J. Phys. Chem. C

Ethanol on graphite: Ordered structures and delicate balance of

interfacial and intermolecular forces

Xing He, Ding-Shyue Yang*

Department of Chemistry, University of Houston, Houston, Texas 77204 United States

*To whom correspondence should be addressed. Email: yang@uh.edu

1



Abstract

Clear knowledge of solid—molecule interfacial structures is essential to the understanding of
interfacial phenomena and the interplay of surface effects and intermolecular forces. Molecules
that can form hydrogen bonds are of particular interest. Here, we report the structures and phase-
transition behavior of (sub)nanometer-thick ethanol assemblies deposited on highly orientated
pyrolytic graphite. Depending on the film thickness and temperature, three ordered structures of
ethanol are observed: first, an interfacial one formed after deposition at ~100 K that is near-
commensurate with the supporting graphene lattice, up to a nominal thickness of 1.5 nm; second,
stacking of two-dimensional layered sheets at >114 K for the upper part of thicker films of ~2
nm and above; and third, a monoclinic bulk-like structure appearing at ~144 K before desorption.
Importantly, the whole amorphous-to-crystalline transition undergoes a complex multi-step
process, with the extension of the interfacial structure reaching much further away from the
substrate surface and then being replaced within a low-temperature range. Together with the
lattice strain found in the interfacial assembly, these thickness- and temperature-dependent
structures and transition behavior signify a delicate balance between all interfacial and

intermolecular forces involved and molecular free energy.
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1. Introduction

It is known that structures at interfaces where different materials and/or molecules meet have
fundamental impacts on materials properties and behavior, interfacial phenomena, and even
device performance in practical applications.'™ For small molecules, especially those capable of
forming hydrogen bonds such as water, methanol, ethanol, etc., knowledge of their interfacial
structures has particular importance due to their broad existence as common solvents and in fuel
cells, catalysis, macromolecular systems, and interstellar matter.*'? Given the relatively large
strength and directional nature among intermolecular forces, hydrogen bonds play an important
role in the organization of assembly structures, which may be in competition or sometimes
cooperation with substrate—-molecule interactions. Hence, to reveal interfacial structural details as

a result of a delicate balance of all forces involved, it is crucial to use structure-probing
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techniques with suitable surface sensitivity, e.g., scanning probe microscopy, reflection-
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absorption infrared spectroscopy, and reflection diffraction methods. In recent years,

reflection high-energy electron diffraction (RHEED) has been used to elucidate unanticipated

ordered assemblies and unusual phase-transformation behavior of small molecules physisorbed
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or chemisorbed on different surfaces. The technique’s strengths of a (sub)nanometer-thick

penetration depth at grazing incidence angles and resulting surface sensitivity make non-
contacting RHEED highly suitable for temperature- and thickness-dependent studies of
interfacial structures and phase transitions of molecular systems, beside its typical use during
thin-film fabrications in materials science.

Several factors may affect the structures of molecular films deposited on a supporting
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substrate, including the interplay of interfacial and intermolecular interactions, temperature”"
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** and molecular free energy,” deposition rate, and the degree of lattice matching. or



the latter, both in-plane epitaxy and out-of-plane topographical template effects may be
important, especially for situations without covalent-type bonding as a guiding force. The in-
plane epitaxial relation between a molecular overlayer structure and the substrate lattice can be
categorized into the commensurate, coincident, and incommensurate types.36'37 If good lattice
matching such as a commensurate epitaxy exists, an ordered molecular overlayer may likely
form in a specific azimuthal orientation with respect to the surface. However, such an interfacial
structure is often different from those observed in the bulk, even if polymorph phases exist. As a
result, how an interfacial order transitions into a bulk-like structure in the upper part of a
multilayer film away from the supporting solid becomes a complex problem and may be crucial
to the understanding of molecular behaviors at interfaces,'* 72122383

Ethanol is known for the presence of different solid forms depending on the temperature
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and thermal process used.

For the bulk, rapid cooling to a temperature lower than 100 K
results in an amorphous solid, whereas a rotator phase and an orientational glass may be
produced by moderate cooling of the liquid. The monoclinic crystalline structure can be readily
obtained at a temperature close to melting or by annealing of the amorphous solid. Above a solid
surface, ethanol molecules have been reported to form commensurate overlayer structures on

gold* and graphite (with high mosaic-angle disorder).***

However, a detailed study of the
structural and phase-transition evolution of ultrathin to multilayer ethanol films (transitioning
from an interfacial structure to the bulk one) on highly-ordered graphite is still lacking and thus
needs further investigation.

