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Langmuir Films of Anthracene Derivatives on Liquid Mercury I: Symmetric Molecules
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The structure and phase sequence of liquid-mercury-supported Langmuir films (LFs) of two symmetric acenes,
anthracene and anthraquinone, were studied by surface tensiometry and X-ray diffraction. At low coverage,
both form a monolayer of surface-parallel, flat-lying, molecules. At high coverage, we find a monolayer of
side-lying molecules, where the molecular plane is surface-normal, and the molecular long axis is surface-
parallel. None of these phases exhibit long-range in-plane order.

I. Introduction by varying the surface coverage, the temperature, the molecule’s

o conformation, structure and dimensions, and by additives to the
For the last century, monolayers of organic films on aqueous gypphase.

and solid surfaces have been studied widely. This interest is

?nviln _?K their te;:hnololglylcal apptllcattlczjns anld sc||en_t|ft|c |mtpor- multilayers on solid substrates (SAMs), mostly thiols on gold
ance. These systems allow one 1o Study molecular INteractions, ;g sjjanes on Si/SiOsurface$:” Unlike those on water, on

structural organization, rheology, transport phenomena, and soy, o6 5olid substrates phases with surface-parallel molecular
forth in quasi-two-dimensional matter. The advent of synchro- orientations were found. SAMs also differ from LFs in the

tron sources and liquid surface spectrometers over th'ellast twoheadgroupsubphase bonding. These energies in SAMs (a few
decades aIIowe_d for the devel_opment of surface-_spe_mﬂc X1y hndred kilojoules per mole) are substantially higher than the
scattering technlq_ues for_ studying the structure of I_|qU|d surfaces energy of the hydrogen bonds of the head groups to the water
n genera?iﬁ anq,. N part.lcular, of these films in situ, under a subphase in LFs (a few kilojoules per mole). The different nature
variety of conditions, with angstrom-scale resolutfon. of the substrates of LFs and SAMs, and the difference in the
The first modern-era studies of water-supported monolayers strength of the bonding affect differently the surface-parallel
were published in the late 19th centdrin such films, which  structure within the films. The mobile, short-range-ordered
were later named “Langmuir films” (LFs), the molecules must molecules of the water substrate, which virtually lacks a
be amphlphlllc The intermolecular van der Waals interactions, Corrugation potentialy do not impose an order on LFs, and their
along with the partial hydrophobicity, always align the organic jn-plane order is dominated, therefore, by the intermolecular
molecules roughly normal to the surface, with the hydrophilic nteractions within the LF. In contrast, in SAMs, the in-plane
headgroup residing on the water and the hydrophobic tails order is dominated by the epitaxy to the crystalline substrate’s
pointing away from it. The order within the film can be tuned intrinsic order through its corrugation potential. Thus, the
resultant order of a SAM may differ from that of a LF even
* Corresponding author. E-mail: deutsch@mail.biu.ac.il. when the molecule and surface coverage are the same.

Another class of monolayers is self-assembled mono- and
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The liquid-mercury-supported LFs studied here, and in several (a)
previou§13 studies, are an intermediate case between LFs on
aqueous subphases and SAMs on a crystalline metal substrate.

The Hg subphase’s atomically smooth surface, short-range liquid

order, atomic mobility, and lack of corrugation potential are H H H H O H

very similar to those of water. At the same time, the types of Figyre 1. Molecular structure of the molecules studied. (a) Anthracene,
interactions of organic molecules with a mercury subphase, andshowing the numbering convention of the carbons; (b) anthraquinone.

their strengths, closely resemble those of the SAMs’ molecules . . .
with their solid substrate. structures, not observed on solid substrates, which can be varied

