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ABSTRACT: Precisely layered molecular heterostructures are promising but
still largely unexplored materials, with the potential to complement and enhance
the scope of two-dimensional heterostructures. The controlled epitaxial growth
of vertically stacked molecular layers connected through tailored linkers, can
lead to significant development in the field. Here, we demonstrate that
sequential assembly of prototypical iron porphyrins and axial ligands can be
steered via temperature-programmed desorption, and monitored by mass
spectrometry and by high-resolution atomic force microscopy under ultrahigh
vacuum conditions. Complementary photoelectron spectroscopy analysis
delivers chemical insight into the formation of layer-by-layer nanoarchitectures.
Our temperature-directed methodology outlines a promising strategy for the in
vacuo fabrication of precisely stacked, multicomponent (metal−organic) molecular heterostructures.

KEYWORDS: bottom-up self-assembly, molecular architectures, scanning tunneling microscopy, scanning probe microscopy,
thermal desorption spectroscopy, directed self-assembly, photoemission, three-dimensional atomically-precise fabrication

■ INTRODUCTION

Directed self-assembly of molecular architectures in three
dimensions (3D) is a fundamental process of complex
matter.1−3 Its control is crucial for the fabrication of hybrid
organic−inorganic molecular heterostructures, which are
promising candidates for modular, integrated electronic
nanodevices.4−16 While self-assembly in two dimensions
(2D) is well-established, research to achieve epitaxial
deposition of truly precise supramolecular arrays stacking
into the third dimension, is still in its infancy. Popular
strategies for 3D-directed self-assembly at well-defined
interfaces include templated growth17−29 and solution layer-
by-layer (LbL) growth.30−32 The general LbL approach33 for
tailored reticular architectures is highly appealing due to the
possibility of incorporating different molecular species at each
stratum,13 thereby approaching biological complexity. How-
ever, precision 3D growth of heterostructures is largely limited
by the understanding of complexation kinetics and diffusion
rates of the individual molecular species, and by the ample self-
assembly parameter space, which cannot necessarily guarantee
stoichiometrically layered materials. Progress has mostly relied
on trial-and-error parameter (temperature, pressure, and
number of molecules) optimization with limited thermody-
namic and single-molecule precision. The use of solvents can
be circumvented under UHV conditions; yet new variables
arise, for example, in physical vapor deposition, that may affect
reproducibility at the atomic level.34,35 Here, we show that LbL

growth in ultrahigh vacuum (UHV) environments is possible,
whereby promising kinetic and molecular control of multi-
component organic architectures can be exerted via temper-
ature control, as elucidated by temperature-programmed
desorption mass spectrometry36−40 (TPD-MS), comple-
mented by scanning probe microscopies (SPM) and X-ray
photoelectron spectroscopy (XPS). In particular, TPD-MS
offers a new paradigm to monitor and steer the monolayer-by-
monolayer assembling process, and tailor sophisticated func-
tional heterostructures. An early example of complexation
between metal−organic building blocks under UHV con-
ditions came from Williams et al.,41 who demonstrated that, at
123 K, 1,4-diazabicyclo[2.2.2]octane (DABCO)−metallopor-
phyrin complexes could be formed on the Ag(100) surface.
Decomplexation was monitored after thermal annealing at
298 K. Stimulated by the possibility of achieving stoichiometric
and structural control of complex matter by desorption, we
apply TPD-MS to identify the thermal conditions at which
monolayers of porphyrins can be prepared, and complexation
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with DABCO efficiently steered. We employ organic molecular
beam epitaxy (OMBE) to sequentially deposit metalloporphyr-
ins and model organic linkers onto a Au(111) substrate, and
TPD-MS to identify the conditions under which the targeted
metal−ligand coordination complexes form by monitoring
desorption temperatures (Figure 1). By way of an example, we
consider the deposition of a single layer of iron(III)
octaethylporphyrin chloride (FeOEP−Cl), followed by its
dechlorination on a metal substrate,42 the subsequent ligation
of a second layer of a 1,4-diazabicyclo[2.2.2]octane (DABCO)
linker, and then a third layer of FeOEP−Cl species. XPS
enables one to follow the associated chemical changes in the
Fe 2p3/2 signal, attributed to Fe(III)−Cl, Fe(II), and Fe(II)−
DABCO.43−45 We show that the deposition of the outermost
iron porphyrin layer does not affect the composition of the two
layers underneath, thus highlighting the potential of the
method for controlling 3D growth of mixed-valence magnetic
Fe(II)−DABCO−Fe(III) nanomaterials (Figure 1a). Our
work thus outlines an important avenue to LbL growth of
well-defined, multicomponent complex matter. We expect our
methodology to pave the way toward multicomponent
molecular arrays, and stimulate paradigmatic molecularly
precise applications.