In this report, RHEED is used to directly resolve the assembly structures in vapor-

deposited ethanol films with a thickness of sub-monolayer to multilayers up to more than 10 nm.

The analysis of the near-commensurate interfacial structure and its lattice strain observed in



nominally <1.5-nm films provide key information for the question about the "interfacial region."
Above it, the bulk-like monoclinic structure is found in the upper part of thicker films during
thermal annealing to higher temperatures. However, the formation does not proceed in a single
amorphous-to-crystalline step as conventionally considered. Instead, in-plane two-dimensional
(2D) sheets containing puckered hydrogen-bonded (HB) chains are produced first without a
long-range cross-plane order, followed by the final appearance of three-dimensional (3D)
ordered, not randomly oriented, crystallites in a small temperature range close to molecular
desorption. More surprisingly, the interfacial structure can extend more than 10 nm away from
the graphite surface and then withdraw within a low-temperature range, which implies a dynamic
behavior of the structural transition. These fruitful observations signify a delicate balance of

interfacial and intermolecular forces involved as well as molecular free energy.

2. Experimental Section

Highly oriented pyrolytic graphite (HOPG, ZYA grade) used for ethanol depositions was
purchased from SPI Supplies., with a mosaic spread angle of 0.4°+0.1°. Immediately before its
loading into the vacuum chamber assembly, a fresh surface of the HOPG substrate was produced
by Scotch-tape cleavage and then clamped onto a flag-style sample holder plate for good thermal
contact. A K-type thermocouple with an accuracy of <1 K was attached to the HOPG substrate
for direct measurement of the surface temperature. The procedure for molecular depositions has
been described in a previous report.®' Briefly, anhydrous ethanol (200 proof, molecular biology
grade) was purchased from Decon Labs and used without further purification. The pure alcohol
was loaded into a stainless-steel reservoir in a nitrogen-filled glovebox and then quickly
connected to the home-built effusion-type molecular doser. After multiple freeze-pump-thaw

cycles, purity of the effused ethanol vapor was further confirmed by the absence of other



molecular ion peaks, especially those associated with water, using a residual gas analyzer that is
sensitive to a partial pressure of 107'" torr. The ultrahigh vacuum chamber for molecular
depositions, annealing, and diffraction measurements had a base pressure of the level of 107"
torr, with the only discernible peaks in the mass spectra being from the hydrogen atomic and
molecular species. To vapor-deposit thin films, the HOPG substrate was placed below the doser
at a distance of a few centimeters. The deposition rate was in the range of 1-2 nm/min calibrated
by an optical reflectance measurement.”’ All depositions were made beginning with a bare
HOPG surface and ended by closing a valve to stop the ethanol vapor. The nominal thickness
was calculated from the controlled deposition time. Through the contact with a cryostat and an
integrated heater, the substrate temperature can reach as low as 95 K using liquid nitrogen as the
cryogen and be raised to a higher value for annealing, whose typical ramp rate was ~1.3 K/min.
Reflection high-energy electron diffraction (RHEED) was used for direct probing of the
structures of interfacial ethanol at different coverages and specimen temperatures. The kinetic
energy of probing electrons was 30 keV, corresponding to a de Broglie wavelength of 0.07 A.
The diffraction patterns were recorded by an imaging assembly consisting of a phosphor screen
fiber-coupled to an image intensifier and then a CMOS camera (Ander Zyla HF). The average
flux of probe electrons was maintained at an extremely low level of the order of <I pA/mm’
(equivalently, an ultralow accumulated dose of less than 0.0005 e/A* in 2 k), which we
confirmed to have no effects or induced changes due to the electron impact or radiation damage
within the measuring time (less than 2 hours). The probe depth of the RHEED measurements
was estimated to be ~1 nm based on a trigonometric relation using the elastic mean free path of
30-keV electrons in an ethanol crystal, which is ~107 nm, and the typical angle of grazing