Polycyclic aromatic hydrocarbons, like the acenes studied " sirt]u bylincrea_sing the surface c0\|/er_age. ‘h
here, have been increasingly investigated over the past decade The only previous angstrom-resolution measurement of the
as macroscopic organic replacements for the inorganic Semi_;tructure of an aromatic monolayer on a.llqwd-metal subphase
conductor materials (Si, Ge, GaAs, etc.) employed today by 'S OUr recent study of LFs of blphenyl thlqls on mercmt
the electronics industidf. The budding research field of mo- low coverage a condensed, bu_t in-plane disordered, single layer
lecular electronics is also greatly interested in such molecules of sqrface-parallel moleculles is found for the two compoun_ds
for nanosize and single-molecule electronic devi€eShe studied. At high coverage, in-plane-ordered phases of standing-
favorable electronic properties of these molecules stem from up WO'GC“'eS were found. As expectgd, th_e structures found on
their relatively high number of nonlocalized electrons in the liquid mercury o!n‘fer from those on sohpl Auin sgveral Important
bonds of the conjugated rings. The overwhelming majority of respects. Twisting of the two phenyl rings relative to each other

the structural studies to date of monolayers of such moleculesa‘roumI their _smgle €C bond is an Important motif n _the_
have been carried out on solid substrates, which, as discussedtructure of biphenyl monolayers. This rotat|onal flexibility is
above, do not always reflect the intrinsic structure favored by ngf[ avallaple forhthe tacene rl;woleculej tshtUd'e? here, where
the intermolecular interactions within the SAM. Schretband adjacent rnings share two carbons and nus aiso a common
Witte and Wdl 17 review recent work in the field, ranging over molecular plane. AS we show below, this leads to different
films of perylenes, phtalocyanines, coronenes, polythiophenes,Structural features in th? two systems.

and polyacenes on a range of semiconductor (Si, GaAs) A more pomp_rehenswe approach.to th? self-assembly of
insulator (SiQ, Al,0s, MgO, alkalihalides), and metai (Au- "molecular films, in the absence of epitaxy, involves a balance
(111) Au(110), Agilfl) Ag(ilO) Cu(110)) ,substrates Rubrene between several interactions: molecuigolecule interaction,
was élso studi,ed recen’tly on boih siand Au(111)8 O'f the head group-head group interaction, molecutsubphase inter-

polyacenes, pentacene has been studied most because of it%ctlon, and head grousubphase interaction. Changes in one

ability to form (by evaporation and by organic molecular-beam or more of these interactions may lead to a different structure

deposition) well-ordered films with high charge mobilities and of t_he _monolayer. our lplwewous studies of films of alkane
- derivatives on mercuf? 1! demonstrate that a change of the
other favorable transport propertits.

. . ) headgroup leads to different molecular packings, phase dia-
These studies concluded that the structure is dominated byyrams and transition temperatures and pressures. The different

the balance between two major interactions. A flat-lying anthracene derivatives studied here were chosen with the aim

pentacene molecule maximizes the contact of itsbitals with of investigating the role of functional groups, and their positions

the electronic orbitals (or b_and gtructure) of the substrate. \ithin the molecule, on the assembly process of the monolayer
However, surface-normal orientation of the molecular plane gn4 the resultant structure of the monolayer.

maximizesotzhle overlap of the orbitals of adjacent pentacene  The four different anthracene derivatives chosen for the
molecules®? Thus, on weakly interacting substrates like present study can be divided into two groups according to the
Si0,,'%%! or alkanethiol-derivative-coated metallic surfaé®s, | ewis structure of the molecule. The first group comprises
the z— overlap of adjacent molecules dominates, orienting anthracene and anthraquinone, shown in Figure 1, which have

the pentacene molecules normal to the surface, and stackingyirror symmetry with respect to both the central long and short
them face-to-face. In contrast, on strongly interacting substrates,axes of the molecule. Anthracene;810, consists of three

