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ABSTRACT Bisphenol A (BPA) is a chemical widely used in the synthesis
pathway of polycarbonates for the production of many daily used products. Besides
other adverse health effects, medical studies have shown that BPA can cause DNA
hypomethylation and therefore alters the epigenetic code. In the present work, the
reactivity and self-assembly of the molecule was investigated under ultra-high-

vacuum conditions on a Cu(111) surface. We show that the surface-confined molecule goes through a series of thermally activated chemical transitions.

Scanning tunneling microscopy investigations showed multiple distinct molecular arrangements dependent on the temperature treatment and the

formation of polymer-like molecular strings for temperatures above 470 K. X-ray photoelectron spectroscopy measurements revealed the stepwise

deprotonation of the hydroxy groups, which allows the molecules to interact strongly with the underlying substrate as well as their neighboring molecules

and therefore drive the organization into distinct structural arrangements. On the basis of the combined experimental evidence in conjunction with density

functional theory calculations, structural models for the self-assemblies after the thermal treatment were elaborated.
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(propane-2,2-diyl)diphenol, Figure 1a)

is a chemical commonly employed in
polymerization reactions, e.g., for the fabrica-
tion of polycarbonates widely used in prod-
ucts such as optical media, lenses, and
bottles. The high exposure to humans due
to its use in plastics for food and beverage
packaging has brought this chemical into
the public eye. It has been shown to be a
hormone mimic, and as an artificial estrogen
it is linked to infertility’ and other health
hazards? Additionally, BPA is under sus-
picion of interfering with DNA methylation
processes,>* a natural procedure for activa-
tion and silencing of certain genes playing
a pronounced role in DNA error correc-
tion. In nature, DNA methylation is perfor-
med by methyl-transferase proteins, but
environmental influences such as chemicals
have also been reported to trigger or

B isphenol A (BPA, systematic name: 4,4'-
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suppress the methylation processes and thus
altering the so-called epigenetic code. How-
ever, at present, there is a lack of mechanistic
insight of the molecular events and the role of
the BPA functional moieties in this process. To
aid the comprehension of such effects in a
complex biological environment, it is of inter-
est to develop a detailed understanding of
the molecule's behavior and reactivity at well-
defined conditions, herein provided by an
atomistically clean metal surface lattice under
ultra-high-vacuum (UHV) conditions. Pre-
vious studies of molecules of biological im-
portance adsorbed on metal surfaces have
shown that the intermolecular interactions
are very sensitive to changes in the chemical
state of the molecules and are manifested by
metamorphoses of the molecular self-
assembly.” 8 The reactivity of specific func-
tional groups and the activation of certain
reactive groups in a precise manner can alter
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Figure 1. Bisphenol A: (a) molecular structure and (b) DFT
model of an adsorption geometry on Cu(111) with one
phenol unit pointing away from the substrate. C, O, H, and
Cu atoms are shown in black, red, white, and orange,
respectively.

the balance of intermolecular interactions, which in
turn enables certain reaction outcomes. In this context,
the stable functionalization of a surface with BPA
molecules might offer a precise trigger for controlling
the methylation processes of DNA bases and their
derivates. Hitherto the studies of the BPA reactivity
have focused on the biological,** chemical,®'® and
technological''~'* properties of BPA as a polymeriza-
tion component and the widespread related polymer
BPA polycarbonate.

Here we present a comprehensive study of the
temperature-dependent self-assembly and chemical
behavior of BPA adsorbed on Cu(111). The copper
template, which is offering a well-defined atomically
flat surface, was used as a catalytically active substrate
with the ability to anchor molecules so as to allow
formation of high-temperature phases. Scanning tun-
neling microscopy (STM) has proven to be a valuable
tool for the study of polymorphism and molecular self-
assembly of numerous organic molecules, including
drugs and nonplanar molecules.”>~"® X-ray spectros-
copy techniques are suitable for monitoring changes
in the chemical state and spatial orientation of the
molecules.>'°~22 With STM we observed four irrever-
sible transformations into five distinct molecular
assemblies as a function of the sample annealing
temperature. High-resolution X-ray photoelectron
spectroscopy (XPS) measurements were employed to
shed light on the chemical state of the molecules and
to correlate it to the STM data. Angle-resolved near-
edge X-ray absorption spectroscopy (NEXAFS) pro-
vided information concerning the orientation of the
molecules' aromatic rings with respect to the surface.
On the basis of the combined experimental evidence in
conjunction with density functional theory (DFT) cal-
culations, structural models for the self-assembly after
the thermal treatment were elaborated.