incidence of ~0.5°.
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Figure 1. RHEED images and diffraction intensity changes as a function of ethanol coverage. (a)
Diffraction pattern of bare HOPG before molecular deposition. The Miller indices for the
diffraction streaks are labeled. The vertical strip enclosed in the yellow dashed rectangle is the
region used for the analysis of intensity changes. (b) Diffraction pattern of an as-deposited
ultrathin ethanol film with a nominal thickness of 0.4 nm. The arrows indicate the new
diffraction features different from those weakened ones of HOPG. (c) and (d) RHEED patterns
of 10-nm films deposited at 95 K and within the mildly elevated temperature range of 101-106
K, respectively. In these images, the shadow of the electron beam block to prevent oversaturation
by the direct beam is seen as the tilted black rectangle. () and (f) Evolutions of the center streak
intensity profile [derived from the yellow rectangular region in (a)] during deposition (as the
horizontal axis) at the respective temperatures of (¢) and (d). The curves in the lower panels of
(e) and (f) are the intensity values indicated by the yellow dashed lines in the upper panels, as a

function of deposition time. The corresponding nominal thicknesses are also given.
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3. Results and discussion

3.1 Deposition of ethanol nanoscale films on HOPG

Shown in Figure 1 are the RHEED images obtained before and after the depositions of ethanol
ultrathin films on HOPG as well as the diffraction intensity changes as a function of coverage in
two different temperature ranges. From the apparent differences, it is evident that both the
substrate temperature and the film thickness influence the structure of an ethanol assembly on
HOPG, which implies the important role of the relative strength of the graphite—ethanol and
intermolecular interactions compared to the molecules’ thermal energy. For an ultrathin film
with a nominal thickness of 0.4 nm, ordering of ethanol molecules was immediately formed after
their physisorption on HOPG even at a temperature as low as 95 K without annealing, as
indicated by the new streaks different from those of HOPG (Figure 1, a and b). It will become
clear in later discussion that the interfacial and intermolecular forces work in a cooperative
fashion to form a HB chain structure that is commensurate to the basal plane of graphite and
different from that of solid ethanol bulk. As the film thickness increases at 95 K, an amorphous
film without an assembly order is resulted, giving a diffuse RHEED pattern without clear
diffraction features (Figure 1c for 10 nm). This finding is generally anticipated in that interfacial
ordering as a result of the graphene—ethanol interaction loses its influence after some distance,
and therefore the ethanol molecules away from the interface are immobilized with various
molecular orientations. However, if the growth temperature is raised to the range of 101-106 K,
a streaky pattern similar to that from a sub-monolayer coverage is again observed, which
signifies, surprisingly, the presence of a similarly ordered structure for as-deposited multilayer
films (Figure 1d for 10 nm compared to Figure 1b). In fact, thicker films deposited at <100 K can

also produce a similar RHEED pattern as shown Figure le if gently warmed by a few degrees.



Thus, such significant behavioral differences found with a small change of the substrate
temperature strongly suggest a delicate balance of all the interactions involved and thermal
energy, which critically affects the structural organizations nearby and away from the solid—
molecule interface.

The diffraction intensity variation as a function of deposited coverage further shows the
distinct difference in the film growth at different temperatures. It is known that RHEED is
frequently used as an in situ technique to monitor surface structures and morphology during the
growth of solid thin films. Maxima of diffraction intensities as a function of deposition time
indicate the completion of an atomic or molecular layer, whereas local minima correspond to the
surface condition of high roughness for incomplete layers causing more diffuse scattering.47
Here, we find that at 95 K, only 2-3 intensity maxima are discernible, which signifies the limited
thickness range for the ordered interfacial structure and likely the lack of a layer-by-layer growth
in thicker films (Figure le). In contrast, a periodic modulation during deposition at a slightly
elevated temperature is clearly seen in Figure 1f for an extended thickness range, indicating the
transition to a layer-by-layer (or, at least, Stranski-Krastanov*®) growth mode adopting the
interfacial structure with order in upper layers; each "effective" layer is ~1.0 nm thick as
indicated by the oscillatory RHEED intensity shown in Figure 1f, which should contain more
than one ethanol sheet considering the usual van der Waals distances. Such an observation also
signifies the production of a smooth film and a low tendency for growth of 3D islands (at least in
the range of several nm) that was seen in other graphite—particle systems.*® *’ Thus, these results
provide, from a structural viewpoint, a look at the differences in the molecular orientations (see
below) and hence wetting at the interface in these temperature ranges. Based on a quick estimate

considering the modes of molecular motions and forces involved between molecules, a low value



of several kJ/mole might be the activation energy to convert an amorphous overlayer with high
free energy content to a more ordered interfacial structure with lower energy.

