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The asymmetric and achiral character of caffeine (C8H10N4O2) leads to two on-surface chiralities which
has an impact on its on-surface formation. An analysis of its on-surface behavior reveals new insights of its
crystallite growth. In this study the structural formation of caffeine monolayers on a Au(111) surface was
analyzed by scanning tunneling microscopy (STM), low energy electron diffraction (LEED), x-ray photoelectron
spectroscopy (XPS), and density functional theory (DFT) calculations. The monolayers were prepared by
molecular beam epitaxy (MBE) and analyzed at room temperature. Caffeine molecules self-assemble in a
quasihexagonal phase on Au(111) similar to the high-temperature α phase. Two mirrored hexagonal domains
are present with respect to the surface. Within the XPS measurements, no strong surface interaction was found.
Therefore, a theoretical analysis of a hypothetical free-standing caffeine monolayer structure was performed by
ab initio simulations. We found that a caffeine monolayer with three molecules per unit cell is preferable to one
with just a single molecule, as could be expected from the LEED pattern.

DOI: 10.1103/PhysRevB.101.245414

I. INTRODUCTION

Structurally, caffeine bulk crystals show a polymorphic
behavior with a stable β phase and a metastable high-
temperature α phase [1]. In 2005 and 2007, the structures of
the α and β phase were determined by Derollez et al. [2] and
Lehmann et al. [3], respectively.

The fabrication of thin layers of caffeine gathered in-
terest in recent years and structural investigations of caf-
feine crystal growth in thin films on various substrates
were performed [4–6]. Especially the study of the growth
process for defined fabrication of organic thin films is of
interest and Röthel et al. found preferable orientations of
caffeine crystals on ionic substrates like mica, NaCl, and
KCl [7].

As the caffeine molecule is a xanthine derivative with
the molecular structure shown in Fig. 1, the asymmetric and
achiral character of it leads to two on-surface chiralities. This
prochiral character could have an impact on its monolayer
formation [8,9]. A similar behavior was found for the related
xanthine derivative theophylline on Au(111) [10]. Therefore,
an analysis of the monolayer of the asymmetric caffeine
molecule reveals insights into the molecule-substrate interac-
tion and its on-surface assembly which could lead to prefer-
able orientations with respect to the substrate. To study these
interactions and the influence of the on-surface chirality of
caffeine in a combined theoretical and experimental approach,
we used a Au(111) surface as a simple and accessible model
system.

Hence, we report on the monolayer formation of caffeine
on Au(111) characterized by scanning tunneling microscopy
(STM), low-energy electron diffraction (LEED), x-ray

photoelectron spectroscopy (XPS), and density functional the-
ory (DFT) calculations.

II. EXPERIMENTAL SETUP

A. Sample preparation

Commercially available anhydrous caffeine powder from
Sigma-Aldrich, with purity > 99%, was used in our investi-
gation. In order to obtain caffeine monolayers, the molecules
were evaporated by molecular beam epitaxy (MBE) from a
Knudsen effusion cell [11] in an UHV chamber. The base
pressure was below 5 × 10−10 mbar. The Au(111) substrate
was obtained from MaTecK with a purity of 99.999%. A
clean, reconstructed surface was prepared by repeated cycles
of Ar+ sputtering with a kinetic energy of Ekin = 800 eV and
at an incidence angle of � = 45◦, followed by annealing at
T ∼ 700 ◦C.

The caffeine film thickness determination was performed
by a quartz crystal microbalance (QCM) and a TM14 thick-
ness monitor by PREVAC, assuming the density of the high-
temperature α phase (ρ = 1.45 g cm−2) [2]. The monolayer
height was approximated to one half of the height of the
α-phase unit cell with hmono = c

2 = 3.45 Å, which consists of
two different layers of caffeine molecules [2].

At standard conditions, caffeine powder sublimates at
178 ◦C [12]. At a base pressure of 5 × 10−10 mbar and
a sublimation temperature of 85 ◦C, we measured rates of
∼0.005 Å s−2 caffeine deposition with the QCM. In order to
decrease the deposition time, an evaporation temperature of
100 ◦C was used while preparing the sample. The sublimation
process was checked by analyzing the residual gas with a
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FIG. 1. Molecular structure of caffeine (C8H10N4O2) and assign-
ment of numbers to atoms within the molecule.

quadrupole mass spectrometer. The characteristic caffeine
cracking pattern, including the main peak at 194 u indicating
intact caffeine molecules, was observed [13].