RESULTS AND DISCUSSION

Self-Assembly as a Function of Thermal Treatment. Upon
deposition (cf. Methods) onto a Cu(111) sample held
at ~260 K (Figure 2a), the BPA molecules assemble
into an irregular open porous network (henceforth
referred to as “network-phase”), which consists of
interconnected filaments built by BPA molecules.
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Figure 2. STM images of different structures of BPA on
Cu(111). The Cu(111) high-symmetry axes are indicated
in orange in images (a), (c), and (e). (a) Network-phase,
observed upon BPA deposition at a sample temperature
of ~260 K (13.2 x 13.2 nm?, I, = 120 pA, U; = 1.5 V) with
a trimer and two dimer motifs highlighted in purple and
green, respectively. (b) Magnification (4.4 x 4.4 nm?) of the
area indicated in (a) with the intermolecular spacings t; and
d annotated. (c) Dimer-phase observed after warming the
network-phase to 290K (9.7 x 9.7 nm?,/,=80 pA, U, =2.2V).
The (S)-mill and the unit cell are marked in blue and green,
respectively. (d) Magnification (4.4 x 4.4 nm?) of the area
indicated in (c) with d marking the spacing of the dimer.
(e) Trimer-phase observed after annealing the dimer-phase
t0 300—340 K (11.4 x 11.4 nm?, I;=90 pA, U;=2.5V). Two
facing trimers and the unit cell are indicated in red and
green, respectively. (f) Magnification (4.4 x 4.4 nm?) of
the area indicated in (e), with t, marking the molecule to
molecule distance within the trimer.

The filament-like sections in this phase are composed
of an even number of distinct protrusions paired
together in the STM image (highlighted in green in
Figure 2a,b), whereas the nodes comprise three pro-
trusions of similar appearance (purple in Figure 2a,b).
The coexistence of dimers and trimers excludes the
possibility that the bright protrusions are associated
with submolecular features, whence we conclude
that each bright protrusion corresponds to an integral
number of molecular units. Taking into account
the typical lateral separation among adjacent bright
protrusions, these can only correspond to individual
molecules. Warming the sample to ~290 K (room
temperature) results into a structure consisting purely
of dimers (“dimer-phase”), which assemble into chiral
mill-like structures (a motif is highlighted in blue in
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Figure 3. STM micrographs of the molecular chains.
(a) Type A: After annealing the sample to 470-570 K
(23 x 23 nmz, I = 120 pA, U; = 1.77 V) distinct protrusions
can be distinguished in STM images. (b) Type B: These
features were smeared out after annealing to ~700 K
(23 x 23 nm?, I = 120 pA, U, = 1.25 V) and the chains on
the surface appear less defined. The high-symmetry axes of
the Cu(111) substrate are indicated in orange.

Figure 2c) constituting a two-dimensional supramole-
cular network. Further annealing to temperatures
between 300 and 340 K causes the BPA layer to change
into a structure built up only from trimers (“trimer-
phase”, Figure 2e). The dimer- and trimer-phases fea-
ture a long-range-ordered structure and extend almost
free of defects over large areas (~ 50 x 50 nm?) of the
sample. Following annealing of the crystal to 470 K,
a new structure consisting of meandering chains with
identifiable molecular features appears. Figure 3a dis-
plays a typical STM image of this phase (“molecular
chains of type A”"), which is stable up to a tempera-
ture of 570 K. For higher annealing temperatures, the
boundaries between individual molecular features
start to blur, until no protrusions are distinguishable
within the chains for T > 700 K (“molecular chains of
type B”, Figure 3b).