3.2 Monoclinic phase of solid ethanol

Thermal annealing of a nanoscale ethanol film thicker than 2 nm above 120 K leads to its
gradual transition to a crystalline phase. However, instead of forming randomly oriented
crystallites, which would produce a RHEED image with Debye—Scherrer rings, the diffraction
streak pattern shown in Figure 2a indicates a high degree of order with an in-plane 2D nature in
the assembly structure. Moreover, the phase transition does not proceed in a single stage; only at
a temperature above 140 K, just a few degrees before complete sublimation of a deposited film,
do the diffraction streaks begin evolving into more defined spots with slightly narrowed
horizontal widths, although the vertical widths are still apparently larger than typical values from

3D-ordered solids (Figure 2c). Using the Scherrer formula,” we estimate that the average sizes
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Figure 2. RHEED patterns of annealed multilayer ethanol films. (a) and (c) Experimental images
of 10-nm films acquired at ~140 K and ~147 K, respectively. (b) Simulated pattern obtained
using a crystalline domain of 10x1x10 unit cells (i.e., 5.4x0.7x8.3 nm’ with the lateral size
roughly matching the experimentally determined average value). The 2D Miller indices for
different streaks are assigned. (d) Simulaed pattern obtained using a crystalline domain of
17x3x17 unit cells (i.e., 9.1x2.1x14.0 nm’ with increased lateral and vertical sizes approximately

matching the enlarged average values reported in the text).
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of these two structures are 7.3 nm for the 2D-layered domains in Figure 2a and 12.5 nm laterally
and 2.2 nm vertically for the crystalline slabs in Figure 2c.

According to previous reports, solid ethanol has a monoclinic crystal structure (a = 5.377
A, b=6882 A, ¢c=8255 A, and p = 102.2°) in this elevated temperature range.**>' To index
the observed RHEED pattern, theoretical simulations based on kinematic scattering theory”*
were performed using the monoclinic crystal structure. An agreement is found when the b axis
serves as the common axis being perpendicular to the basal plane of graphite, whereas the a and
c axes are parallel to the surface but in various azimuthal angles relative to the direction of probe

electrons, forming an ensemble average. Figure 2b shows the result from a 360° azimuthal

Side view

Figure 3. Structure of monoclinic solid ethanol. (a) Side view, with puckered (U-shaped) HB
chains extending along ¢, being stacked along b and separated by regions of vdW forces. (b) Top
view, with closer vdW contacts along a between HB chains. Carbon, oxygen, and hydrogen
atoms are in gray, red, and white, respectively, and the hydrogen bonds are denoted by thin red

lines.



average of the simulated patterns of a 2D crystalline slab with a thickness of one b unit cell, and
Figure 2d shows that generated with a thickness of three b unit cells considering the observed
increase in the vertical ordering (2.2 nm being close to 3*b). The assignments of the Miller
indices for the diffraction streaks, which are directly related to the in-plane 2D structure of solid
ethanol, are also given.

Hence, we obtain the orientation information of crystallized multilayer films. Shown in
Figure 3 is the monoclinic structure of solid ethanol, where the puckered (U-shaped) HB chains
are along the ¢ direction to form sheets in the a—c plane, stacked along the & direction and
separated by the ethyl groups with van der Waals (vdW) interactions. Therefore, the appearance
of many diffraction streaks (Figure 2, a and b) indicates the transition of an amorphous film to
the organization of stacked in-plane 2D HB layers with a smooth surface, but without a well-
defined vertical order concerning the sheets’ azimuthal relations and interlayer spacing. The out-
of-plane order and the resulting 3D ethanol crystallites are subsequently formed only in the small
high temperature range when the HB molecules have enough mobility to move and readjust their
orientations to complete the crystallization. Such a two-stage crystallization behavior is
reminiscent of that of methanol deposited on smooth hydrophobic substrate surfaces, which also
undergoes the transformations of the amorphous state to a stacking of 2D-layered HB sheets and
then to 3D-ordered crystals during annealing.”'

