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ABSTRACT The fluorescence of a two-dimensional supramolecular
network of 5,10,15,20-tetrakis(4-carboxylphenyl)porphyrin (TCPP) adsorbed
on hexagonal boron nitride (hBN) is red-shifted due to, primarily,
adsorbate—substrate van der Waals interactions. TCPP is deposited from
solution on hBN and forms faceted islands with typical dimensions of 100 nm
and either square or hexagonal symmetry. The molecular arrangement is
stabilized by in-plane hydrogen bonding as determined by a combination of
molecular-resolution atomic force microscopy performed under ambient
conditions and density functional theory; a similar structure is observed on

MoS; and graphite. The fluorescence spectra of submonolayers of TCPP on hBN are red-shifted by ~30 nm due to the distortion of the molecule arising from

van der Waals interactions, in agreement with time-dependent density functional theory calculations. Fluorescence intensity variations are observed due to

coherent partial reflections at the hBN interface, implying that such hybrid structures have potential in photonic applications.
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here have been great advances over
Tthe past decade in the understanding

of the interactions that stabilize the
two-dimensional organization of organic
molecules on surfaces.'* This body of re-
search provides a route to combine chemi-
cal functionality with spatial organization at
the nanometer scale through the formation
of templates and networks stabilized by
hydrogen bonding, metal coordination,
and/or covalent coupling.>~'® Many of the
advances in the field have arisen from studies
of supramolecular arrangements on noble
metal or highly oriented pyrolytic graphite
(HOPG) surfaces, but it is clear that these
substrates have some properties that are not
compatible with investigations of the func-
tional properties of the molecular arrays.
In particular, the metallic nature of the sub-
strates precludes subsequent investigations
of the optical and electrical properties of
self-assembled networks, limiting the poten-
tial to exploit the control of organization and
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functionality of the arrays. To extend these
studies beyond the conventional choice
of substrate, for example to include molecular
organization on insulators, requires the use
of atomic force microscopy (AFM), which
has been used previously to acquire high-
resolution images of 2D molecular and
supramolecular organization under ultra-high-
vacuum conditions,'” 22 but less widely**~2°
at atmospheric pressure due to the limita-
tions of ambient AFM.

In this paper we combine a high-resolu-
tion AFM investigation of the supramolecu-
lar organization of the porphyrin derivative
5,10,15,20-tetrakis(4-carboxylphenyl)-
porphyrin (TCPP) with a study of the fluo-
rescence of the resulting molecular net-
works. The choice of TCPP is motivated, in
part, by the role of porphyrins in naturally
occurring light-harvesting complexes, as
well as their potential as active materials in
optoelectronic and sensing devices, and
also since similar derivatives have been
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Figure 1. AFM images of TCPP adsorbed on hBN by immersion for 10 s in a 13 xM EtOH solution. (a) High-resolution scan of
square TCPP phase; (b) larger area image showing square phase (upper inset) hBN lattice and (lower inset) height profiles of
square and hexagonal arrays extracted from images along highlighted white lines in b (right) and d (left); (c) overview image
of island morphology of TCPP; (d) hexagonal phase of TCPP; inset presents zoom-in showing additional detail and placement
of the line along which profile in b is extracted. Images were acquired in (a) contact mode and (b—d) ac mode using an Asylum

Cypher AFM.

widely studied previously on metallic surfaces.®~%°
The molecules are deposited from solution in an im-
mersion process, and we have investigated the forma-
tion of networks on hexagonal boron nitride (hBN), an
insulator, and, for comparison, the surfaces of highly
oriented pyrolytic graphite and MoS,. Using ambient
AFM we are able to acquire images with subnanometer
resolution, which are used to determine the lateral
ordering of adsorbed molecules. Clear peaks are re-
solved in the fluorescence spectrum for submonolayer
coverages of TCPP on hBN. We also observe a signifi-
cant variation in the emission intensity, which depends
on the thickness of the hBN layers due to coherent
reflections at the upper and lower surfaces of the
exfoliated flakes.