As mentioned above, the network-phase consists
of filaments composed by dimers that are connected
by trimeric motifs (Figure 2a). These dimers are char-
acterized by monomers with a spacingofd= 11+ 1A,
which pair along the (110) directions of the underlying
copper substrate. The trimer molecules have a dis-
tance of t; = 9.1 &+ 1.0 A with respect to each other
with t; running close to the (112) Cu(111) directions
(Figure 2b). The pore size within the molecular network
varies appreciably between values of 3 to 22 nm?
although ~40% of these pores form a distinct star-like
motif with a measured pore size of 15—20 nm? These
six-pointed star-shaped pores consist of six dimer pairs,
connected by trimers (Figure 4). The differences in the
pore size and shape originate from small variations of
this assembly, such as an additional or missing dimer or
a different orientation of one of the dimer pairs. Within
the pores, streaks indicate diffusing molecules on the
surface imaged at 180 K.

The dimer-phase forming after heating the sample
to 290 K consists of six dimers arranged in a mill-like
structure. Although BPA is an achiral molecule, chirality
is expressed in its self-assembly in the dimer-phase.
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Figure 4. Star-shaped pores (a) observed in the network-
phase (17.6 x 17.6 nm? I, = 130 pA, U, = 1.5 V) and
highlighted in color along with (b) a schematic model of
this arrangement. The purple triangles and green rectan-
gles represent the trimers and dimers, respectively. The
high-symmetry axes of the Cu(111) substrate are indicated
in orange.

This organizational chirality is hierarchically transferred
from the formation of dimers, similar to multilevel
chiral structure formations in rubrene assemblies®®
and metallosupramolecular nanoporous layers.>* In
some of the centers of the mill structure one can
discern a protrusion of fuzzy appearance representing
a trapped molecule, whose diffusion is constrained
by the surrounding dimers. The spacing between
the molecules within the dimer is also d ~ 11 A along
the Cu(111) high-symmetry directions (Figure 2d).
The molecular superstructure can be described by a
hexagonal unit cell with a side length of a = 3.5 +
0.2 nm, rotated by ~12° with respect to the copper
(170} directions (Figure 2c). Notably, extended molec-
ular domains of both chiral mills (cf. Figure S1a) were
identified in our STM study with the two-dimensional
islands consisting solely of either (R)- or (S)-mills with-
out any chiral defects.

Similarly to the dimer-phase, in the trimer-phase
the molecules assemble in a highly ordered arrange-
ment with a unit cell side length of a=2.7 +£ 0.1 nmand
the axes rotated by ~14° with respect to the Cu {110)
directions (Figure 2e). The spacing of the individual
molecules in the trimer is t, = 9.7 + 0.5 A (Figure 2f).
Rotation of the overlayer unit cell with respect to the
substrate gives rise to six symmetrically equivalent
domains (Figure S1b).

Annealing to temperatures between 470 and 570 K
results in a random chain structure (type A) composed
of individual molecules linked together (Figure 3a),
at variance with the described network-phase, where
the filaments are formed from BPA dimers. The mole-
cule to molecule distance is ~9.6 A. Following anneal-
ing to 570 K, the individual features of the molecular
structure start to smear out. Further annealing to
700 K results in the loss of distinct features within the
chains (type B), which appear broader and more con-
tracted (Figure 3b). Concomitantly, the chain distribu-
tion becomes more irregular and the apparent height
decreases by ~0.4 A. It is noteworthy that while the
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Figure 5. High-resolution X-ray photoelectron spectra and
fitting of the C 1s (left) and O 1s (right) core levels corre-
sponding to (a) the network-phase, (b) the dimer-phase, (c)
the trimer-phase, (d) the molecular chains type A, and (e)
the molecular chains type B of submonolayer BPA adsorbed
on the Cu(111) surface. The annealing temperature used
for the formation of these phases is indicated between
the spectra, and the —OH to —O™ ratios are shown on the
right.

dimer-phase and the trimer-phase exhibit significant
surface mobility at room temperature, STM data of
the chain structures at the same temperature reveal
much higher stability, which is typical for strong inter-
molecular linking and/or a strong molecule—substrate
interaction. Interestingly, this series of irreversible struc-
tural transitions could not be observed on the more
inert Ag(111) surface, pointing to a decisive role of the
molecule—substrate interaction.