This behavioral similarity can be readily understood based on the common structural
features of both molecular solids. At lower temperatures with less mobility, the stronger
intermolecular hydrogen bonds cause the kinetic growth of the HB chains to lower the free
energy, resulting in the formation of layers enclosing the hydrophilic parts and having the

hydrophobic hydrocarbon groups on the outsides to interact with adjacent layers and with a
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smooth hydrophobic surface including graphite. Hence, the presence of a substrate surface
importantly helps inducing an order in these interfacial thin films, instead of random crystallite
orientations, even when the vdW interaction per physisorbed small molecule may not be as
strong as a chemical bond or Coulombic interaction serving as a guiding force in a chemisorption
case.

However, notable differences between interfacial ethanol and methanol do exist. In a few
rounds of depositions, we find that ethanol does not readily form as orderly stacked films on
other smooth hydrophobic surfaces as on HOPG. After the vertical stacking order emerges on
HOPG, the diffraction spots are never as sharp as those of 3D-ordered methanol,”' which
signifies the limited range of the layer alignment order in fully crystallized ethanol. Surprisingly,
methanol does not form good layered films but instead randomly oriented crystallites on HOPG,
as diffraction rings are observed from 10-nm methanol (Figure S1 in SI), unlike the situation on
smooth hydrophobic surfaces.”’ These observations lead us to consider the role of HOPG’s
terraced topography for a template effect in the crystal growth.'™ > ** Given the interlayer
distance of 3.35 A for graphite, the lattice constant of b = 6.882 A for solid ethanol would mean
a 1:2 layer ratio with a small tensile lattice mismatch of +2.7% for vdW-separated layers. The
HB sheets grown on different steps may then be able to join and form a 2D-layered stacking
(even with different azimuths) without large structural interruption. However, the good template
condition may also imply difficulty to reorient the original azimuthally misaligned layers to form
aligned 3D crystals, resulting in the aforementioned RHEED observation of a limited vertical
order. In contrast, the lattice constant of ¢ = 9.0403 A for the methanol a phase may have a 1:3
layer ratio with a large —10% mismatch, which would not be a favorable condition. As a result,

the growth of HB chains of methanol molecules across neighboring steps may not maintain the
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horizontal direction, eventually resulting in random orientations of crystallites on a terraced
HOPG surface.

3.3 Near-commensurate interfacial structure of ethanol on graphene

The existence of an interfacial structure of ethanol physisorbed on graphite was reported
previously using neutron and x-ray diffractions, although not in ultrahigh vacuum (Figure 4d).*"
% In this commensurate structure, which may be designated as a 4x2 supercell, a = 9.84 A is
largely along the interchain direction, b = 4.92 A is along the HB chain direction and is twice of
graphene’s unit-cell length, and the included angle is 60° (and hence a = 2b is 4 times of

graphene’s unit-cell length). The most prominent difference is the formation of zigzag (V-
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Figure 4. RHEED patterns and model of the interfacial structure of ethanol. (a) Diffraction of an
ultrathin ethanol film with a nominal thickness of 0.4 nm, annealed up to 140 K. The yellow
dashed rectangular region is used for intensity analysis. (b) Simulated pattern obtained using the
model shown in (d). (¢) Diffraction intensity curve (black) extracted from the horizontal strip
indicated in (a), background profile obtained using a polynomial fit (red), and indexed diffraction
peaks after subtraction of the background (blue). (d) Model of the near-commensurate 4x2
interfacial ethanol structure with respect to the graphene lattice (light gray honeycomb). HB
chains extend along b and are separated by interchain vdW regions along a (oxygen in red,

carbon in dark gray, and hydrogen bonds in thin red lines; hydrogen atoms are omitted for

clarity).
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shaped) HB chains with nearly coplanar C—C—O bonds for all participating molecules, compared
to the U-shaped HB chains with out-of-plane ethyl groups in the bulk. However, the
recompressed exfoliated graphite used as the adsorbent has a very large mosaic spread angle of
~30°, high surface heterogeneity and discontinuity, small platelet sizes, impurity grains, and

323% Thus, the use of a pure, more homogeneous graphite surface with a

various sizes of pores.
low mosaic spread angle is needed to re-examine the interfacial structures of various molecular
assemblies.