RESULTS

TCPP is deposited on all substrates (hBN, HOPG, and
MoS,) from solution (see Methods for details and
cleaning procedures). High-resolution AFM images
acquired under ambient conditions show TCPP mole-
cules in two distinct phases on hBN, with, respectively,
square (Figure 1a—c) and hexagonal (Figure 1d) symme-
try (a structural model of TCPP is shown in Figure 2 and
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overlaid on Figure 1). In large-area images (Figure 1b,c)
we see islands with typical dimensions of 50—100 nm.
Inspection of the molecular arrangement within the
two different types of islands reveals a square network
assembly with a lattice constant of 2.22 + 0.07 nm
(Figure 1a and b) or a hexagonal arrangement with a
period of 4.37 + 0.07 nm (Figure 1d). We have found
that the hexagonal arrangement is less stable to AFM
imaging; this phase gradually disappears over a time
scale of ~1 day, whereas the square phase remains
stable under atmospheric conditions for more than a
week. It is also possible to resolve the hBN lattice as
shown in the inset in Figure 1b.

The symmetry and period of these molecular ar-
rangements are consistent with simple models based
on junctions of two or three carboxylic acids for re-
spectively the square and hexagonal phases, which
in both cases are stabilized by hydrogen bonding.
Molecular models for each phase are shown in Figure 2,
and the expected dimensions and stabilization ener-
gies have in both cases been calculated using gas-
phase density functional theory including dispersion
corrections (DFT-D; see Supporting Information (SI)
for more details). The periodicities derived from the
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Figure 2. Structure of TCPP and calculated minimum-energy hydrogen-bonded and adsorbed structures. (a) Molecular
structure and definition of axes; the z-axis is perpendicular to plane of the porphyrin; (b) square phase stabilized by hydrogen
bonding between carboxylic acid dimers; (c) hexagonal phase stabilized by trimeric carboxylic acid vertices; (d and e)
adsorbed molecule on hBN with and without dispersion forces, respectively.

calculated molecular separations are 2.31 nm (square)
and 4.30 nm (hexagonal), very close to our measured
values, while the binding energies per carboxylic acid
junction are respectively 1.15 and 1.02 eV. This is
equivalent to an energy per molecule within the
square and hexagonal arrays of 2.30 and 0.68 eV,
consistent with our observations that the square phase
is more stable. Dispersion effects make a small con-
tribution to the binding within the layer and contribute
0.13 eV/junction for both square and hexagonal lat-
tices. The organizational motif forming the square
phase is also present in the planes of molecules
embedded in the bulk crystal structure of TCPP3%*" in
which the reported lateral lattice constant is 2.25 nm,*'’
in agreement with our measured values. The trimer
junction in the hexagonal phase is similar to that in the
“flower” structure formed by trimesic acid and related
molecules.”*?

In the topographic profile shown in Figure 1 the
height of the molecular layers is measured to be 0.26 +
0.015 nm. This height, and the close agreement be-
tween measured and calculated lateral dimensions,
provides strong evidence that the molecules are ad-
sorbed with the porphyrin macrocycle approximately
parallel to the surface in an arrangement stabilized by
hydrogen bonding.

The adsorption energy and geometry of TCPP on
hBN has also been calculated using DFT-D. In these
calculations the surface was modeled using a finite slab
consisting of 80 boron atoms and 80 nitrogen atoms,
and the edges were capped with hydrogen. The sub-
strate—molecule interaction is dominated by van der
Waals interactions; the calculated adsorption energy,
including dispersion terms, is 4.06 eV/molecule, but
in the absence of dispersion forces is much lower,
0.21 eV/molecule (see the SI). In fact the dispersion
contribution to the overall binding energy of 4.06 eV is
5.28 eV, while there is an energetic cost due to the
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distortion of the molecular structure, which is com-
puted to be 0.79 eV; the additional energy cost of
0.42 eV is likely due to the overlap of the electron
density of the molecule and the surface. Consequently,
the structure of the molecule absorbed on the surface
represents a balance between maximizing the disper-
sion component at the cost of molecular deformation
and repulsion between the electron densities. A com-
parison of the relaxed geometries of TCPP on hBN with
and without dispersion (compare Figure 2d and e)
shows that the macrocycle has a bowing distortion
due to van der Waals interactions, which results in a
reduction in the separation of the hBN and the por-
phyrin ring; this is equal to 0.337 nm (0.422 nm) with
(without) dispersion.