Chemical State and Molecular Orientation as a Function of
Thermal Treatment. In order to examine the driving force
of these changes in the structure of the molecular
assembly, additional synchrotron-based XPS and NEX-
AFS experiments were performed. While the C 1s
spectrum of BPA adsorbed on Cu(111) does not change
as a function of the annealing temperature from 260 to
520 K (see Figure 5, left), the O 1s spectra are signifi-
cantly affected by the thermal treatment. The C 1s
spectrum shows three signals at binding energies
of 284.3, 285.0, and 285.8 eV, which can be attributed
to the contributions of aromatic, aliphatic, and hydro-
xy-related aromatic carbon atoms, respectively.'’ The
O 1s spectrum of the network-phase can be fitted with
three peaks (Figure 5a, right). The signals at binding
energies of 532.7 and 531.1 eV can be assigned to the
oxygen of phenol (Ph—OH) and phenolate (Ph—07)
groups, respectively.”>*® BPA can act as a weak
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acid (pKx = 9.8)”” and has a higher probability of
hydroxyl group deprotonation than for example etha-
nol (pKx = 16), because the resulting species is stabi-
lized via the aromatic ring. A third signal appearing as a
high-energy shoulder of the O 1s spectrum at a binding
energy of 534.0 eV is attributed to H,O, originating
from the residual gases in the vacuum sticking to
Cu(111) during preparations at 140 K.28 The alternative
scenario of CO as a possible contaminant can be
ruled out, based on the cleanness of the C 1s signal.?’
The ratio of the relative intensities of the —OH:—0O~
group signals is ~1.3:1. This ratio indicates that ap-
proximately half of the BPA phenols in the dimer-phase
deprotonate upon adsorption at ~260 K, a deprotona-
tion which also occurs for phenol adsorbed on the
Cu(110) surface.®®

Warming to 290 K and higher temperatures leads to
a decrease of the phenol signal intensity at 532.7 eV
and a concomitant increase of the phenolate signal ata
binding energy of 530.9 eV (Figure 5b, right), in a ratio
of 1:3. The high-energy shoulder disappears, support-
ing its earlier assignment to H,O. The —OH signal has
exactly the same binding energy in all three phases,
whereas the —O~ signal shifts by 0.2 eV to lower
binding energies at ~290 K, which is the temperature
marking the transition from the network-phase to the
dimer-phase. This shift is tentatively ascribed to a
difference in the local environment of the deproto-
nated groups resulting from increased intermolecular
interactions in the more dense phases.

Thermal treatment of the BPA overlayer to 340 K
(Figure 5¢, right) leaves the XPS signatures virtually
unaffected. This indicates that no chemical transforma-
tion drives the structural change from the dimer-phase
to the trimer-phase; that is, these two phases are two-
dimensional crystal polymorphs of the same constitu-
ents. Considering the higher formation temperature of
the trimer-phase, the temperature of ~300 K might be
needed to form the energetically more stable trimeric
arrangement.

The molecular chains of type A appearing after
high-temperature (470—570 K) treatment (Figure 5d,
right) no longer retain any protons in the alcohol
moieties. The O 1s spectrum shows only the phenolate
contribution at 530.9 eV and a new weak signal at
533.8 eV after annealing to ~520 K. The latter cannot
be straightforwardly assigned, but based on its binding
energy it probably originates from oxygen-containing
moieties decoupled from the metal surface and distinct
from either phenol or phenolate. It gives evidence of
further thermally induced alterations, and accordingly
its contribution increases at higher temperatures. The
corresponding carbon signatures in the XP and NEXAFS
spectra (Supporting Information Figure S2e) are un-
changed, supporting the conclusion that the carbon
molecular backbone remains mostly intact upon the
temperature-induced transformation.
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After annealing to 700 K, the ratio of the O 1s to
C 1s signal decreases by approximately 65%, indicat-
ing significant loss of oxygen, while concomitantly
the intensity of the signal at 533.8 eV roughly doubles
(Figure 5e). The carbon signatures for both the C 1s XPS
and K-edge NEXAFS (Supporting Information Figure S2f)
corroborate remarkable changes in the molecular struc-
ture, with loss of the phenolate and methyl signatures.
The high annealing temperature of formation and the
modified appearance of the molecular chains of type B
in the STM images (Figure 3b) point to covalently linked
carbonaceous species. The C 1s signal intensities
in the XP spectra show that the molecular coverage
remains approximately constant until this final annealing
step, upon which the intensity decreases significantly
due to a loss of molecular fragments. For comparison,
thermal dissociation of BPA polycarbonate at 730 K
results in a variety of aliphatic and aromatic carbon
fragments including phenol and substituted phenol
moieties."* However, all of these small fragments would
desorb from the surface in the course of the annealing
procedure.