Furthermore, the XPS measurements of the adsorbed
monolayer reveal results similar to the XP spectra of gas-
phase caffeine [14], indicating intact caffeine molecules on
the surface. Also, the XP spectra of the Au 4 f signal re-
main intact without any spectroscopic hint of a chemical
bond between Au and caffeine as shown in the Supplemental
Material [15].

Before deposition, the caffeine powder was carefully de-
gassed at ∼70 ◦C. Deposition of one monolayer caffeine was
achieved by applying a Knudsen cell temperature of T ∼
100 ◦C for ∼120 s with a deposition rate of ∼0.03 Å s−2.
The results of the film thickness determined by QCM were
confirmed by XPS. After deposition, well-ordered caffeine
monolayer films were achieved by heating the substrate to
∼80 ◦C for ∼10 min. LEED was used to verify the surface
reconstruction and to check the quality of the monolayer.

B. STM measurements

All STM measurements were performed at room temper-
ature with an Omicron STM using an electrochemical etched
tungsten tip, which was prepared in situ. Voltage and current
set points were adapted for each measurement to obtain the
best result. Post processing, lattice constant determination,
and data visualization of the STM measurements were carried
out by the software package Gwyddion [16]. The lattice con-
stants were determined from the STM measurements using
2D-fast Fourier transform (FFT) and autocorrelation function
(ACF).

C. XPS measurements

XPS measurements were performed at beamline 11 at
the synchrotron radiation facility DELTA, TU Dortmund,

Germany [17]. For these measurements, the in situ preparation
was repeated at a base pressure of 5 × 10−11 mbar.

For a quantitative analysis, a peak fitting procedure was
carried out for all XP spectra in order to precisely determine
peak intensities and different chemical bonding environments.
A convolution of Doniach-Sunjic and Gauss functions was
applied to all XP spectra [18]. With this line shape and a
Tougaard background, the asymmetric shape of transition
metals and metalized elements can be described [19]. Also,
for the adsorbed molecular spectra, an asymmetric line shape
is common [20]. The UNIFIT 2017 software package [21]
was used since it offers a variety of in-depth XPS analysis
procedures, such as applying fit functions and a Tougaard
background as previously mentioned.

D. Density functional theory calculations

DFT calculations were performed using the FHI-aims
package [22] with a “tight” basis set (as shipped with the
FHI-aims package) and the exchange-correlation functional
PBE [23]. Long-range dispersion was included via the TSsurf

correction [24]. For all DFT calculations, the following self-
consistency thresholds were used: 1 × 10−6 eV for the total
energy, 1 × 10−6 electrons for the total density, and 1 ×
10−3 eV for the sum of eigenvalues. The interaction between
individual molecules was calculated using open boundary
conditions. To calculate the caffeine/gold interface system
we employed the repeated slab approach with a 7 × 7 × 1
Monkhorst-Pack [25] k-point grid, a cell height of 80 Å, and
dipole correction [26] to electrostatically decouple vertical
replicas of the system. As a substrate we used a slab consisting
of four layers of gold with a lattice constant of 4.175 Å. For
the occupation of the bands we used Gaussian broadening
with a width of 0.1 eV. The geometry optimization was
performed with fixed substrate and relaxing the molecules
until the remaining forces fell below force threshold of
0.05 eV Å−1.

For the diffraction simulation the geometry-optimized on-
surface structure of caffeine was used, but without the sub-
strate, i.e., as a free-standing monolayer. To simulate the
diffraction pattern, kinematic diffraction theory was used.
Specifically, the location and intensity of the peaks was
calculated using the square of the structure factors n �G =∑

atoms fatom( �G) × exp (−i �G�ratom) where �G and �ratom are the
reciprocal lattice vectors of the crystal and the location of
atoms in the unit cell, respectively. The atomic form factors

were calculated with fatom( �G) = ∑n
i=1 ai exp [−bi(

�G
4π

)
2
] with

ai and bi taken from [27].