■ EXPERIMENTAL SECTION
For XPS and TPD-MS measurements, DABCO−CuCl and FeOEP−
Cl (Sigma-Aldrich) precursors were sublimed at 385 K and 493 K,
respectively (pressure ∼1 × 10−10 mbar, 10 cm sample-crucible
distance; 4−30 min deposition, refer to the text and the Supporting
Information) onto Au(111) held at ∼85 K. DABCO−CuCl was
chosen as a DABCO precursor due to its lower vapor pressure.
Freshly sputtered and annealed Au(111) over a mica support was
employed as a substrate (Georg Albert PVD substrates, Germany) for
TPD-MS, XPS, and FM-AFM studies, whereas a Au(111) single
crystal (MaTeck) was used for the scanning tunneling microscopy
(STM) investigations. Frequency-modulated atomic force microscopy
(FM-AFM) data were acquired in constant frequency mode (RHK
Technology), employing Nanoprobe PPP cantilevers driven at ∼0.8
MHz and 5−10 mV excitation amplitude at a base pressure of ∼1 ×
10−8 mbar. UHV STM (Omicron) and XPS (nonmonochromatized
Mg Kα source with the main photon line at 1253.6 eV; SPECS
PHOIBOS 100 CCD analyzer for photoelectron detection) data were
collected in two different experimental chambers at 80−90 K. Because
of detectable radiation damage, a new sample was prepared after ∼50
min of continuous X-ray exposure, and each XP spectrum was
optimized for fast acquisition (∼10 min). In general, XPS experiments
were repeated detecting photoelectrons at normal emission (NE, θe =
0°) and grazing emission (GE, θe = 70°). TPD was employed to

calibrate the sublimation times and to desorb weakly bound excess
layers for advanced assembly protocols. The TPD spectra were
acquired in the same chamber used for XPS at a base pressure of 8 ×
10−11 mbar, with a quadrupole mass spectrometer enclosed within a
copper cap and the sample positioned close to a millimeter from the
cap aperture.46,47 The temperature was varied linearly via radiative
heating from a tungsten filament placed close to the back of the
sample, whereby a PID controller was used (Schlichting Physikalische
Instrumente HS 130). A heating rate of 0.5 K s−1 was employed in the
TPD measurements throughout this work. To prevent artifacts due to
the above-mentioned radiation damage, TPD-MS spectra were
recorded solely from surfaces not previously exposed to X-ray
radiation. ToF-MS (Kore Technology) was carried out at a base
pressure of 1 × 10−9 mbar with an electron-impact analyzer working
at 10 eV and 200 μA emission current. The detector collects
molecules for 15 min employing 300 μs pulsed cycles.
TPD-MS in conjunction with XPS was employed to calibrate DABCO
uptake on Au(111) (Figure S1). First, multilayers were deposited
(Figure S1c), showing a multilayer peak signal at 191.5 K, which is
typical for the desorption of multilayer small organic molecules at
surfaces. Sublimation times were reduced until a single TPD
desorption peak maximum is observed (263 K, Figure S1c, inset).
No traces of chlorine or copper from the chosen DABCO−CuCl
precursor were found, and the N:C ratio (2.5:6; ideal, 2:6) and ToF-
MS data in Figure 1c further indicate that intact DABCO is adsorbed.
The XPS spectra were calibrated in binding energy using the Au 4f7/2
core level at a binding energy of 84.0 eV. A polynomial and/or Shirley
template background was subtracted, and the spectra were fitted with
Gaussian−Lorentzian line shapes via the CasaXPS software (Casa
Software Ltd., version 2.3.23PR1.0). STM data were analyzed with
the Gwyddion software (version 2.45).48 STM and AFM unit cells
were postcorrected by HOPG and by Au(111), respectively.