NEXAFS measurements as a function of the photon
incidence angle indicate that the average tilt angle
of the combined contribution of the two phenol rings
lies between 30° and 40° (Supporting Information
Figures S2 and S3) with respect to the copper surface
plane. This average tilt angle extracted by comparison
with the theoretically predicted curves does not vary as
a function of temperature. As the resonance energy of
the two phenol rings is the same, the deduced tilt angle
must be considered as having contributions from both
rings. Taking into account that the accuracy of NEXAFS
is ~10°; this allows a broad variety of different combi-
nations of tilt angles of the individual phenol groups in
a single BPA molecule ranging from 0°/80° to 30°/30°.
The window of possible adsorption geometries con-
sistent with the NEXAFS measurements may increase
even further, if molecules in different adsorption geom-
etries coexist on the surface; nonetheless the analysis
rules out in a definitive way a conformation with both
rings either parallel or perpendicular to the surface.

Molecular Modeling. Combined information from
STM, X-ray spectroscopy and DFT studies allow us to
derive molecular models for the network-, dimer-,
and trimer-phases. Although catalytically active Cu
adatoms might be active sites in the deprotonation
process,*? the intermolecular distances measured from
the STM images do not suggest their incorporation in
the supramolecular assembly, i.e., metal—organic com-
plexes do not form. Additionally there is no evidence of
the perturbation of the step arising from detachment
of adatoms. Alcohol groups in close proximity to the
copper substrate are expected to readily deprotonate
at the deposition temperature of 260 K.2%33 In the
present case, 25% (dimer- and trimer-phases) to 60%
(network-phase) of the oxygen signal corresponds to

FISCHER ET AL.

top view side view
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Figure 6. DFT-optimized geometries of (a, b) the dimeric
motif and (¢, d) the trimeric motif of the BPA binding
configurations on Cu(111) in top view (a, c¢) and side view
(b, d). C, O, H, and Cu atoms are shown in black, red, white,
and orange, respectively.

intact phenol, suggesting that some of these groups
are protected from the metallic surface. Taking into
account the angular dependence of the NEXAFS mea-
surements, a possible adsorption conformation of the
molecule is one with a phenol ring standing up and the
other being close to parallel to the surface, which is
consistent with the tilt angles between 0° and 25° that
have been reported for phenol adsorbed on surfaces
such as Cu(110),*° Pt(111),>* and Ni(111).>® Indeed, DFT
modeling identified a local energy minimum for such
an adsorption geometry, which is illustrated in
Figure 1b. Although the calculations indicate a flat,
distorted BPA configuration with even lower energy
(see Supporting Information Figure S5), its geometrical
footprint contradicts the determined intermolecular
distances in the dimer and trimer motifs. Accordingly,
the adsorption geometry of the monomer in Figure 1b
was chosen as the basis to compute models for both
observed binding motifs (Figure 6). The trimer motif
can be built up from three molecules, each rotated by
+120°. The flat-lying phenol rings of all BPA molecules
are deprotonated due to the contact with the copper
surface, allowing intermolecular =CH- - - O™ hydrogen
bonding®® (Figure 6c,d). CH---O type bonding
schemes have been identified previously in protein—
protein interactions,®” but with the involvement of
organic ring systems they have been associated with
noncovalent interactions distinct from H-bonds.®
Nevertheless, in the presence of ionic proton accep-
tors, formation of =CH- - O™ hydrogen bonds is likely.

