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ABSTRACT

The adsorption and self-assembly of metal-free tetra(4-carboxyphenyl) porphyrin (TCPP) from
ethanol on the surface of hexagonal boron nitride (hBN) was studied to determine the influence
of the concentration of the solution on the self-assembly/aggregation and spectroscopic
properties of the adsorbed TCPP. The adsorption isotherm indicates that at saturation the
TCPP molecules adsorb edge-on with the macrocycle nearly perpendicular parallel to the hBN
surface. On the other hand, the atomic force (microscopy AFM) micrographs indicate that a

monolayer of flat-on adsorbed TCPP molecules, observed for adsorption from a diluted
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solution transforms into edge-on adsorbed molecules when more concentrated solutions are
used. While for adsorption from a dilute solution, the stationary emission spectra correspond
to those reported in literature, they shift 15 nm to longer wavelengths when adsorption occurs
from more concentrated solutions suggesting stronger interaction between neighboring
chromophores for edge on adsorption. The latter is also suggested by a broadening of the red
edge of the fluorescence excitation spectra. Fluorescence decays obtained for the different
emission wavelengths can be analyzed globally as quadruple exponential decays linking the
four decay times. The non-mono-exponential character of the decay is attributed mainly to
energy transfer to non-fluorescent traps. The longest decay time decreases from 5.9 ns for
the sample prepared by adsorption from a dilute solution to 4.6 and 4.0 ns from samples
prepared from more concentrated solutions. These decay times are about 50 % shorter than

the fluorescence decay time of TCPP in ethanol.

INTRODUCTION

In the last decade hexagonal boron nitride (hBN) gained interest as a platform to study the
adsorption of molecules and the corresponding photophysics. hBN is iso-structural to
graphene with a hexagonal lattice arrangement consisting of alternating boron and nitrogen
atoms in a sp? hybridization. hBN can form multilayers where the individual layers stick
together by van der Waals interactions (AB-stacking). Furthermore, hBN is a thermally and
chemically stable material with insulating properties (the indirect bandgap amounts to 5.95

eV).

Different molecules can adsorb to the surface of hBN nanosheets and the corresponding
nanomesh structures.>** This physisorption is driven by van der Waals interactions,
interactions with TT-electrons of the basal plane and electrostatic interactions with the polarized
B-N bonds. The growth of n-alkane adsorption layers on hBN occurs via island formation,
where n-alkanes adsorb with their principal axis parallel to each other or in a herringbone

pattern as observed for n-alkanes on graphite.®'2 Mixtures of n-alkanes with different chain
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lengths phase separate on the hBN surface depending on their preference for parallel or
herringbone adsorption.>® Hexacontane (CgoHi22) forms lamellar rows with its molecular axis
parallel to the zigzag direction of hBN as observed for longer alkanes on graphite.’® The
adsorption of several layers of N,N'-ditridecylperylene 3,4,9,10-tetracarboxylic diimide
(PTCDI-C13) on hBN by physical vapor deposition shows different adsorption behavior for the
first and the second/third layer. The first layer adsorbs flat-on with a brick-wall arrangement
and its spectroscopic properties suggest the formation of J-type aggregates. The second and
third layer rather adsorb edge-on and the consequent side-by-side arrangement leads to the
formation of H-type aggregates.” Cyanine dyes preferentially form monolayers of flat-on
adsorbed molecules.’®*!* Polythiophene (PT) polymers form J-type aggregates when
adsorbed from toluene on the surface of hBN. Its adsorption induces an increased
planarization with interdigitation of the alkane chains of one PT molecule with those of

neighboring PT backbones.®

The adsorption of tetra(4-carboxyphenyl)porphyrin (TCPP) molecules on several surfaces was
already discussed in literature. TCPP molecules adsorbed from an ethanolic solution on a
TiO, surface occupy 1.2 nm?/molecule at saturation, which is intermediate between the area
of flat-on adsorbed molecules (2.3 nm?/molecule) and of standing TCPP molecules (edge-on
adsorption) which would occupy an area of 0.6 nm?/molecule.’” This suggests an intermediate
orientation of the adsorbed TCPP molecules, the formation of an incomplete layer of edge-on
adsorbed molecules or the formation of multilayers of flat-on adsorbed molecules. In contrast
to what happens on TiO2, Korolkov et al.8 observed that TCPP molecules dissolved in ethanol
adsorb parallel to the surface (flat-on) on a hBN surface. Atomic force probe microscopy
revealed a self-assembly forming square and hexagonal structures, which are stabilized via
in-plane hydrogen bonding between neighboring TCPP molecules. To optimize van der Waals
interactions with the substrate the TCPP molecules, where the aryl side groups cannot adopt
a coplanar structure with the macrocycle, are distorted to a bowed geometry. This distortion

also explains the red shifted fluorescence of the adsorbed TCPP molecules. When adsorbed
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from respectively ethanol and dimethylformamide (DMF) on highly oriented pyrolytic graphite

(HOPG) and MoS; TCPP only adsorbs flat-on and self-assembles in a square geometry.