■ RESULTS AND DISCUSSION

Throughout the work, TPD-MS serves to calibrate sublimation
times and to desorb weakly bound excess layers, while XPS
helps monitor the chemical changes of the FeOEP−Cl layers.
The initial step to prepare the first porphyrin layer is to deposit
an excess of FeOEP−Cl (Figure 2a−d) onto Au(111) held at
85 K. An analysis of the Fe 2p3/2 XP spectrum reveals a main
broad component centered at ∼710 eV, which is ascribed to an
iron multiplet structure49 (Figure 2a). The N:C intensity ratio
amounts to about 1:8 (stoichiometric 1:9, Figure 2b, N 1s
398.2 eV; Figure S2, C 1s 284.6 eV) and the relative C 1s to Cl
2p intensity at 197.8 eV to roughly 35:1 (stoichiometric 36:1)
after we corrected for the respective photoionization cross
sections. TPD-MS is subsequently employed to guide the
formation of a tightly packed dechlorinated monolayer. The
TPD spectra of Figure 2c show the desorption of FeOEP−Cl

Figure 1. Schematics of layer-by-layer (LbL) epitaxy of a three-component architecture. (a) Vertical stacking of dechlorinated FeOEP (green),
DABCO (blue), and FeOEP−Cl (red) defining one type of Fe(II)-Fe(III) heterostructure. (b) General approach for LbL assembly via temperature
control, consisting of deposition and annealing−desorption cycles. (c) ToF-MS of DABCO sublimed at 363 K from precursor DABCO−CuCl
(above) and the simulated spectrum (below). (d) Temperature-controlled desorption approach: An excess of linker molecules is deposited onto a
dechlorinated porphyrin monolayer (FeOEP in green, panels a,b). The molecules are subsequently desorbed through thermal annealing. TPD-MS
monitors and identifies the temperature required to obtain full complexation. In principle, a near-to-stoichiometric layer may be prepared by
thermal annealing above the excess peak (light blue) to temperature Tm and just below the onset of the target stoichiometry peak (dark blue).
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and chlorine, respectively. Ionization fragments at 70 m/z
(corresponding to FeN or C5H10 FeOEP−Cl fragments or a
C4H8N DABCO electron-impact MS fragment50 as verified by
ToF-MS) and at 35 m/z (chlorine) were monitored. As
depicted in Figure 2c, a FeOEP−Cl desorption maximum at
360 K (red, associated with the desorption of excess molecules
in a condensed multilayer) and a dechlorination feature
(yellow) with onset at 490 K are observed. Indeed, STM
confirms that the porphyrin layer annealed to ∼360 K (and
thus the first TPD peak maximum) is comprised of mainly
intact FeOEP−Cl species42 (red octagons in Figure 2d).
The data in Figure 2e,f characterize the FeOEP monolayer

obtained after annealing of the previous layer at 473 K for 20
min. Longer annealing routines lower than 490 K are
employed to avoid dehydrogenation effects42,51−53 (see

below), equally resulting in dechlorination as confirmed by
the absence of the XPS Cl 2p signature (not shown). The Fe
2p3/2 line displays a clear redistribution of spectral weight to
lower binding energy. This signature is indicative of a lower
Fe(II) oxidation state,54 previously identified as an inter-
mediate-spin state (S = 1).43−45 The broad Fe 2p3/2 line shape
is attributed to the complex multiplet structure for transition
metals with an open shell combined with a laterally
inhomogeneous interaction of the adsorbed molecules with
the underlying gold surface.54 Note that, due to the moderate
energy resolution of our measurements (∼0.9 eV), the
qualitative curve-fitting analysis presented in Figure 2 was
based on the main discernible components without attempting
to fully resolve the details of the multiplet structure.
Nevertheless, a clear evolution is observed, irrespective of