like the metals Au, Ag, and Cu, the interaction of the penatcene’s connected benzene rings. The dimensions of the bounding box
7 orbital with the substrate dominates, and the pentaceneof the van der Waals surface of the anthracene molecule have
molecules lie flat on the surfad&24In multilayers on strongly  peen calculated to be 11.65 7.44 x 3.88 A3.28 This is the
interacting metal surfaces, the first layer is flat-lying, while gmallest bounding box of the four molecules addressed in this
subsequent layers, having progressively weaker interaction withstdy because the three other anthracene derivatives include
the surface, are driven by the stramg interactions to abulk-  aqgitional moieties that increase one or more of their dimen-
like packing, where the molecular plane of the pentacene is no gjgns. Anthraquinone, GHgO,, contains, in addition, two
longer surface-parall@P. Finally, we note that on crystalline opposite carbonyl groups €0) at carbon nos. 9 and 10. The
substrates the surface-parallel structure of the pentacene monomglecule is close to planar with the=® bond inclined at an
layer is determined by epitaxy to the crystalline substrate’'s angle of 3.8 to the plane of the ring®
structure, even when this means considerably reduced packing The second group, anthrone and anthralin, lack mirror
as compared to that of the bulk crystalline phase of penta- symmetry with respect to the long axis of the molecules,
cene?®232 In some cases, multilayers assembled on such ajthough the mirror symmetry with respect to the central short
polyacene monolayers exhibit novel 3D struct.d®X. axis is preserved. These are discussed in an accompanying
These results demonstrate the dominant role of the substrate’paper’® The LFs of the two groups show, on mercury,
properties in the determination of the polyacene monolayer’s fundamentally different structural features, highlighting the
structure. As we show, this interaction plays a major role in importance of the molecular conformation on that of the
the present study: the liquid mercury substrate’s lack of long- monolayer.
range order and corrugation potential, and its strong interaction The study presented here employs surface tensiometry to
with the thiol headgroup result in the emergence of novel determine the pressur@rea isotherms of LFs. Surface-specific
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X-ray diffraction techniques were employed to determine the Incident

surface-normal and surface-parallel structure of the LFs as a beam

function of surface coverage. The experimental methods used Kk,

are described in the next section, followed by a section

presenting the results obtained for the symmetric molecules. o

The last section of this paper provides a short summary. The Momentum transfer

results for the two asymmetric molecules are presented in
the following papef? where the overall implications of the
results obtained for all molecules are discussed in detail.

Il. Experiment

The experimental setup, and the measurement and data
analysis methods, have been described previously in detaif?
Thus, only a brief description will be given here. The surface
thermodynamics were explored using surface presst@o- Figure 2. X-ray scattering geometry.
lecular areaA isotherms. The films’ structure was studied by
synchrotron-based surface X-ray reflectivity and grazing- The X-ray diffraction geometry is shown in Figure 2. Three
incidence diffraction. Both types of measurements employ a types of measurement were carried out: X-ray reflectivity (XR),
diffractometer-mountable Langmuir trough, which allows one where the fraction of the incident intensity reflected specularly,
to carry out simultaneous surface tension and X-ray measure-R(q;), is measured as a function of the surface-normal wave
ments. vector transferg, = (27/A)(sin a + sin §) . a and g are the

A. Instrumentation and Materials. Hg was purchased from  incidence and detection angles, respectively, and 5. XR
Merck Co. (triple distilled, 99.999%) and Bethlehem Apparatus Yields information on the surface-normal structure of the LF
Co. (quadruple distilled, 99.9995%). The materials studied, such as the surface-normal electron density profile, the layer's
anthracene and its derivatives, were purchased from Aldrich thickness, and the surface roughness. The in-plane order is
and Alfa-Aeser (purity: >97%) and used as received. studied by grazing incidence diffraction (GID). Here, the

Spreading solutions, of-38 x 10~4 molarity, were pre- incidence angle is kept constant at a vatue- 0.80, where
pared using HPLC grade, 99.9% pure, chloroform (Aldrich). 0 is the critical angle for total external reflection. Oag ~
Chloroform was found in previous experiments to evaporate 0.47 corresponds to a critical momentum transfegof (4s/
rapidly, leave no traces of its own, and yield reproducible 4)oc = 0.067 A% . The diffracted intensity is measured as a
isotherms$:10.12,31 function of the surface-parallel wave vector transfer= (27/