III. RESULTS AND DISCUSSION

A. Dense monolayer formation

Dense caffeine monolayers were prepared by substrate
heating at ∼80 ◦C for ∼10 min after molecular deposition of
nominally ∼1.3 ML. Using this method, we found a caffeine
molecule assembly on Au(111), as shown in an overview
image in Fig. 2(a). At this coverage, the STM images show
a homogeneous, ordered molecular film with some caffeine
islands on top. A closer look at the phase is shown in Fig. 2(b),
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FIG. 2. STM images of caffeine adsorbed on Au(111). (a) Af-
ter heating the substrate at 80 ◦C for 10 min the caffeine film of
∼1.3 ML coverage is found homogeneous with some islands on top
(500 × 500 nm, 10 pA, −2.0 V). (b) Close-up view of the surface
with hexagonal caffeine monolayer formation on Au(111). An angle
of 10 ± 3◦ was observed between the substrate [11̄0] direction and
the caffeine [54̄1̄] direction. (36 × 36 nm, 17 pA, −1.0 V).

and will be discussed in more detail later. At lower coverages,
it is more likely that the STM tip drags molecules across the
surface, which limits the resolution. As a consequence, we
were not able to find densely packed caffeine molecules at
lower coverages at room temperature with the STM.

Figure 3 shows STM images of a caffeine monolayer on
Au(111). The averaged nearest neighbor distance of caffeine
molecules in the STM images is 8.7(9) Å with an angle of
60 ± 3◦ between two nearest neighbors. Beneath the adsorbed

FIG. 3. (a) STM image of a caffeine monolayer on Au(111)
with two mirrored film domains separated by a substrate step
edge (19 × 19 nm, 16 pA, −1.0 V). (b) Fast Fourier transform cor-
responding to (a) showing 12 spots. (c) Domain border of a
dense caffeine monolayer on the same substrate terrace (28 ×
28 nm, 17 pA, −1.0 V). (d) STM image of a caffeine monolayer on
Au(111) (11 × 11 nm, 15 pA, −1.0 V).

FIG. 4. (a) LEED pattern of the caffeine monolayer formation
on Au(111) recorded at an electron energy of Ekin = 20 eV. On

top of the LEED image the LEEDpat simulation of a (6 4
2 6) or

2
√

7 and a (10/3 2/3
8/3 10/3) or 2

3

√
21 unit cell is printed in red and its

mirrored domain in blue. The green circles represent a diffraction
simulation performed with the ab initio simulated surface structure
where the spot intensity corresponds to the simulated diffraction
intensity. (b) Structure model of one domain with single caffeine
molecules represented in red and the Au substrate in yellow. One
2
3

√
21 and a 2

√
7 unit cell are shown in blue and black, respectively.

molecules, the herringbone reconstruction of the substrate is
still visible. The herringbone reconstruction can be used to
identify a rotation angle of 10 ± 3◦ between one hexagonal
film axis and the Au[11̄0] direction. Note that the STM images
were taken at room temperature and distortions and slight
shear are present in these measurements. To validate the val-
ues measured with STM, LEED measurements are presented
later in this work. Additionally, no structural change of the
herringbone reconstruction was found due to the adsorbed
caffeine film, which is an indication for weak adsorbate-
substrate interaction [28].

Using x-ray photoemission spectroscopy (see the Supple-
mental Material [15]), we found that the energy of the gold
core-electron levels hardly shift upon deposition of caffeine
and no new components are observed. Considering that the
expected effect should be small, a more surface sensitive
measurement was performed at an emission angle of 60◦ and
no modification in the Au 4 f signal was visible. The XP
spectra of C, N, and O are also very similar to the caffeine
spectra in the gas phase. For more details see Sec. III B. Those
two findings allow us to conclude that no noteworthy chemical
interaction between molecules and substrate occurs.

Furthermore, the STM images show that the caffeine
molecules are present in two distinct domains rotated by
20 ± 3◦, which is a consequence of the angle of ±10 ± 3◦
towards the Au[11̄0] direction. Figure 3(a) shows two differ-
ent domains separated by a substrate step edge, indicating
the domain rotation with white and blue lines. Figure 3(b)
displays the result of a fast Fourier transform (FFT) applied to
the data of Fig. 3(a). It clearly reveals 12 spots corresponding
to the two hexagonal domains, rotated by an angle of 20 ± 3◦
averaged over several STM images in which both domains
are present. The experimental uncertainty depends largely
on the measured shear. Therefore, we consider the LEED
experiment, which will be shown later in Fig. 4, to be more
authoritative with respect to the measured angles.
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Two types of domain borders are present in the caffeine
monolayer film. One is a sharp domain border at substrate step
edges, which spatially separates the domains, and is shown in
Fig. 3(a). In contrast, a dividing line between both mirrored
films on the same substrate terrace has been detected, as
shown in Fig. 3(c) marked by a semitransparent blue line. This
second boundary is a twin boundary, due to the chiral growth
of the caffeine domains. These types of borders show no sharp
edges, which is likely an indication of high mobility of the
molecules at room temperature.