Figure 2. Temperature-directed LbL growth on Au(111) monitored by XPS (recorded at T = 85 K), TPD-MS, and STM. (Row a−d) FeOEP−Cl
on Au for a coverage beyond saturated monolayer concentration and corresponding annealing. (Row e−h) A single monolayer of FeOEP on Au is
formed after annealing to desorb the multilayer and to dechlorinate the porphyrin molecules. (Row i−k) FeOEP monolayer covered by DABCO
layers comprising two different bonding configurations identified by TPD-MS. (Row l−n) A single layer of complexed DABCO on FeOEP is
formed after TPD-monitored annealing to 185 K. (o, s) STM data showing: a discontinuous DABCO layer upon further removal of DABCO in (o)
and a full DABCO monolayer with a single molecule missing in (s). (Row p−r) Further deposition of a single layer of FeOEP−Cl results in intact
FeOEP−DABCO signals coexisting with FeOEP−Cl, tentatively assigned to a FeOEP−DABCO|FeOEP−Cl stacking. (Column a,e,i,l,p)
Background subtracted grazing emission (GE) XPS of the Fe 2p3/2 region and (columns b,f,j,m,q) GE XPS of the N 1s region. (Column c,g,k,n,r)
TPD-MS at 0.5 K s−1 monitoring the 70 m/z channel for DABCO and FeOEP fragments. The 35 m/z Cl channel and 2 m/z hydrogen channel are
also monitored in (c) and (g), respectively. Colored XPS fits and TPD data represent our interpretation of the peaks, added as a guide to the eye:
FeOEP−Cl in various environments (red), FeOEP adsorbed on Au (green), FeOEP complexed (turquoise), heterogeneous DABCO layer on
FeOEP (cyan), and DABCO complexed (blue). (Column d,h,o,s) Representative STM data, Vs = −0.8 V, It = 300 pA in (d); and Vs = −2.0 V, It =
100 pA in (h,o,s). Dark and white represent 0 and 5.6 Å apparent STM heights in the false color scale, respectively. Point defects (arrows in d,h)
highlight the apparent height differences between strata. Arrow in (o) marks a single chlorinated FeOEP species in the discontinuous FeOEP−
DABCO layer.
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the detailed substructure of the Fe 2p3/2 core level. The TPD
of this FeOEP monolayer (Figure 2g) shows thermal stability
until 530 K (at 0.5 K s−1) where dehydrogenation reactions at
the periphery of the porphyrin macrocycle set in,42,51−53

resulting in hydrogen desorption. STM data (Figure 2h)
confirm that >99% of the molecules undergo dechlorination
upon annealing. Green octagons highlight the centers of the
FeOEP molecules, surrounded by eight protruding ethyl
moieties that are hexagonally arranged (Figure S3).42,45,51,53

In the next step, DABCO is sublimed at 385 K and
deposited on top of the FeOEP monolayer, aiming at the target
FeOEP−DABCO complexed monolayer (Figure 2i−k). XPS
reveals that the dominant Fe 2p3/2 low binding energy
component becomes sharper and distinctly shifts to lower
binding energies (from 708.2 to 707.9 eV, Figure 2i; cf. also
Figure S2c). One interpretation of this sharpening is that the
iron(II) intermediate-spin-like configuration is weakened,45

transformed into low spin typical of a hexacoordinated ferrous
ion55 (e.g., with DABCO and the underlying Au(111)
substrate56,57) or related coordination sphere distortion, as
reported in diverse studies.45,58,59 Indeed, high-resolution
photoemission studies of iron phthalocyanine on Au(111)
have pointed out the ability to tune the spin state of the iron
centers by ligand coordination, leading to a distinct sharpening
of the Fe 2p3/2 core level line in the low-spin configuration.

59,60

Concurrently, a weakening of the coupling of the metal

complex to the substrate upon ligand coordination is also
expected to contribute to a narrowing of the core-level
line.54,57 Conversely, strongly distorted macrocycles have been
associated with high-spin (S = 2) Fe(II).61−63 The binding
energy associated with the DABCO N 1s core level (399.9 eV)
is similar to the value for a condensed film on bare Au(111);
see Figure 2j and Figure S1b. Again, TPD-MS is employed to
both rationalize and monitor the hybrid layer. The data
reproduced in Figure 2k reveal the existence of two different
states for DABCO: a weakly bound fraction desorbing at 171 K
and a more strongly bound species desorbing at 214 K. The
sharp TPD peak at 171 K is assigned to desorption of DABCO
multilayers on FeOEP. A similar component is also detected
for DABCO multilayers condensed on the pristine gold surface
(191 K, Figure S1c). The second desorption peak, at 214 K, is
assigned to DABCO directly coordinated to the central iron
atoms upon complexation, which explains the increased
binding strength. Interestingly, the barrier for desorption of
this DABCO layer (214 K, Figure 2k) is lower than that of
DABCO layers in direct contact with the bare gold substrate
(263 K, Figure S1c). A weak DABCO−FeOEP interaction can
be attributed to the large distance64 between DABCO and the
octaethyl adsorption pocket (i.e., H···H distances amount to
3.6 Å between DABCO and the octaethyls in Figure S3b).
TPD is subsequently employed to thermalize DABCO for