The adsorption of a range of organic molecules such
as phthalocyanines, perylene derivatives, and porphyr-
ins on an hBN monolayer termination of a metal
surface®* 73> has been reported previously; in these
studies STM was used as an imaging modality since the
molecules were sufficiently strongly coupled to the
underlying metallic substrate. Deformation of porphyr-
in macrocycles has also been observed when related
molecules are adsorbed on metal surfaces.?®3¢37

The square arrangement of TCPP differs from those
previously reported for molecular adsorption on HOPG
by Lei et al,*® who found that scanning tunneling
microscopy (STM) could be used to acquire images
only when TCPP was coadsorbed with stearic acid.
Under those conditions TCPP forms a more close-
packed arrangement with a period of 1.83 nm. Yuan
et al. 3 observed a similar closed-packed arrangement
as well as two other phases on Au(111) in 0.01 M HCIO,
medium, one of which was attributed to a square
network with an enclosed TCPP molecule.

In light of these differences we have also investi-
gated the adsorption of TCPP layers, prepared using
similar protocols, on HOPG and MoS,. We observe the
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Figure 3. AFM images of TCPP adsorbed on HOPG (a—c) from a 140 uM DMF solution and MoS, (d) from a 13 xM EtOH
solution. Adsorption time is ~1 s for all images. (a) Overview image showing islands of monolayers and crystallites; (b) two
differently oriented phases of TCPP molecules; (c) high-resolution image showing square assembly; (d) single crystallites on
MoS,; (upper inset) zoom-in showing square arrangement of molecules; (lower inset) AFM image showing MoS, lattice.
Images of TCPP on graphite were acquired in PeakForce tapping mode; the MoS, images were acquired using an Asylum
Cypher in ac mode; the MoS, lattice was resolved in contact mode.

square network on HOPG, as shown in Figure 3, with
the same period, 2.26 + 0.05 nm, found for hBN. On
HOPG we also observe rod-like structures of 30—50 nm
inlength and 1.5 £ 0.2 nm in height that are attributed
to aggregates of nonplanar TCPP molecules. We have
not been able to acquire images of this square phase
on HOPG using STM, which we attribute to the com-
promise of the stability of the layers due to the STM tip
as suggested previously by Lei et al,;*® this suggests
that AFM may have advantages for the imaging of
weakly bound molecular monolayers. Images of TCPP
networks have also been acquired following deposi-
tion on MoS,, a layered semiconductor with a band gap
of 1.23 eV that exhibits photovoltaic effects and
electroluminescence.*®*! The TCPP islands formed on
MoS, (see Figure 3d) are very similar to the square
phase discussed above for hBN and HOPG with a lattice
constant of 2.24 4 0.05 nm. We are also able to resolve
the atomic lattice of the MoS, surface using AFM as
shown in Figure 3d, inset. Thus, we observe the same
square network structure for TCPP molecules on each
of these surfaces.

We have investigated the fluorescence of TCPP
adsorbed on hBN (no fluorescence was observed from
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TCPP adsorbed on either the HOPG or MoS, surfaces),
and in Figure 4 we show spectra for TCPP in solution,
adsorbed on hBN, and also on the SiO, exposed surface
in the areas between exfoliated hBN flakes (an optical
image of a typical area is shown in the inset in Figure 4).
See Methods section for further experimental details.

In each spectrum the characteristic Q-band double
peak is observed corresponding to the Q,(0,0) transi-
tion (close to 649 &+ 1 nm (1.910 + 0.003 eV) for the
ethanolic TCPP solution) with a Q,(0,1) vibronic satellite
at 716 £ 1 nm, in good agreement with previous
studies.*”** These peaks are red-shifted on SiO, and
hBN, with the Q,(0,0) peak occurring at 652 + 1 nm
(1.901 £0.003 eV) and 679 + 2.5nm (1.826 + 0.007 V),
respectively. Thus, we observe an energy shift for TCPP
on hBN of 0.084 + 0.008 eV as compared with the
ethanolic solution, but there is also a pronounced
difference, 0.075 £ 0.008 eV, between TCPP adsorbed
on hBN and SiO,. There are several possible origins of
this red-shift, and we consider the effects of inter-
molecular interactions and molecular deformation
induced by molecule—surface interactions.