Figure 4(a) shows a LEED measurement recorded at Ekin =
20 eV, confirming the monolayer growth in a hexagonal
pattern and its two distinct domains with a rotation angle
of 11.0(8)◦ towards the Au[11̄0] direction measured across
several LEED images at different energies. Note that the
LEED spot intensity of the caffeine monolayer decreases for
higher electron energies. Thus, the spots were not clearly
visible above a kinetic energy of ∼30 eV. Therefore, it was
not possible to take an image with both Au and caffeine
spots at the same time, as Au(111) spots enter the screen
above ∼50 eV. Instead, we used a series of images at different
kinetic energies to measure the angles and distances. Excerpts
of one LEED series are presented in the Supplemental Ma-
terial [15]. The measured distances are plotted vs 1/

√
E and

fitted with a linear regression through the origin to estimate
the nearest neighbor distance of caffeine in relation to a
Au-Au distance of 2.884 Å [29]. Using this method further
described in [30], a nearest neighbor distance of 8.6(3) Å
was obtained from the LEED pattern, which is in perfect
agreement to the nearest neighbor distance resulting from
the STM measurements. The LEED image also reproduces
the 2D-FFT image in Fig. 3(b), which indicates these two
domains being predominantly present at the surface.

A structural analysis of the STM and LEED results, ne-
glecting surface reconstructions, indicates a strong periodicity
in form of a quasihexagonal superlattice (3.3(3) 0.66(6)

2.6(3) 3.3(3) ) and

its mirror-symmetric counterpart ( 3.3(3) 2.6(3)
0.66(6) 3.3(3)) with basis

vectors shown in Fig. 4(b). This can be approximated as
fractional numbers to be a (10/3 2/3

8/3 10/3) and its corresponding

mirrored (10/3 8/3
2/3 10/3) unit cell. The small size of the unit

cell and the possibility to formulate the epitaxy matrix in
fractional numbers indicates that there is either only a single
molecule per unit cell, which forms a higher-order commen-
surate structure, or several, chemically similar molecules in a
larger, potentially commensurate unit cell. In Fig. 4(b) both
unit cells are presented with a model of one domain with
single caffeine adsorbates represented in red, and substrate
gold atoms in yellow. The (10/3 2/3

8/3 10/3) unit cell, which reads

as a ( 2
3

√
21 × 2

3

√
21)R ± 10.9◦ unit cell in Wood notation and

hereafter called 2
3

√
21 is marked in blue. The three-molecule

(6 4
2 6) unit cell which reads as (2

√
7 × 2

√
7)R ± 19.1◦ unit

cell in Wood notation and hereafter called 2
√

7 is presented
in black. A short summary of the unit cell notations is given
in Table I. In the figures we provide the matrix notation of the
unit cells.

In order to assess the question whether all molecules are
equidistantly adsorbed with the same orientation in a 2

3

√
21

TABLE I. Representation of the different unit cell notations
present in this work. The epitaxy matrix notation is presented only
for one domain, the mirrored domain is described by the transposed
matrix. No. mols. represents the number of molecules per unit cell.

2
3

√
21 unit cell 2

√
7 unit cell

Wood ( 2
3

√
21 × 2

3

√
21)R ± 10.9◦ (2

√
7 × 2

√
7)R ± 19.1◦

Matrix
(

10/3 2/3
8/3 10/3

) (
6 4
2 6

)

No. mols. 1 3

unit cell or whether they are adsorbed with varying positions
and rotations in a three times larger commensurable 2

√
7

unit cell, we generated the respective LEED pattern using the
package LEEDpat [31] and depicted them in Fig. 4(a). The
LEED pattern arising from the 2

3

√
21 unit cell is shown in

the right half of the LEED image, while the left half displays
the result for the commensurate 2

√
7 unit cell. Red and blue

circles represent the spots for each domain subpattern. Note
that the generated LEED patterns at this stage only account
for the periodicity of the unit cell and not for the intensity of
the spots, which originates from the electronic structure (i.e.,
the structure factor) of the contents of the unit cell.