The trough was machined from KelF and has an area of 6.5 /1)«/co§a+co§/3—20031cos€cosz9. Here, 2 is the surface-
x 17.5 cnt. It is enclosed in a sealed box, having Kapton parallel angular offset of the detector from the reflection plane.
windows for entry and exit of X-rays. The box was filled with | surface-parallel order exists within the LF, diffraction peaks
helium (X-ray measurements) or nitrogen (isotherm measure- will be observed at angle®izhat correspond through the Bragg
ments) to reduce surface contamination and beam damage. Foraw to the repeat distances of the structure. The peak positions
X-ray measurements, the box was attached to an active vibrationallow one to determine the unit cell and surface-parallel structure
isolation unit, mounted on the diffractomemter. This practically of the film, just like in conventional X-ray diffraction. The
eliminated vibrational pickup from the environmérf.1231 distributions of the intensities alorg at theq; positions of the
The Wilhelmy plate methddwas used to measure the surface  GID peaks, denoted as Bragg rods (BRs), provide information
tension, employing a Hg-amalgamated platinum plate. The on the magnitude and azimuthal direction of the molecular tilts.
homemade balance employed a leaf spring, the changes inThe BR is characterized by a sharp surface-enhancement peak
the position of which, due to surface tension changes, wereatq, = g (the Vineyard pea¥) on top of a broader peak. This
measured by a linear variable differential transformer (LVDT). broad peak’s width is inversely related to the length of the
A well-sealing barrier is notoriously difficult to construct for  molecule, while its peak position is related to the tilt angle of
mercury3® Thus, the area per molecul®, was varied not by  the molecule&®
barrier compression but rather by a stepwise addition, by a XR measurements employ a Nal scintillation point detector
calibrated micropipette, of microliter volumes of the spreading while the GID measurements use a surface-normal-aligned
solution. After one portion was deposited, we waited until a position sensitive linear detector. This detector allows for a
full pressure equilibration was reached before deposition the simultaneous measurement of a full BR at the@sition of
next portion? The trough’s temperature was controlled to each GID peak. An upstream automated shutter, opened only
+0.2 °C by a commercial water circulator. during the actual counting time at each measurement point, was
B. Measurement Methods.1. IsothermsThe surface pres-  used to minimize beam damage to the LF.
sure,r = gg — 0, is the difference between the surface tension ~ C. Modeling of the X-ray Results. The XR curves are
of the uncoveredg, and film-coveredg, mercury. It depends  analyzed using fits by a previously employed box model,
on the surface coverag®, measured as the area per molecule. describing the surface-normal electron den%fy120ne or
The isothermz(A) provides information on the phases and phase two “boxes” represent the organic overlayers (a single or double
transitions of the Langmuir film. layer in this study), and seven boxes represent the layered
2. X-ray Diffraction.The structure of the LF was studied by mercury subphas®.Each box has a width, a constant height
surface-specific X-ray techniques, employing the Harvard/BNL (electron density), and a roughness at its interfaces with the
liquid surface diffractometer, Beamline X22B, National adjacent boxes.
Synchrotron Light Source, Brookhaven National Laboratory, at  The electron density of an overlayer box can be calculated
a wavelengthl = 1.539 A. For details of the setup and by dividing the number of electrons in the molecule by the
procedures, see refs 387 molecular volume. For the ordered monolayer phases, the
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Figure 3. Measuredr—A isotherms of LFs of anthracene (circles) ~model fits are also shown (lines). Curves are upshifted by 0.4 each for
and anthraquinone (triangles) on mercury. A fit of the anthracene clarity. Inset: the measured reflectivity (circles) and the box model fit
isotherm by the Vollmer equation, the isotherm of a 2D hard-disk gas, (line) for the bare Hg surface. (b) The electron density profiles obtained
is shown in a dashed line. Arrows mark the coverages where X-ray from the fits in part a. Anthracene is shown by solid lines and the
measurements were done for each compound. anthraquinone is shown by dashed lines. Curves are upshifted by 0.7

each for clarity. (c) The monolayer part of b on an enlarged scale.
molecular volume is obtained accurately from the unit cell Curves are upshifted by 0.2 each for clarity.