As discussed above, the porphyrin macrocycle of
TCPP is deformed on adsorption on hBN, leading to a
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Figure 4. Normalized fluorescence emission spectra (excitation wavelength 532 nm) of TCPP molecules in an ethanolic
solution (blue), assembled in the square phase on hBN (green), and on the SiO, surface between hBN flakes (red). Lower inset
shows an optical (real color) image of hBN flakes; the dark blue is the bare SiO,, while the green/blue flakes are the hBN.
The scale bar is 50 um. Upper inset: Variation of the intensity of the Q,(0,0) peak taken with the red and green laser for flakes

with different thickness due to an interference effect.

bowed geometry. From our calculations it is clear that
the bowing arises, at least in part, due to the presence
of the aryl side groups, which cannot adopt a coplanar
alignment with the porphyrin macrocycle due to steric
considerations. Consequently the aryl side groups act
analogously to small pedestals raising the plane of the
macrocycle above the substrate surface. The resulting
small gap allows flexing of the macrocycle due to van
der Waals interactions with the surface, leading to the
bowing effect. It has been shown that nonplanar
conformations of a porphyrin macrocyle lead to red-
shifts in the Soret and Q-band, and this has been
attributed to a destabilization of the highest occupied
molecular orbital** (HOMO). Another factor that is
known to affect the fluorescence is the orientation of
the aryl side groups with respect to the macrocycle,*?
which will also be affected by the presence of the
surface. We have therefore used time-dependent den-
sity functional theory (TDDFT) to calculate fluorescence
transition energies for both adsorbed and gas-phase
molecules and to explore the origin of the observed
spectral shifts. Note that TDDFT provides a more
accurate description of the transition than a simple
calculation of the HOMO—LUMO gap (LUMO is lowest
unoccupied molecular orbital) since it includes the
response of the electronic structure to the excited-
state configuration.*®

To calculate the fluorescence energy, the molecule is
first optimized in the first excited state. This calculation
is particularly demanding, and we are limited to a
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TABLE 1. Computed Structural Properties of the S, State
of TCPP on hBN and Shift in Fluorescence Energy with
Respect to the Gas Phase”

transition energy shift (eV)
hBN-porphyrin spacing (nm)
transition dipole moment (Debye)
orientation of aryl groups (deg)
porphyrin HOMO energy (eV)
Pporphyrin LUMO energy (eV)

without dispersion

+0.02 (4-0.02)
0.435

(3.35, —0.30, 0.01)
59.2

—555

—3.04

with dispersion

—0.08 (—0.05)
0.339

(3.86, —1.04, —0.08)
49.9

—5.50

—3.15

“Transition energies in parentheses correspond to an isolated TCPP molecule with the
structure adopted on adsorption on hBN. The transition dipole moment vector lies in the
plane of the porphyrin ring and is predominantly along the x-axis, i.e., in the direction of
the N—H groups at the center of the ring (the axes are defined in Figure 2).

model system comprising a single molecule and the
hBN monolayer (see Figure 2). The fluorescence energy
of TCPP on hBN is calculated to be 1.99 eV (623 nm),
which, for this type of calculation, represents very good
agreement with the experimental values. The calcu-
lated shifts due to adsorption and surface interactions
are derived by comparing the relevant transition in the
gas phase and adsorbed molecules and summarized in
Table 1 (the molecular orbitals associated with this
transition are shown in the Sl). The shift in fluorescence
energy of adsorbed TCPP relative to the gas phase
depends critically on dispersion forces (first row in
Table 1). With dispersion forces included the calculated
shift is —0.08 eV, but a much smaller positive shift
of +0.02 eV is calculated in their absence. Thus, the
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adsorbate—substrate interaction both binds the mole-
cule to the surface and also shifts its energy levels even
for an unreactive surface such as hBN.

To deconvolve the influence of molecular distortion
on the transition energy, as compared with a direct
interaction with the hBN surface, we have also calcu-
lated the transition energy for the relaxed molecular
geometries in the absence of the surface (included in
brackets in the first row of Table 1). This shows that
the largest contribution (—0.05 eV) to the calculated
—0.08 eV shift arises from the intrinsic molecular
distortion induced by van der Waals interactions; the
additional contribution to the shift arises from interac-
tions with the electron system in the model hBN
surface.