At this point, we employ ab initio simulations to gain fur-
ther insight into the monolayer formation. Taking into account
the weak interaction between molecules and substrate we can
model the surface system from first principles with density
functional theory in a three-step procedure. In a first step we
map the chemical interactions between pairs of molecules
in a free-standing monolayer of caffeine molecules to gain
insight into the molecule-molecule interactions. Then, as a
second step, we simulate the full molecule-substrate system
to show that the adsorption on Au(111) does not lead to
substantial changes in the physics of the system. As a third
step we simulate the diffraction pattern of the full molecular
monolayer using kinematic diffraction theory. The simulated
diffraction intensities are plotted as green circles in the lower
half of Fig. 4(a).

For the first step we modeled all possible interactions
between two molecules in a hypothetical free-standing mono-
layer. To do so, we first optimized the geometry of an isolated
caffeine molecule and then oriented the quasiplanar molecule
parallel to the surface orientation (xy plane). Second, we
calculated the interaction energy between one fixed molecule
and a second one at different locations and rotations relative to
the first molecule. Because we cannot calculate all continuous
relative arrangements exhaustively, we introduced a suitable
discretization: For the translational discretization we used
a hexagonal grid with a spacing of 0.738 Å (1/4th of the
minimal Au-Au distance of the simulation). The molecule was
allowed to rotate in steps of 30◦ around the central pyrimidine
ring. The fact that caffeine can adsorb on the surface in two
mirror-symmetric ways leads to two fundamentally different
cases on the surface, namely the interaction of two molecules
with same, and two molecules with different on-surface chi-
rality.

Figure 5 shows the interaction energies between two caf-
feine molecules without substrate. An attractive and repulsive
interaction of the respective molecule pair is represented by
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FIG. 5. Discretized pairwise interactions of caffeine molecules in a free-standing monolayer in two chiral arrangements (a) and (b). In the
bottom right corner of both plots the in-plane geometry of a molecule, relative to the centered fixed molecule, is shown with the corresponding
arrow in the center of the pyrimidine ring. The arrows represent the energetically most favorable in-plane rotation of the second caffeine
molecule at each respective location. The insets visualize the interaction energies for all different rotations at the energetically most favorable
positions in each of the three energetically favorable areas. (a) Pair interaction energies for both molecules with the same on-surface chirality.
(b) Pair interaction energy results for different surface chirality.

blue and red colors, respectively. The arrows indicate the en-
ergetically most favorable orientation of the second molecule
with respect to the fixed central one for each discretized
position. In the bottom right corner of both plots, the in-
plane geometry of a molecule, relative to the centered fixed
molecule, is shown with its corresponding arrow in the center
of the pyrimidine ring.

When both molecules have the same on-surface chirality,
as shown in Fig. 5(a), there are three distinct regions where
the interaction is attractive. Importantly, in neither of these
regions is it energetically favorable to align the molecule
parallel; rather, it is energetically more favorable to align
them antiparallel or slightly rotated with respect to each
other. Similarly, when both molecules exhibit the opposite on-
surface chirality, the energetically most favorable interaction
is obtained when rotating the molecules relative to each other
as shown in Fig. 5(b). An exception to this rule is the region
on the left side of Fig. 5(b) where a parallel alignment of
mirrored molecules is favorable. This could only explain 1D
lines, consisting of at least two prochiral molecules per unit
cell, and cannot be used to build full 2D homochiral surface
structures. As a consequence, it seems unlikely that caffeine
would form a monolayer with a single molecule per unit
cell, where all molecules would have to be oriented the same
way.

With these findings we can dismiss the possibility of a
unit cell containing only a single molecule, as this would
require a parallel alignment, which is energetically highly
unfavorable. Instead, the true surface structure model must
contain more than one molecule in the unit cell. For this
surface structure model, we consider the monolayer film as
the smallest superlattice, which is commensurable with the
Au(111) substrate. This superlattice is described by the 2

√
7

unit cell which retains hexagonal symmetry, has a lattice
constant of 15.2 Å with respect to an unreconstructed Au(111)
surface, and contains three molecules. It is shown in black in

Fig. 4(b). For this unit cell, neglecting the structure factors,
the LEEDpat simulation is plotted in red and its mirrored
counterpart in blue circles at the top of the left side of
Fig. 4(a). Based on the LEEDpat simulation one would expect
that the larger 2