homogeneous complexation, while desorbing the weakly

Figure 3. Temperature-directed LbL growth on Au(111) monitored by STM and FM-AFM. (a,b) STM and (c,d) FM-AFM topography data
highlighting partial dechlorination into FeOEP (selected remaining Cl atoms indicated by yellow arrows) after deposition of FeOEP−Cl and
annealing. Domain boundaries and vacancies are occasionally observed. The feedback (apparent height) profiles in (a) and (c) of 2.2 (1.4 + 0.8) Å
and 2.1 Å correspond to Cl distances as measured from nearby vacancies by AFM and STM, respectively (⊥the Cl−porphyrin plane distance has
been measured as 2.7 Å and the Cl−Fe distance as 2.2 Å, by single-crystal X-ray diffraction).67 Molecular models: N (blue), C (cyan), Fe (pink),
and Cl (green). (e,f) STM data after deposition of DABCO and annealing. The apparent DABCO height referenced to a neighboring FeOEP−Cl
(f) is 1.4 Å. ‡The X-ray resolved DABCO−porphyrin plane height is 4.8 Å: 2.6 Å (DABCO size) plus 2.2 Å (DABCO−Fe distance).68 (g,h) FM-
AFM data after deposition of FeOEP−Cl on top of FeOEP−DABCO, for which three strata (i, ii, iii, see text) can be identified as supported by
Figure S5 (see text), and model of the possible heterostructure. Imaging parameters (b,e) T = 77 K, It = 100 pA, Ut = −2 V, a = b = (1.55 ± 0.1)
nm, median row background subtraction; (d) T = 293 K, a = b = (1.6 ± 0.1) nm, f = 868.057 kHz, Δf = −10 Hz, median row background
subtraction; and (g) T = 293 K, a = b = (1.5 ± 0.1) nm, f = 868.044 kHz, Δf = −10 Hz quadratic background subtraction.
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bound 171 K component on FeOEP (“TPD-control”), as
schematically depicted in Figure 1b,d. Accordingly, after TPD-
monitored annealing to 185 K, the Fe 2p3/2 signal further
sharpens, and the N 1s signal associated with DABCO shifts
down to 399.5 eV (Figure 2l,m). The TPD spectrum recorded
after this additional annealing step now exhibits a single
desorption peak (Figure 2n) which confirms that only the
more strongly bound DABCO species, assigned to DABCO
coordinated to FeOEP, remains. STM investigations of the
DABCO−porphyrin system annealed at >200 K reveal a slight
loss of ligated DABCO, indicating that complexation is
achieved between the desorption peak onset at ∼190 K and
its cessation below ∼300 K (Figure 2o). A full DABCO
monolayer can be prepared at ∼200 K (Figure 2s). Analysis of
the N 1s signals in Figure 2m indicates a peak area ratio of
1.3:1, setting an upper bound on the DABCO:Fe coverage of
approximately 2.6:1 at 185 K. The deviation from the expected
1:1 coverage can be understood partly due to the differences
between electron attenuation of the two components at GE
and partly due to the presence of secondary DABCO species.
Regarding the electron attenuation, semiquantitative XPS
mandates a careful modeling of each layer of the system.65