The two most distinct changes in the structure
observed on adsorption are the distortion of the
porphyrin macrocycle and a flattening of the aryl side
groups. Our results for the S, state (see Table 1) show a
shift to higher energy of 0.05 eV of the HOMO on
inclusion of dispersion, consistent with previous
reports** of the destabilization of the HOMO for non-
planar conformations. Our calculations also show a
decrease in energy of the LUMO, resulting in an overall
red-shift. The orientation of the aryl groups, as mea-
sured by their average angle with respect to the plane
of the porphyrin core, is about 9° smaller for the
structure optimized with dispersion (see Table 1); aryl
group rotation has been demonstrated in previous
studies to give rise to a red-shift.*?

We have also undertaken simulations of tetraphe-
nylporphyrin (TPP), an analogous molecule in which
the carboxylic acid groups are not present. These were
performed to ensure that the calculations are not
dominated by model-driven interactions between
the carboxylic acids and the simulated hBN surface.
Calculated structures of TPP on hBN also exhibit
macrocycle distortion, with a shift in the fluorescence
energy of —0.12 eV, similar to the value for TCPP (see
the SI). The absorption and fluorescence energies for
TCPP and TPP both on and off the surface are also
included in the SI.

In addition to the shifts arising from changes in
molecular conformation and the molecule—substrate
interaction as discussed above, there are several other
possible effects that might lead to a shift in the peak
position. These are due to interactions between near-
est neighbor TCPP molecules (our simulations treat an
isolated molecule on hBN), which may be categorized
as either resonant or nonresonant. The resonant shifts
arise from the coupling of the transition dipole mo-
ment, umpm, of neighboring molecules and have a
typical energy scale of urpm*/4meor® where r is the
separation of dipoles.**~*° Using the calculated value
for urpm =~ 4 D (see Table 1) gives an energy scale of
~1 x 1072 eV, taking into account the geometry and
number of nearest neighbors leads to an estimate of a
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shift of ~2 x 1073 eV, showing that this effect is small
compared to the observed effect. This value is lower
than that predicted by Vlaming et al.>® for porphyrin
chains due, in part, to the lower value of dipole
moment used here. There is also a possible nonreso-
nant shift due to intermolecular interactions, which we
have attempted to capture by calculating the S; < Sq
transition energy of a gas-phase TCPP hydrogen-
bonded dimer (see the SI). The calculated shift is less
than 1073 eV, and, even noting that there are four
nearest neighbors, this shows that nonresonant effects
may be neglected; this result for a dimer also shows
that the formation of hydrogen bonds does not have
an intrinsic effect on the transition energy of TCPP.
Overall the largest contribution to the calculated shift is
due to variations in the electronic structure induced by
the molecular deformation arising from the van der
Waals molecule—substrate interaction, 0.08 eV.

We have so far neglected a possible chromatic shift
between the gas phase of TCPP, for which experimen-
tal data are not available, and the solution phase, which
serves as a reference for our measured data. However,
we note that the fluorescence excitation spectrum of
TPP (analogous to TCPP but with phenyl rather than
carboxyphenyl side groups) in He droplets has been
reported®'*? to have a peak at ~640 nm, which is red-
shifted to 648 nm in TPP solutions.*> Noting that the
fluorescence and absorption peak wavelengths of
TCPP and TPP are very similar, we anticipate a similar
red-shift for TCPP, which corresponds to an energy of
~0.02 eV. Inclusion of this additional correction gives
an overall predicted red-shift of 0.06 eV, which, given
the simplicity of our model, represents good agree-
ment with our measured value of 0.084 + 0.008 eV, and
we therefore identify van der Waals-induced deforma-
tion as the primary source of the observed shift.