√
7 unit cell yields more LEED spots, which

is indicated in Fig. 4(a) on the left side.
To get more insight into the geometric arrangement of

the tight-packed molecular monolayer, we tried to find the
energetically most favorable caffeine arrangement within this
given supercell. For this purpose, we used parts of the ideas
of the structure-search algorithm SAMPLE [32], as explained
hereafter. Within the above-described discretization, we first
set up all possible structures with three caffeine molecules
that fit into the unit cell. Then we used the interaction en-
ergies calculated in the gas-phase to evaluate the relative
energies of all those possible structures. A ranking of all
possibilities reveals the energetically most favorable structure,
which manages best to counterbalance repulsion caused by
tight packing and attraction due to favorable intermolecular
interactions. Note that due to the tight-packing constraint the
energetically most favorable pairs are not necessarily part of
the best densely packed structure. A geometry optimization
of the best structure on the Au(111) surface yields an ad-
sorption energy of around −1.1 eV per caffeine molecule,
which is in the expected energy range for physisorption of
molecules of this size [33,34]. Notably, the found structure
requires a heterochiral assembly of caffeine molecules to get
an energetically favorable structure. In this assembly the ratio
of caffeine molecules of both on-surface chiralities is 1 : 2 and
vice versa for the mirrored domain. During the optimization
the caffeine geometry did not change substantially, which
corroborates the applicability of the two-step approach. The
optimized structure is shown in Fig. 6 and was then used to
calculate the core level shifts. For further details, the whole
simulation results are available free of charge through the
NOMAD database under [35].
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FIG. 6. Geometry-optimized monolayer of caffeine with three

molecules in a (6 4
2 6) or 2

√
7 unit cell on Au(111). The three

molecules within a unit cell are aligned in the structure that yields the
best energy per area (rather than per molecule), balancing out repul-
sive interactions due to tight packing with attractive intermolecular
interactions. The three molecular orientations are marked by letters
A, B, and C. The surface basis vectors v1 and v2 are indicated. The
radii used for the atoms shown are 1.2 times the respective covalent
radii.

At this point, one question remains unanswered: If the
unit cell is three times the size, why does the LEED pattern
fail to exhibit the additional spots indicated in Fig. 4(a)? To
answer this question, we performed a diffraction simulation
using the atomistic geometry of our calculated structure (as
visualized in Fig. 6) and kinematic scattering theory. This
simulation takes local atomic structure factors, and thus ex-
tinction of superfluous peaks, into account. The results are
depicted in Fig. 4(a) with green circles, where the intensity
of the peaks represents the calculated diffraction intensities.
The diffraction simulation shows that the first-order spots for
the three-molecule structure in a 2

√
7 unit cell are very weak

with an intensity ratio of approximately 1 : 33 compared to
the bright spots corresponding to the first order of a 2

3

√
21

unit cell. Thus, the diffraction simulation provides a suitable
explanation for the lack of an observable signal of the three-
molecule unit cell, as the seemingly superfluous peaks almost
vanish due to in-cell extinction.

The hypothesis with three molecules per unit cell is also
in accordance with previous studies of caffeine in the high-
temperature α-phase polymorph [2,4]. Derollez et al. pro-
posed a structure for α-caffeine in a trigonal bulk crystal
including a dynamically disordered relation of the caffeine
molecules in a R3c space-group unit cell. The estimated
parameters of the trigonal unit cell are a = 14.94 Å and c =
6.90 Å [2]. Their proposed lattice constant is in excellent
accordance with our estimated value of 15.2 Å. In the unit

cell they assumed two quasihexagonal layers of caffeine
molecules with a height difference of ±c/6 for alternating
molecules in one layer. For a monolayer, this height difference
is not expected and we could not find any indications for it in
our measurements. The previously estimated molecule nearest
neighbor distance of 8.6(3) Å, as suggested by the STM and
LEED data, is in accordance with the three-molecule unit
cell model, since there is a uniform distribution of molecules
within the unit cell.

B. Core level photoemission spectroscopy

XPS measurements were carried out in order to study
the surface and intermolecular interactions. To test our hy-
pothesis, we compare the experimental data of the C 1s, N
1s, and O 1s electrons of the monolayer film with the core
levels of the hypothetical, free-standing adsorbate (shown in
Fig. 6) obtained by DFT. The preparation of the caffeine
monolayer was performed as described in the method section
and was validated by LEED. All XP spectra were fitted by
applying a convolution of a Doniach-Sunjic, a Gauss function,
and a Tougaard background. The molecules’ XP spectra are
compared with the molecular core levels in the initial-state ap-
proximation, which assumes the relative core-level eigenvalue
shifts of the undisturbed system to correspond to relative XPS
peak shifts. We expect that surface effects affect all atoms
the same way. The calculated results were aligned against
the experimental peak with highest kinetic energy for an easy
comparison of relative shifts of single components [36].

