene and
anthraquinone, can also be assigned to the strong dipole-dipole
intermolecular interaction in these asymmetric molecules. The
difference between the anthrone, which exhibits standing-up
phases, and the anthralin, which does not, is more subtle, and
can be speculated to be related to the ability of the anthralin’s
three oxygen moieties to form hydrogen bonds among them-
selves. The bulk crystal structure of these two molecules is also
different, with some of the differences paralleling those found
here for the LFs. Studies similar to those presented here on
anthracene derivatives, having other chemical side groups,
varying in number and position on the molecule, should provide
deeper insight into the details of the interactions controlling the
structure of these LFs.
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