Shown in Figure 4a is the RHEED image obtained from an ultrathin ethanol film with a
nominal thickness of 0.4 nm annealed up to 140 K, which is close to or slightly higher than the
coverage of one monolayer. A similar pattern is also observed for films with a nominal thickness
of less than 1.5 nm (about two b unit cells of solid ethanol bulk), indicating the limited range for
the influence of the HOPG surface on the annealed assembly structure. Clearly, the streak pattern
is different from that of Figure 2a for the monoclinic structure. Three diffraction peaks can be
identified after removal of the background fitted with a polynomial function (Figure 4c). The
width of the clearest side streak is about 0.026 A™', which corresponds to ~3.7 nm for the
average ordered domain size assuming a well-defined unit-cell length. This estimate may be only
a lower bound if a small distribution of the unit-cell length exists and causes slightly varied peak
positions and hence unavoidably an effective broader width.

Shown in Figure 4b is the kinematic scattering simulation result using a single layer of
the structure in Figure 4d and an average of all in-plane azimuthal orientations, considering the
ensemble measurement condition with the supporting HOPG substrate having grains of various

azimuths. The positions of the experimentally observed diffraction peaks are largely reproduced

with a minor adjustment (see below). The difference in the relative intensities is likely due to the
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difference in order in the two unit-cell directions. The higher-than-expected (01) intensity
corresponds well with a relative larger ordered range for the HB chain direction with the
important intermolecular interactions to assemble ethanol molecules. The less-than-expected (10)
and (31) intensities may reflect the limited ordered size for the interchain direction given the
weaker vdW forces between chains and the same hexagonal symmetry for both graphene and the
commensurate ethanol overlayer (Figure 4d). The HB chains grown from different nuclei may
further exhibit directional turns by an integer multiple of 60°, resulting in a meandering assembly
with less interchain order and hence decreased packing density. A similar idea may be found in a
snapshot (although annealed at a much higher temperature) in a recent molecular dynamics study
of 1-alcohols adsorbed on graphene.”

Furthermore, the HB O-O distances are equal (2.764 A) with an O-O-O angle of
125.72° in the 4x2 commensurate overlayer structure, which is slightly longer than 2.716 A and
2.730 A with the O-O-O angles of 112.43° and 123.78° in the monoclinic bulk structure.’’
Hence, based on these structural differences, a relative tensile strain and hence free energy cost
exist in the HB chains of the perfectly-commensurate interfacial structure, which may be relieved
with an increasing distance from the substrate surface for weakened interfacial influence. This
model is well supported by the position of the (01) streak of the interfacial structure as a function
of nominal thickness (Figure 5). For perfect 4x2 commensuration, the momentum transfer (s) of
the {01}°° streak of HOPG at 0.469 A™' (Figure 5a) should be double of that of the (01) streak of
the ethanol overlayer, which is indicated by the black dashed line in Figure 5b. However, the
experimental value of s of the (01) peak is larger, signifying that the commensuration may not be
perfect and hence the ordered domain size is not very extended. As the ethanol film thickness

increases from 0.2 to 1.5 nm, the s value of the (01) streak reaches that of the (02) one for
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Figure 5. Diffraction peak positions and derived lattice strain of interfacial ethanol. (a) {10}
diffraction peak of HOPG (black squares). The solid line is a Gaussian fit and the dashed line
indicates the corresponding horizontal momentum transfer. (b) (01) diffraction peak of interfacial
ethanol at 104-116 K (red dots; the red solid line is a Gaussian fit), compared to a hypothetical
profile of HOPG with perfect commensuration (black dashed Gaussian curve). (c) Dependence
of the position of the interfacial ethanol (01) peak on film thickness, measured at ~130 K. The
deviation from the black dashed line (associated with perfect commensuration with the graphene
lattice) indicates a small compressive lattice strain along the HB direction (related to the
perfectly-commensurate structure). The approaching of the bulk monoclinic (02) peak in higher
ethanol coverage signifies further relief of the strain and a transition from the interfacial region

to the bulk-like structure.
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monoclinic solid ethanol (Figure 5c¢), which indicates the trend for shorter O—O distances and

therefore stronger hydrogen bonds away from the substrate. The matching of the s value also
signifies the switch from the interfacial overlayer structure to the bulk at a nominal thickness of
~1.5 nm. We note that a very similar distance away from the HOPG surface has also been seen in

a graphite—ionic liquid system for appearance of the bulk-like structure in deposited thin films.*

3.4 Ethanol on HOPG: Phase transitions and thickness dependence

With the aforementioned structural understanding, a schematic for the phase transitions of
ethanol on HOPG can be reached, for two thickness ranges (Figure 6). Following its appearance
upon deposition, the near-commensurate interfacial ethanol structure remains in ultrathin films

with a nominal thickness of <1.5 nm, until the loss by molecular desorption at <140 K.