The molecular core levels were broadened by a Voigt
profile with respective Gauss and Lorentz parameters in accor-
dance with experiment. To reduce complexity and increase in-
terpretability, the molecular core levels of the three molecules
were grouped into chemically related components, which are
indicated in the spectra. All components’ grouped simulated
energy positions are presented in the Supplemental Material
[15].

Figure 7 shows the C 1s signal, recorded with a photon
energy of hν = 340 eV and at normal emission. It consists of
five different components, resulting from a sum of the signals
of eight carbon atoms within the caffeine molecule. Com-
ponent A was found at a kinetic energy of Ekin = 51.94 eV
with �E = 1.1 eV full width at half maximum (FWHM), an
asymmetry factor of α = 0.05, and an area of 49% of the
complete signal. With the results of Plekan et al. [14] on
gas-phase caffeine, component A is assigned to the carbon
atoms C5, C10, C12, and C14 as labeled in Fig. 1. Component
B is assigned to C8 and C4. C is assigned to the carbon
atom C6. Component D is assigned to the carbon atom C2. A
satellite peak caused by a π → π∗ transition was found in the
signal with an energy of −4.51 eV relative to A with FWHM
of 1.7 eV, α = 0.07, and an amount of 7% of the complete
signal, which is common in organic adsorbate XPS [37].

For the C 1s signal all experimentally estimated values and
the relative energy shifts for the experiment and simulation
are shown in Table II. Figure 7 compares the experimental
spectrum with the shifts obtained by the DFT calculations,
showing a well reproduced line shape. The respective kinetic
energies of the components of the simulated spectrum are
shown in the Supplemental Material [15]. The relative energy
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FIG. 7. C 1s core-level XPS of caffeine on Au(111) recorded at
a photon energy of hν = 340 eV and at an emission angle of � =
0◦. The assignment of carbon atoms A, B, C, and D is indicated by
green circles. In the bottom panel, the simulated XP spectrum of the
caffeine monolayer is shown.

shift �Esim in Table II refers to component A of the carbon
1s signal. The computed difference between the peaks of
components A and B is 0.25 eV lower than in the experiment.
The computed energy differences of components C and D
with respect to A agree within 0.1 eV with the experimental
analysis.

Figure 8 displays the N 1s signal recorded at a photon
energy of hν = 500 eV. The spectrum consists of four com-
ponents, corresponding to the four nitrogen atoms of the
molecule. Each component amounts to ∼25% of the signal
area, with a FWHM of ∼1.4 eV, and an asymmetry factor of
α ∼ 0.02. All experimentally estimated values and the relative
energy shifts for the experiment and simulation of the N 1s
signal are shown in Table III. The energy difference between
the simulated components N1, N3, and N7 is smaller than the
measured experimental difference between those components.
The signals of N1 and N7 are separated by 1.05 and 0.60 eV in
the experimental and simulated data, respectively. In compar-
ison to gas-phase caffeine, the FWHM values are increased as
expected [38]. The comparison of the experimental data to the

TABLE II. Experimental and simulated C 1s core-level XPS
energy shifts for caffeine on Au(111) assigned to the different
components which are shown in Fig. 7. In addition, the experimental
full width at half maximum (FWHM), asymmetry factors α, and the
relative area of the components are shown.

C 1s Ekin (eV) �Esim (eV) FWHM (eV) α Rel. area

A 51.94 1.1 0.05 49%
B −1.39 −1.14 1.6 0.05 23%
C −2.15 −2.12 1.1 0.05 10%
D −2.66 −2.72 1.2 0.05 11%
π → π∗ −4.51 1.7 0.07 7%

FIG. 8. N 1s core-level XPS of caffeine on Au(111) recorded at a
photon energy of hν = 500 eV and at an emission angle of � = 0◦.
The simulated XP spectrum of the caffeine monolayer is shown in
the bottom panel.

DFT simulation on Au(111) shows a good agreement between
the two spectra.