Notably the self-assembly must also be dictated to a
certain extent by the interaction with the substrate: the
DFT calculations show that BPA units within the dimer
(and the trimer) bonding motif retain the same adsorp-
tion geometry with respect to the Cu(111) surface, with
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a)

Figure 7. Proposed ball-and-stick models for BPA structures on Cu(111) overlaid on STM images: (a) Network-phase with
trimeric and dimeric motifs, (b) dimer-phase, and (c) trimer-phase. C, O, and H atoms are shown in black, red, and white,
respectively. The temperatures indicate the thermal treatment after which these phases of BPA form on Cu(111).

the oxygen atom of the flat-lying BPA phenolate
located close to the atop site. This finding is corrobo-
rated by the absence of any moiré pattern in either the
dimer- or the trimer-phases.

The network-phase consists of trimers and dimers
connected via the flat-lying phenolates. The packing
suggests that the dimer and the trimer binding motifs
are stabilized by hydrogen bonds between the flat-
lying rings (Figure 7a). Similar H-bond motifs exist in
surface-confined carboxylate layers.3°~*2 For the dimer
within the network phase, the DFT calculation matches
closely the STM images, whereas for the trimer the
intermolecular distances were found to be somewhat
shorter.

In the following we focus on the phases with a
higher degree of deprotonation. The acute reader
might have noticed that although every other mole-
cule appears dimmer in the STM images of the dimer-
phase (in good agreement with the XPS showing
molecules in different oxidation states), this asymme-
try is not observed for the trimer-phase. As the
XPS core levels and the NEXAFS do not change in the
temperature range covering the transition between
the dimer- and the trimer-phases, we deduce that the
chemical composition of the two phases is very similar.
The ratio of phenol to phenolate signal indicates that
in the trimer-phase there is still a significant percent-
age of molecules retaining an intact phenol group.
Furthermore the temperature required for all phenol
groups to deprotonate is more than 80 K higher
than the highest annealing temperature after which
the trimer-phase is observed. Therefore we will not
address the exact degree of deprotonation within the
proposed bonding scheme, but we emphasize that the
spectroscopic study shows a mixture of standing-up
phenols and phenolates in the molecular ensembles of
the dimer- and trimer-phases.

The assembly of the dimer-phase suggests the ex-
pression of cooperative interactions, namely, 0™ - - -H—C
hydrogen bonding between the flat-lying phenols.
O—H- - - O™ interactions between the two upright hydrox-
yl groups might moreover play an additional role in the
network stability,*® especially if one of the neighboring
alcohol groups is deprotonated. The structure can be
described in terms of pairs of dimers, resulting in a zigzag
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arrangement of hydrogen bonds (indicated by blue lines
in Figure 7b). Similarly, the close-packed assembly of the
trimer-phase can be described accurately by the trimer
binding motif shown in Figure 6¢,d, with the hydroxy
group of all flat-lying rings deprotonated. The hydrogen
bonds in this case are arranged in a cyclic fashion
(indicated by blue lines in Figure 7c). Furthermore, we
may envisage attractive interactions between standing
up phenols of neighboring trimers, which are not in-
cluded in our calculations. Note that the transition be-
tween the dimer- and the trimer-phase does not seem
to be driven by a chemical transformation. Thus, we
assume that the interaction with the substrate mediates
the changes observed in STM. Indeed, we find that BPA
molecules in the DFT model of the trimer are closer to
the adsorption site calculated for a BPA monomer in
comparison to the DFT model of the BPA molecules in the
dimer.

SUMMARY AND CONCLUSIONS

Our multitechnique experimental study to charac-
terize the evolution of bisphenol A on Cu(111) as a
function of the annealing temperature revealed an
intriguing diversity of configurations of the molec-
ular overlayer. For the network-phase approximately
50% of the phenol groups are deprotonated, con-
sistently with a conformation of the molecule in
which part of the phenol groups are protected against
adsorption-induced deprotonation at ~260 K by tilting
away from the surface. The phenolate signal per-
centage increases to ~75% for the dimer-phase and
the trimer-phase, evidencing a temperature-induced
stepwise deprotonation. Supported by DFT calculations,
models for the three ordered phases were proposed
consisting of BPA molecules with one phenol ring being
nearly parallel to the copper surface and the other
one pointing away from the surface. The self-assembly
is mediated by intermolecular hydrogen bonding
and was found to be in registry with the Cu(111) sub-
strate.