dimensions derived from the GID pattern. For the disordered

phase, where no GID peaks are observed, the volume can beon mercury are shown in Figure 3. The curves are very similar
calculated from the dimensions of the molecules, and slight and differ only in the height of their plateaus Aat< 100 A
variations in this value were allowed in the fit to achieve good molecule.

fits. The width of the box (representing the thickness of the A reduction ofA from 300 A2/molecule to 150 A/molecule
film) was varied in the fit, either as a free fit parameter, or, produces only a very small change in the surface pressure, as
when strongly correlated with other fit parameters, as a fixed, expected for a dilute 2D gas of molecules. However, below 150
but manually varied, value in an iterative series of fits. AZ?/molecule a very steep rise in the surface pressure is observed,
The widths of the seven boxes representing the layered densityfrom 7z ~ 8 mN/m at 150 A/molecule tar ~ 35 mN/m at 100
profile of the mercury subphase were fixed at 1.3 A, half the A2molecule. The large# part of the isotherm, 10& A <
atomic layer spacing at the mercury surfa®ét All interfacial 500 A2/molecule, was fitted by the Vollmer equatiam(A —
roughness values between these boxes were fixed at 0.7 A. Theny) = ksT, wherekg is the Boltzmann constant ar is the
electron densities of the boxes were varied, except for the first exclusion area due to the finite size of the moleddl&ood
box, which was fixed at (5.% 0.2) e/&, an average of many fits result, as shown for anthracene in the dashed line in Figure
trial fits for different reflectivity curves. The mercury’s bulk 3, These fits yield exclusion areas/Af= (90 + 3) A2molecule
electron density (the last box) was also fixed at the 3.25,e/A for anthracene and\, = (92 + 2) A2molecule for an-
calculated from the room-temperature mass density of mercury. thraquinone. Théy of anthracene is very close to the calculated
Our previous studies of LFs on merc@fy*'3 demonstrated  area of the anthracene molecules in the BUMY, = | x w~
that these procedures yield very good fits, and consistent, 12 x 7.5= 90 A2, wherel andw are the molecular length and
physically reasonable results. As discussed below, and shownyidth, respectively. This hints that the molecules are oriented
in Figure 4, this model provides excellent fits to the present parallel, or almost parallel, to the surface farz 90 A%
data as well, over a broap-range and 89 orders of magnitude  molecule, and the fast rise inat 90 A/molecule is associated
in the reflectivity, R(q.). with the formation of a densely packed single layer (SL) phase
For those LFs that exhibit GID peaks, each peak is fitted by of flat-lying molecules. This conclusion is supported by the
a single Lorentzian, from which the peak position, widths, and X-ray results discussed below. The slightly larger exclusion area
integrated intensity could be calculated. The peak positions areof the anthraquinone could arise from the oxygen side groups,
used to obtain the order and unit cell dimensions, while the which may require more space than the hydrogens of the
peak width provides information on the crystalline coherence anthracene. An oxygen-moiety-induced increase in the effective
length of the ordered domains. The BR curves were fitted by a thickness of anthrone and anthralin, akin to the width increase
previously used model assuming a uniform electron density of the anthraquinone postulated here, was found in the GID
distribution along the molecular long axs? measurements reported in ref 30. Upon decreaaibglow 90
A2imolecule, a (slow-rising) plateau is observed in the isotherms.
Such plateaus are usually associated with a coexistence region
We discuss here the results obtained for anthracene andPetween two phasés.
anthragquinone. These molecules have mirror symmetry with  The isotherm of anthraquinone is qualitatively very similar
respect to both the molecular long axis and the molecular to that of anthracene, with the onset of the “plateau” appearing
short axis, which runs normal to the long axis in the plane of at roughly the same molecular ar&aThe plateaus have similar
the molecule. The structure of these molecules is shown in slopes, with that of the anthraquinone being somewhat lower.
Figure 1. The film collapse seems to occur for anthracene at a somewhat
A. Isotherms. The room-temperaturdl (= 24 °C) measured lower A than that for anthraquinone, although no definite
pressure-arear(-A) isotherms of anthracene and anthraquinone statement to that effect can be made. These similarities between