Additionally, the oxygen O 1s signal was recorded at a
photon energy of hν = 650 eV, as shown in Fig. 9. The
individual signals of the two oxygen atoms were not separated
in the spectrum, thus only one component was observed. This
component is located at a kinetic energy of Ekin = 114.44 eV
with �E = 1.8 eV FWHM, and an asymmetry factor of α =
0.08. Also, the energy difference between the two components
calculated in the simulation is small with �E = 0.08 eV and
could not be resolved in the experiment. We thus would not
expect it to be resolvable experimentally.

The XP spectra of adsorbed caffeine are in excellent accor-
dance with previous XPS results of caffeine molecules in gas
phase by Plekan et al. [14], and with our calculated values. In
our experimental XPS analysis we cannot distinguish between
different molecular unit cells, and we cannot disprove the
three-molecular unit cell. Since a single molecular unit cell
is proven unlikely by the other methodologies, we consider
that all performed measurements support the three-molecular
unit cell hypothesis.

IV. CONCLUSION

In this work we found the formation of a densely packed
monolayer of caffeine molecules on Au(111) in two different
domains. The molecules form a quasihexagonal structure with

TABLE III. Experimental and simulated N 1s core-level XPS
energy shifts for caffeine on Au(111) assigned to the different
components which are shown in Fig. 8. In addition, the experimental
full width at half maximum (FWHM), asymmetry factors α and the
relative area of the components are shown.

N 1s Ekin/�E (eV) �Esim (eV) FWHM (eV) α Rel. area

N9 97.33 1.4 0.02 26%
N1 −1.21 −1.41 1.4 0.02 25%
N3 −1.89 −1.62 1.4 0.02 25%
N7 −2.26 −2.01 1.4 0.02 24%
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FIG. 9. O 1s core-level XPS of caffeine on Au(111) recorded at
a photon energy of hν = 650 eV and at an emission angle of � = 0◦.
The bottom panel shows the simulated XP spectrum of the caffeine
monolayer.

a nearest neighbor distance of 8.6(3) Å and an angle of
±11.0(8)◦ towards the [11̄0]-Au axis for each domain, re-
spectively. This quasihexagonal structure was observed in real
space with STM and in reciprocal space with LEED and can
be described as a (10/3 2/3

8/3 10/3) and its corresponding mirrored

(10/3 8/3
2/3 10/3) unit cell or as ( 2

3

√
21 × 2

3

√
21)R ± 10.9◦ with

respect to an unreconstructed Au(111) surface. The further
investigation with DFT calculations of a hypothetical free-
standing monolayer dismissed this hexagonal superstructure
with only one molecule in the unit cell. This is due to the fact
that the energetically most favorable in-plane rotations be-
tween two molecules are different for the different positions.
Therefore, a configuration of differently oriented molecules
is energetically favorable compared to a structure with all
molecules aligned in the same orientation. Taking this into
account, we can describe the caffeine monolayer with a (6 4

2 6)

and its mirrored (6 2
4 6) superlattice or (2

√
7 × 2

√
7)R ±

19.1◦ with three caffeine molecules within a unit cell and a
lattice constant of 15.2 Å. This superstructure is the smallest
commensurable surface structure on the Au(111) surface,
which is in accordance with the experimental results. With

this superlattice we conducted ab initio simulations of the
intermolecular interactions in combination with monolayer
structure search, which led to a proposed geometrical struc-
ture, as shown in Fig. 6. This structure is in accordance with
the found LEED pattern as the diffraction simulation shows
that the intensity of the additional spots of the three-times
larger unit cell is 33 times weaker which was not resolv-
able in our experiment. The simulation suggests physisorp-
tion with low substrate-energy corrugation. Furthermore, the
optimized structure predicts a mixture of both on-surface
chiralities of caffeine in the unit cell for an energetically
favorable alignment. The ratio of both chiralities is 1 : 2 and
vice versa for the mirrored domain. In addition, the shifts
of the calculated molecular orbital energies are in accordance
to the experimental XPS results.

The caffeine monolayer structure found here is in excellent
accordance with previous studies on different substrates. A
hexagonal crystal structure was also found in surface mediated
crystals on substrates like silicon, silver, soda lime glass, and
silver subsurface ion-exchanged soda-lime silicate (SIMO)
glasses [5]. Similar results were found for the layers of
metastable hexagonal bulk crystals of caffeine discovered by
Derollez et al. [2].

Our structural model also highlights the influence of the
prochiral character of the achiral caffeine molecule on the
monolayer growth on Au(111). Therefore, the prochiral char-
acter might play a role in the formation of surface mediated
crystals on other substrates like the ionic crystals studied by
Röthel et al. [7].
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