The chemical state with all the phenols tilted toward
the surface and approximately half of the standing up
phenols being deprotonated exhibit a particular stabi-
lity, as it requires heating to 400 K to further deproto-
nate the BPA molecules.
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Chains built up by linked molecular modules (type A)
are observed in the STM micrographs after heating
to 470 K, whereas the XPS study shows a complete
conversion to phenolate at this temperature. The
spectroscopic signatures of the carbon atoms suggest
that the BPA component within these chains retains its
carbon backbone intact. Further annealing to tempera-
tures higher than 570 K causes the chains to reshape

METHODS

Sample Preparation. The clean, atomically flat surface of
the Cu(111) single-crystal surface was prepared in vacuo by
repeated cycles of Ar' sputtering and annealing at 770 K.
BPA molecules (Sigma Aldrich, purity >99%) were deposited
onto Cu(111) from a quartz crucible by sublimation at ~400 K.
Before deposition, the sample was cooled to a temperature of
approximately 260 K. The successful sublimation of the intact
molecules was confirmed by the XPS signatures of C1sand O 1s
corresponding to a BPA multilayer (Supporting Information
Figure S6).

STM. The STM experiments were carried out in a custom-
designed ultra-high-vacuum system operating at a base pressure
of ~4 x 107 '° mbar and equipped with a commercially available
variable-temperature STM (type Specs “Aarhus 150").** All STM
measurements were performed at a sample temperature of
180—220 K with a chemically etched W tip at room temperature.
U refers to the bias applied to the sample. The images were
processed with the WSxM software.**

Synchrotron Light Measurements. X-ray spectroscopy measure-
ments were performed at the HE-SGM dipole beamline at BESSY
Il in Berlin in normal emission. The excitation energies for
the acquisition of the O 1s and C 1s XP spectral regions were
680 and 435 eV, respectively. The binding energy scale was
calibrated against the Cu 3ps/, core level at 75.1 eV.** XP spectra
were fitted with Voigt functions after subtraction of a linear or
Shirley*® background from the O 1s and C 1s spectra, respec-
tively. X-ray spectroscopy measurements were performed
at sample temperatures of 130—140 K. XPS and NEXAFS mea-
surements of a freshly prepared surface and after some hours
of measuring were consistent, thus excluding artifacts due to
beam damage.

Modeling. As the exchange—correlation functional for the
DFT calculations we employed the revPBE*” generalized-gradi-
ent approximation, with long-range dispersion included using
the DFT-D3 empirical correction.”® We described the surface
with the adsorbate in the slab geometry in an orthorhombic cell
with unit cell dimension 12.763 x 22.107 x 35 A> (monomer
and dimer) or 25.527 x 22.107 x 35 A3 (trimer), where the
experimental lattice constant 3.61 A was used and the substrate
consisted of four layers of Cu. The two topmost layers of
substrate and the adsorbates were fully relaxed.

The Kohn—Sham equations were solved within the Gaussian
plane wave (GPW) scheme®® implemented in the QuickStep
module® in the CP2K (http://www.CP2K.org/) suite. The details
are similar to our recent investigations of h-BN adsorbed on a
transition metal surface:>' The ionic cores were described using
Goedecker—Teter—Hutter pseudopotentials,®? the density was
expanded in a plane wave basis set up to the cutoff energy of
500 Ry, and the wave functions in the DZVP Gaussian basis set
were MOLOPT type.>® Only the I'-point was used to sample the
surface Brillouin zone, and Fermi—Dirac broadening at 300 K
was used to broaden the occupation numbers around the Fermi
energy.
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into type B, which exhibits an ill-defined carbonaceous
composition.

These results reveal that BPA molecules show ap-
preciable substrate anchoring. This robustness enables
the observation of a remarkable sequence of thermally
activated chemical transformations within the molec-
ular layer and hints toward a rich and hard to predict
chemistry in biological environments as well.

1s of multilayer BPA film on Cu(111). This material is available free
of charge via the Internet at http://pubs.acs.org.
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