We also highlight an interesting apparent depen-
dence of the fluorescence intensity on the thickness
of hBN flakes. The intensity is shown in the inset to
Figure 4 as measured for both the green (532 nm) and
red (660 nm) excitation laser, and we observe a max-
imum (minimum) for the green (red) laser for an hBN
thickness of ~100 nm with a variation in intensity of a
factor of ~10. This is a thin film effect arising from the
coherent reflection of the excitation laser at the top
hBN surface and the Si/SiO, interface, highlighting the
planarity of the hBN flakes. For a 300 nm SiO, thickness,
as used here, we would expect constructive interfer-
ence of incident light when the hBN thickness, tgy,
is 106 nm for an exciting wavelength, 4, of 532 nm.
For this thickness an enhanced electric field intensity of
the incident radiation at the hBN surface is expected,
leading to an increase in fluorescence intensity; this
value is close to the thickness where the observed
maximum occurs. For 4 = 660 nm a minimum in
intensity is expected for tgy = 104 nm, the thickness
where destructive interference is expected. The relevant
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equations are included in the SI together with additional
results for hBN flakes on a Si substrate without an inten-
tionally grown oxide. These results highlight the highly
parallel alignment of the upper and lower hBN interfaces.

CONCLUSIONS

The integration of two-dimensional supramolecular
arrays with layered materials and their characterization
at the molecular scale offers significant prospects for
future research directions. From a fundamental per-
spective the ability, realized through high-resolution
atomic force microscopy, to correlate fluorescence
spectra of adsorbed monolayers and submonolayers
of organic molecules with specific details of conforma-
tion and molecular organization allows a systematic
study of the interdependence of structural and optical

properties, for example, the “gas-crystal shift”,>* at the

microscopic level. In the example considered here,
hydrogen bonding is exploited to steer porphyrin
dye molecules toward a stable planar arrangement in
which their fluorescence spectrum is strongly modified
by the substrate and their intermolecular spacing is
controlled. Note also that in this configuration the
transition dipole moments of the molecules are par-
allel to the substrate surface, which, combined with
the overall two-dimensional assembly, is optimal for

METHODS

The hBN substrates are prepared by exfoliating flakes from
single crystals using Scotch tape as previously reported.>*** The
exfoliated flakes have typical lateral dimensions of 20—100 um
and thicknesses in the range 20— 100 nm and are transferred to
a SiO, surface (a layer of thickness 300 nm grown thermally on
a Si substrate) and subsequently cleaned by heating to 350—
400 °C in a stream of Ar/H, (95:5) for ~4 h or by flame annealing
using a butane torch in a procedure similar to that widely used
to prepare Au(111) surfaces. TCPP is synthesized using pub-
lished procedures,®® and molecules are deposited on all sub-
strates (hBN, HOPG, and MoS,) by immersion in solutions of
TCPP in either ethanol (EtOH; 13 uM) or dimethylformamide
(DMF; 140 uM) for 10—300 s. These relative short immersion
times were chosen to avoid the formation of multilayers and
substantial coverage with molecules adsorbed in a nonplanar
three-dimensional configuration, which occur for longer expo-
sure. All samples were dried in a N, stream for about 1 min to
remove excess solvent. Fluorescence spectra are acquired using
a Horiba LABRAM confocal microscope/spectrometer fitted
with two laser sources with wavelengths 532 nm (green) and
660 nm (red) to excite fluorescence. Spectra were acquired from
individual flakes using a 50x objective corresponding to spot
sizes of 1.1 and 1.7 um? and powers of 4.0 and 1.5 uW for green
and red lasers, respectively. In each neutral density filters were
used to reduce the incident intensity to the specified level, and
the fluorescent radiation was passed through a notch filter
matched to the exciting wavelength.
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interactions with the electromagnetic field of the
simple photonic structure formed by the hBN flake.

The hydrogen-bonded network formed by TCPP
constitutes a relatively simple supramolecular arrange-
ment, and the demonstration that hBN supports the
formation of two-dimensional adlayers deposited from
solution and the investigation of their optical proper-
ties raise many possibilities for the marriage of the
exquisite control of structural organization, which has
previously been demonstrated for supramolecular
adlayers on conducting surfaces, with the control of
fluorescence and its exploitation in chemically respon-
sive optical components. More specifically supramole-
cular organization can be used to transform local
molecular arrangements on surfaces, and thus influ-
ence the fluorescence properties through changes in
dielectric environment. In addition fluorescence shifts
could be used to detect the introduction of guest
molecules within supramolecular arrays, providing a
readout for engineered molecular recognition pro-
cesses. In addition, the compatibility of hBN with layered
semiconductors and semimetals provides many inter-
esting possible research directions for hybrid nanostruc-
tures in which molecular layers are combined with these
new materials for exploitation as photonic and sensing
devices.
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