To understand the influence of the secondary DABCO species,
the system is annealed close to 215 K and the coverage is
reduced to the expected 1:1 (Figure S2a, orange curve). At
these annealing temperatures, the Fe 2p3/2 signal is no longer
indicative of DABCO:FeOEP complexation (Figure S2c,
orange curve). This can be rationalized by DABCO adsorption
on defects (cf. density functional tight binding66 modeling,
Figure S3c) or mobile DABCO under low-coverage measuring
conditions.
In the final step, we deposit a submonolayer of FeOEP−Cl

as a third layer on top of the FeOEP−DABCO system that was
grown under TPD-control (Figure 2p−r). A notable difference
is that the N 1s component related to the porphyrin shifts to a
higher binding energy, 399.0 eV (red, Figure 2q), indicative of
the decoupling from the metal surface. The DABCO complex
on FeOEP remains intact as judged by the associated N 1s line
being stable at 399.6 eV. As TPD-control guarantees at least a
complete, intact FeOEP−DABCO bilayer, the subsequently
deposited FeOEP−Cl must adsorb on top of it (see Figure 3).
Despite these observations, the TPD of the trilayer shows a
prominent DABCO signal component remaining constant at
∼220 K (Figure 2r). One interpretation is that DABCO
desorbs from regions not covered by FeOEP−Cl, consistent
with a submonolayer of FeOEP−Cl being deposited. Thus, the
new signals between 300 K and 434 K in Figure 2r are assigned
to both DABCO and FeOEP−Cl desorbing from multiple
configurations enabled by the deposition of the third layer of
FeOEP−Cl.
SPM techniques serve to evaluate the epitaxial precision of

the layers when emulating the conditions previously identified
by TPD-control. Both FM-AFM and STM (Figure 3a−d) are
employed to characterize the first layer after the deposition of
FeOEP−Cl and annealing for partial dechlorination, keeping a
few chlorine atoms as a reference for analyzing the data.
Selected data with nanoscale domains and defects further
facilitate the interpretation of the SPM, via apparent heights
corresponding to different molecular strata species. Note that
encountering high-quality single-domain monolayers with
minimal defects is also common (Figure S4a). The similar
STM and FM-AFM topography can be assigned to the FeOEP
ordered assembly characterized by vectors a = b = (1.55 ± 0.1)

nm (STM), a = b = (1.6 ± 0.1) nm (FM-AFM) and by angle
(a,b) = 60°. Different types of vacancies and chlorinated
FeOEP−Cl species are discerned (Figure 3b,d). In FM-AFM
data, the lateral broadening of vacancies and chlorinated
defects varies due to tip effects, a phenomenon also observed
in the STM data (Figure S4b). The apparent distance between
the chlorine atoms and the porphyrin plane as measured from
vacancies amounts to 2.2 Å in the STM and 2.1 Å in the FM-
AFM data, respectively (Figure 3a−d). The measured 2.2 Å
corresponds to the 1.4 Å chlorine contribution plus a ∼0.8 Å
contribution stemming from the apparent height of the
backfolded octaethyl units, measured against a FeOEP vacancy
corresponding to the Au(111) substrate. These apparent
heights serve to identify different molecular layers. It is worth
mentioning that the reported Cl−porphyrin plane distance, as
determined from single-crystal X-ray diffraction, is 2.7 Å,67 up
to 0.6 Å above the SPM estimation.
The FeOEP monolayer after DABCO deposition is depicted