(a) Thin film (=1.5 nm)

As-deposited Annealed Desorbed
_ NSHRighStrainy == SIS{IOWSEIR)  w—)

OPG

(b) Thick film (=1.5 nm)

As-deposited
~104 K ~114 K

Desorbed

Figure 6. Schematics of the structures and phase-transition behavior of nanoscale ethanol films
deposited on HOPG. (a) Presence of the near-commensurate interfacial structure (IS) of ethanol
in as-deposited and annealed ultrathin films (with a nominal thickness up to 1.5 nm). The
intrinsic lattice strain is gradually relieved during annealing. (b) Multi-stage structural transition
in the upper part of ethanol films thicker than 1.5 nm, from as-deposited amorphous solid ethanol
(ASE) to adoption of the interfacial structure beginning at ~104 K to stacked 2D layers without
vertical ordering beginning at ~114 K to finally the 3D monoclinic crystalline structure before
desorption at about 150 K. The near-commensurate interfacial structure remains in the interfacial

region.
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Figure 7. Diffraction intensities and peak ;ggfi:l{smof ultrathin ethanol films, with a nominal
thickness of 0.4 nm, during the annealing. (a) Evolution of the center-streak vertical profile as a
function of temperature (as the horizontal axis). The lower panel shows the intensities extracted
along the red and black lines in the upper graph, which correspond to the diffractions of
interfacial ethanol and HOPG, respectively. Because of the overlapped features, the HOPG
intensity is calculated by subtracting the intensity at the upper black line from that at the lower
black line to remove the ethanol contribution. (b) Evolution of the (01) and (10) side streak
intensities of interfacial ethanol during annealing, with the solid lines as guides to the eye. The
ratios of the two intensities are shown in green with a horizontal dashed line as a guide to the
eye. (c) Evolution of the (01) peak position of interfacial ethanol film as a function of
temperature, with the solid line as a guide to the eye. Accordingly, the lattice strain is not fully
relieved even at the highest temperature possible, compared to that in a 1.5-nm film as shown in

Figure 5c.
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Diffraction intensity increases are observed during thermal annealing, signifying a growth period
to form larger ordered domains [see Figure 7a for the center (00) streak and Figure 7b for the
side (01) and (10) streaks; the ratios between these growing intensities remain largely constant as
indicated by the green dots]. Concurrently, the s value of the interfacial ethanol (01) peak
increases during annealing, which indicates a cell contraction along the HB direction (Figure 7c).
Such a temperature-dependent observation of strain relief (Figure 6a) is again consistent with
those thickness-dependent results discussed for Figure 5, b and ¢, showing the limited influence
of the graphene surface relative to the thermal energy and interactions of ethanol molecules.

The phase-transition behavior in films thicker than 1.5 nm is quite complex, involving
different assembly structures and their multi-stage interconversions (Figure 6b). At a substrate
temperature lower than 100 K, an as-deposited film contains two parts, the interfacial structure
near the substrate surface and an amorphous region away from the interface. The amorphous
structure is formed because of the lack of significant interfacial guidance (Figure 1c). A gentle
temperature increase by a few degrees allows the interfacial structure to affect the amorphous
film and extend its range much farther away from the substrate surface (see Figure S2 for a
typical RHEED image from the top of a 10-nm film in 104-114 K that resembles the patterns in
Figure 1, b and d). However, a further increase of the temperature causes most of the film to
convert to the bulk-like monoclinic structure, which implies, from the viewpoint of the energy
landscape for a molecular assembly, a tilt of the balance between interfacial and intermolecular
forces toward the latter at higher temperatures. The increase in molecular mobility in such a
temperature range may have slightly reduced the strengths of both interfacial and intermolecular
forces. However, it is the shift of the balance between the two that leads to the structural

transformation (Figure 6b). It will be interesting to conduct studies using isothermal annealing
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and quantify the complex crystallization kinetics.”® Previously, such a procedure was used on
methanol thin films for the two-stage crystallization process, with much longer annealing times
required for lower temperatures.”’ A similar behavior is found in ethanol thin films in
preliminary experiments. This suggests that temperature is a major determining factor for phase
transitions of molecular assemblies.