I1l. Results
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the isotherms indicate a similar structure for the LFs of Finally, the roughness values, discussed below, are close to those
anthracene and anthraquinone. This is borne out by the X-rayof pure mercury.

results, discussed in the next sections. We conclude, therefore, that at the onset of the plateau both
B. Surface-Normal Structure. Figure 4a shows typical XR  the measured isotherm and the XR results are consistent with
curves (open symbols) measured at°Z4and normalized by  the LF being a single layer of close-packed molecules, oriented
the Fresnel reflectivityRe (q,) of an ideally flat and abrupt  with the molecular plane parallel to the surface, or very nearly
surface?® The inset of Figure 4a shows the same curve for the so. This conclusion holds for both anthracene and anthraquinone.
bare mercury surface. The peakaat~ 2.2 AL is due to the The high-coverage XR curves in Figure 4 are similar, though
surface-induced layering of the mercdfyTo explore both the  not identical, to those measured at low coverage, for reasons
low- and high-coverage regions of the isotherms, the XR discussed above. This requires careful consideration of the model
measurements for the LFs of anthracene and anthraguinone wer@nd the procedures employed in their fits. Thus, extensive series
carried out at the onset of the “plateau” /at= 88 and 80 A/ of fits, with different combinations of fixed and fitted param-
molecule, respectively, and at slightly less than half these areaseters, were carried out in an attempt to obtain a reliable layer
The lines in Figure 4a show the model fits for anthracene (solid thickness and density values. First, a single uniform-density
line) and anthraquinone (dashed line), with the corresponding organic layer was assumed to reside on top of the mercury
electron density profiles shown in the same lines in Figure 4b. subphase. The parameters defining the mercury subphase were
For anthraquinone, XR measurements were also carried out atkept fixed at the values refined in the low-coverage fits. This
4.7 °C. The XR curves were nearly identical with those did not allow us to obtain a good fit to the measured XR of
measured at room temperature. In addition, no significant either the anthracene or the anthraquinone for any combination
differences were observed between XR curves measuredof the other parameters, the layer thickness, density, and top
~0.5-1 h after film deposition and those measured up to 6.5 h and bottom roughnesses. However, allowing a variation of two
after deposition at the same temperature and coverage. of the seven layers defining the Hg surface (layers 2 and 4 from
The period,Aq,, of the modulations inR/Rr is inversely the top) resulted in the good fits shown in Figure 4, with only
related to the LF’s thicknessd = 27/Aq,, and should allow, small variations in the Hg density profile. For all fits of the
in principle, to derive a rough estimate for the layer thickness anthracene XR curves for which the variation of the layered
from the ruler-measured period, even without a detailed model- Hg profile from that of the low-coverage fits was small, the
ing. However, this calculation is valid only when several periods thickness of the high-coverage anthracene layer converged to
of equalAg, are observed within the measurement-accessible ~7.6 A, and the density converged-td.28 e/&. Attempts to
g, range. In the present case, the layer thickness is small, and keep the layer thickness fixed at the low coverage valuk-of
thus, the modulation period is large. Consequently, the rise in 4 A failed to produce a good fit to the measured XR curve.
the reflectivity forg, = 1.5 A%, due to the mercury layering, ~ The density obtained agrees well with that calculated from the
pushes the position of the second minimum toward logger ~ molecular volume and the number of electrons in the molecule.
values. This results in a shorter apparent modulation period, The value ofd is close to the width of the anthracene molecule,