in Figure 3e,f. Here, the STM apparent height of the deposited
DABCO (Figure 3e,f) varies with respect to different kinds of
vacancies (shown by the black arrow in Figure 3e). While it is
challenging to verify the identity of such vacancies, nonvacant
defects (white circles and yellow arrows in Figure 3e) can be
plausibly assigned to occasional chlorinated FeOEP−Cl
species. The apparent height of DABCO with respect to a
neighboring chlorinated FeOEP−Cl defect (black and red
profiles in Figure 3e) amounts to 1.4 Å (Figure 3f). This
corresponds to a 0.7 Å deviation from the reported difference
in heights between Cl−porphyrin and DABCO−porphyrin
(see Figure 3f),67,68 consistent with the SPM height under-
estimation in Figure 3a−d. Thus, chlorinated defects serve as a
reference for the interpretation of multilayered SPM data.
Accordingly, upon deposition of a submonolayer of FeOEP−
Cl, three regions are identified (Figure 3g,h). FM-AFM height
data are strongly influenced by tip−molecule−substrate
interactions and particularly change at interfaces and
boundaries, where polarization effects are strongest.69 Thus,
the DABCO region (ii, Figure 3g,h) is identified in FM-AFM
data employing the chlorinated defects (region i) as reference
(circles in Figure 3g and Figure S5). Importantly, repeated
attempts to image the sample after deposition of the third
molecular layer by STM were unsuccessful, presumably
because of tip contamination effects in the presence of a
multilayered architecture. Therefore, FM-AFM becomes a key
microscopy tool capable of studying these multilayered
architectures as shown in Figure 3g, where nanocrystalline
epitaxial domains, with a = b = (1.5 ± 0.1) nm and angle (a,b)
of 60° are observed, notably similar to those of the underlying
FeOEP−DABCO template. The height histogram (Figure 3h)
of the top molecular stratum (region iii, white boxes) admits a
1.8 Å height difference from the DABCO layer (region ii).
This apparent distance can be tentatively assigned to the
expected height of FeOEP−Cl measured in Figure 3a−d, in
agreement with an epitaxial third layer assembly. Notwith-
standing these observations, a third layer stemming from
DABCO layers cannot be unambiguously excluded. Multiple
DABCO layers are unlikely to adopt an identical 2D mesh as
the underlying FeOEP−DABCO bilayer under the imaging
conditions, due to relatively weak DABCO−DABCO inter-
actions. Instead, different height regions, together with the
comparative XPS and TPD studies in Figure 2 and profile
analysis in Figure S5, support the formation of nanoscopic
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domains plausibly accommodating Fe(II)-Fe(III) based
FeOEP−DABCO−FeOEP−Cl heterostructures.

■ CONCLUSION
In summary, we have introduced a fabrication protocol toward
controlled engineering of interfacial molecular heterostruc-
tures, monitored by a combination of temperature-pro-
grammed desorption, mass spectrometry, photoemission
spectroscopy, and high-resolution scanning probe microscopy
under ultrahigh vacuum conditions. The scheme is exemplified
by the sequential layer-by-layer assembly of an FeOEP−
DABCO architecture on Au(111) steered via in situ complex-
ation, and supported by evidence for nanoscopic domains of
FeOEP Fe(II), DABCO, and FeOEP−Cl Fe(III) hetero-
structures. Although the stability and long-range epitaxy of the
latter remain to be explored in more detail, we expect that our
temperature-directed methodology along with the use of
carefully selected building blocks will enable precision layer-
by-layer growth of van der Waals molecular heterostructures
and metal−organic architectures. In particular, suitable linkers
ensuring heteromolecular (AB) interactions stronger than
homomolecular (AA, BB) interactions, that is, with desorption
temperatures TAB higher than TAA and TBB, are desirable to
improve and refine the temperature-controlled procedure for
multilayer growth. Our approach outlines a route to achieve
the monolayer-by-monolayer assembly of sophisticated multi-
component frameworks, opening novel avenues for the precise
engineering of complex matter down to the molecular level.
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V.; Palma, C.-A. Photoresponse of supramolecular self-assembled
networks on graphene−diamond interfaces. Nat. Commun. 2016, 7,
10700.
(13) Pfeiffer, C. R.; Pearce, N.; Champness, N. R. Complexity of
two-dimensional self-assembled arrays at surfaces. Chem. Commun.
2017, 53 (84), 11528−11539.
(14) Jariwala, D.; Marks, T. J.; Hersam, M. C. Mixed-dimensional
van der Waals heterostructures. Nat. Mater. 2017, 16 (2), 170−181.
(15) Gobbi, M.; Bonacchi, S.; Lian, J. X.; Vercouter, A.; Bertolazzi,
S.; Zyska, B.; Timpel, M.; Tatti, R.; Olivier, Y.; Hecht, S.; Nardi, M.
V.; Beljonne, D.; Orgiu, E.; Samorì, P. Collective molecular switching
in hybrid superlattices for light-modulated two-dimensional elec-
tronics. Nat. Commun. 2018, 9 (1), 2661.
(16) Guo, L. a.; Wang, Y.; Kaya, D.; Palmer, R. E.; Chen, G.; Guo,
Q. Orientational epitaxy of Van der Waals molecular heterostructures.
Nano Lett. 2018, 18 (8), 5257−5261.
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Lagares, M.; Chutora, T.; Papousǩova,́ B.; Zoppellaro, G.; Mutombo,
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