We note that different rates of intensity increase are seen for different diffraction streaks
during the formation of the monoclinic structure (Figure 8a, middle light purple region). The (10)
intensity, which is associated with the in-plane interchain direction formed with vdW forces, sees
a clear delay and a slower rate in its increase compared to the (01) and (02) peaks associated with
the HB direction. Thus, this result suggests a preference for the growth of HB chains followed by
the chain packing during the formation of the 2D layers (Figure 3b); a mature film is reached
at >125 K (Figure 8a). An aligned stacking of the 2D layers to form 3D-ordered crystals takes
place only at an even higher temperature a few degrees prior to the film desorption (Figure 8a,
dark purple region). By analyzing and separating the corresponding diffraction features, an
estimate of the decreasing contribution by 2D ethanol layers and the increasing contributions by
3D ethanol crystals and the desorbed HOPG surface can be obtained (Figure 8b). The 2D-to-3D
crystal growth goes on gradually and is still not completed after significant desorption begins.
Such an observation is consistent with a previous report that a 3D single crystal could be grown
at a temperature very close to the melting temperature.”' As for the rise of the HOPG diffraction
intensity, two desorption mechanisms are possible: in a layer-by-layer fashion keeping more
uniform coverage or in patches producing island-like morphology. Either way allows more
probing of the supporting surface, by penetrating a thinner ethanol film or by accessing an

increasing area of exposed HOPG. From the analysis of the diffraction width we are not able to
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reach a conclusion. Further investigation using isothermal annealing at a lower temperature with

a slower desorption rate may be needed to determine the mechanism.
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Figure 8. Diffraction intensities and structural contributions of multilayer ethanol films with a
nominal thickness of 10 nm, during annealing and desorption. (a) Intensities of the side-streak
regions related to the (01), (10), and (02) diffractions of bulk-like ethanol. The light blue, light
purple, and dark purple regions specify the temperature ranges for the presence of the near-
commensurate interfacial structure, stacked 2D layers, and 3D-ordered monoclinic crystallites,
respectively. The decrease in intensity in the dark purple region signifies the loss of ethanol
molecules due to concurrent desorption. (b) Diffraction intensities extracted from the center
streak regions contributed by the HOPG, 2D-layered ethanol, and 3D-ordered ethanol structures.
The structural conversion becomes accelerated in a temperature range similar to the onset of
desorption, which implies the importance of increased molecular energy and mobility to the

observed physical processes.

4. Conclusion

The ordered structures and unique phase-transition behavior of nanoscale ethanol films on
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HOPG were studied using RHEED. The clear thickness- and temperature-dependent effects on
the assembly structures in the temperature range between <100 K and 150 K, at an average
ramping rate of 1.3 K/min, are the results of a delicate balance of the interfacial and
intermolecular forces as well as the molecular energy. Because of the proximity to the HOPG
surface, an interfacial structure is dominant in ultrathin films with a thickness of <1.5 nm, which
is near-commensurate with a 4x2 supercell with respect to the graphene lattice at all
temperatures until desorption. However, a lattice strain exists due to the slightly stretched
hydrogen bonds, and therefore an increase in either the film thickness or the temperature can
relieve the strain as a result of the diminished interfacial influence. For thicker films of 2 nm and
above, the upper part above the interfacial ethanol structure undergoes multi-stage phase
transitions, from an amorphous solid to adoption of the interfacial structure to a 2D-layered film
to finally the monoclinic crystalline structure before desorption. Details of the crystallization
kinetics signify the preference for an in-plain growth of the HB chains first, followed by the
interchain vdW ordering. In addition, stacking of the 2D layers may be assisted by the terraced
HOPG topography through a lattice-matching template effect. These rich structural forms and
transformations of ethanol allow a closer look at the interplay between forces of different
strengths near a substrate surface. Given the complex interfacial behavior, it is highly beneficial
to use RHEED (and grazing incidence x-ray or neutron diffraction) as a direct structure-probing

and non-contact method.

Supporting Information
The Supporting Information is available free of charge.

RHEED images of a fully-annealed 10-nm-thick methanol thin film and a 10-nm-thick
ethanol thin film annealed up to 114 K
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