and a larger apparent layer thickness, than those of the layerimplying that the anthracene molecule is lying on its side: its
This effect stands out when comparing the minima positions in long axis is surface-parallel, and the molecular plane is roughly
the upper two, lowA, curves, with those of the lower two, high-  normal to the surface. The thicknedsf the layer, obtained
A, curves in Figure 4a. The first minimum is observed to shift from the fit, could also correspond to the formation of a double
down considerably im, upon the reduction oA. Because the  layer of flat-lying molecules. Thus, we employed a second
thickness of the loweA film is larger than that of the highek- model, where the high-coverage layer was modeled by two
one, it is expected that a& decreases the second minimum layers, the lower one of a fixed density of 0.28 &/dnd a
will shift down in g, even more, to make the period smaller. thickness & 4 A (i.e., a 100% coverage by lying-down
This, however, does not occur, and the second minimum staysmolecules) and the top one of a varying density. A fit of the
at roughly the same position, regardless of the decreage in anthracene XR & = 30 A2lmolecule yielded a density of (0.28
This results in the anomalous effect that if the observed minima = 0.01) e/& and thickness of (3.& 0.1) A for the top layer.
are used to determingg, andd then a layer thicknessrger Distinguishing this model of twd ~ 4 A equal-density layers
by ~20 % is obtained abigherA than at lowerA. The model ~ from ad ~ 8 A single layer of the same density is, of course,
fits, however, take into account correctly the effect of the impossible. However, previous studies of LF on mercury of
mercury layering on the reflectivity curve, and provide, there- other molecules exhibiting such two-layer phasésmvariably
fore, more reliable thickness values for the layer. Even so, the show in the isotherm an additional jump to a second, higher,
XR curve distortion due to the layering peak results in the plateau when such a double-layer phase (DL) of flat-lying
inducement of some correlations between the fit-refined pa- molecules occurs. This can be observed, for example, in Figure
rameters, if all are free to vary. This, in turn, results, for example, 2 in ref 9. Such features are not observed in the present isotherm,
in a non-negligible uncertainty in the value df particularly Figure 3. We conclude, therefore, that it is unlikely that the
for the thinner layers at low coverage. Considering that the high-coverage phase of anthracene consists of a double layer
exclusion areas agree so well with the calculated area for aof flat-lying molecules.
molecule oriented with its benzene rings parallel to the surface, A similar analysis to that described above was applied to the
we carried out fits of the low coverage XR curves assuming nominalA = 40 A¥molecule XR curve of anthraquinone. The
this orientation, and keepirdjfixed at the know 4 A thickness difference between the high- and low-coverage XR curves for
of the molecule. These are the fits shown in linesAo+ 88 anthraquinone is more pronounced than that for anthracene,
A?molecule (anthracene) ard= 80 A2molecule (anthraquino-  indicating a greater change in the fitted profile, as can indeed
ne) in Figure 4a. As can be observed, the fits obtained are good.be observed in Figure 4c. The fit yields a layer thicknéss
The resultant electron densities,= (0.28 + 0.02) e/ for (8.8 + 0.1) A and an electron density @f = (0.28 & 0.01)
anthracene and = (0.294+ 0.02) e/& for anthraquinone, agree  e/A3. The molecular dimensions of the anthraquinone are the
well with those calculated from the molecular dimensions. same as those of the anthracene, except for the width, which is
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larger by~1.3 A, corresponding to the carbenxygen bond thank D. Vaknin (Ames) for generous advice and drawings of
length of the side grouff. Thus, the XR fits imply a side-lying  the trough. BNL is supported by U.S. DOE Contract No. DE-
orientation for anthraquinone, same as that argued above forAC02-98CH10886.
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