Here we present a systematic study of the influence of the concentration of the solution on the
morphology, stationary and time resolved spectroscopy of TCPP adsorbed on hBN. In this
way we will try to investigate to what extent multilayer formation can occur and how the latter

are organized.

90 - ~1.5 nm .

Figure 1 Monolayer hBN (A) and multilayer formation by hBN (B). General structure of TCPP molecule (C).

MATERIALS & METHODS

For the determination of the adsorption isotherm and the stationary and time-resolved
spectroscopy hBN platelets (multilayers) with lateral size below 5 ym were acquired from
Sigma-Aldrich and used without further treatment. The hBN crystals used for the AFM

experiments are a gift from the research group of prof. Kenji Watanabe and prof. Takashi

4



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

Taniguchi of the National Institute of Materials Science (NIMS), Tsukuba, Japan. The flakes
of hBN were transferred via mechanical exfoliation (scotch-tape method) on the silicon

substrates which were cleaned as described in the Sl.

The solvents ethanol (Merck, 99.9%), Milli-Q water (Merck, ultrapure), ethanol (Sigma-Aldrich,
ultragrade) and n-heptane (Sigma-Aldrich, 99%) were used without further purification.

Metalfree TCPP was purchased from TCI Chemicals and used without further treatment.

The preparation of the samples of TCPP in solution and adsorbed on hBN for determination
of the molar extinction coefficient, adsorption isotherm, atomic force microscopy, steady-state

spectroscopy and fluorescence decays are described in the SI.

The morphology of the TCPP:hBN:silicon samples was studied using atomic force microscopy
(AFM) on a Cypher ES (Asylum Research) system at 32°C. The topography images were
extracted using the tapping mode at the air/substrate interface using OMCL-AC240TS-R3
probes (Olympus Corporation, spring constant ~2 N/m, resonance frequency ~70 kHz) for
blank measurements in absence of TCPP molecules and for samples where TCPP was
adsorbed on hBN covered with the adsorbed porphyrin molecules. The same tip was used to
locally scratch away the TCPP layer in the contact mode at a constant force of 100 nN to
determine the thickness of the adsorbed dye layer. All AFM images were analyzed and
processed using Scanning Probe Imaging Processor (SPIP 6.3.5) software from Image

Metrology ApS.1318

UV-visible absorption spectra of dilute solutions of TCPP in ethanol were recorded in quartz
cuvettes with path length of 1 mm and 1 cm using a Perkin Elmer Lambda40
spectrophotometer for the construction of the adsorption isotherms and to study the potential
aggregation of TCPP in ethanol. The absorption spectra were collected with blank corrections
(pure solvent). The emission and excitation spectra of TCPP adsorbed on hBN were
determined with a Horiba Jobin Yvon Fluorolog 3 spectrofluorometer in front-face
configuration, while those of TCPP in solution were recorded in right-angle configuration. The

excitation spectra were corrected for the wavelength dependence of the intensity of the

5
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excitation light and for temporal fluctuations of this intensity. The emission spectra were
corrected for the wavelength dependence of the detection channel throughput and the

sensitivity of the detector.*®

The fluorescence decays were determined by Time Correlated Single Photon Counting (TC-
SPC) technique.'®22 The samples were excited by a Ti:Sapphire laser (Tsunami mode-locked,
model 3950, Spectra Physics) pumped by a diode-pumped CW laser (Millenia 10W, Spectra
Physics). The Tsunami output (800 nm, 2 ps, 82 MHz) passed through a pulse selector (Model
3980, Spectra Physics) to reduce its repetition rate down to 8.2 MHz and a frequency
doubler/tripler (GWU, Spectra Physics) to obtain 400 nm excitation pulses The fluorescence,
collected at right-angle, was spectrally resolved by a monochromator (Sciencetech 9030, slit
width 1 mm), and detected by a microchannel plate photomultiplier tube (MCP-PMT, R3809U-
51, Hamamatsu). A time-correlated single photon timing PC module (SPC 630, Becker &
Hickl) was used to obtain the fluorescence decay histogram in 4096 channels. The decays
were recorded with 10 000 counts in the peak channel, and a channel width of 50 ps per

channel. In this way, the time window amounted to 30 ns.

The decays were analysed with the time-resolved fluorescence analysis (TRFA) software,
which is based on the iterative reconvolution of a triple or quadruple-exponential decay )EQ.

1) with the instrumental response function (IRF).

I(t) = ZiAiexp (—%) Eq. 1

A
YiA;

(™) Eq. 2

In equation 1, A; and t; correspond to the amplitude and the decay time of the i"" component
of the decay. The average decay time (t) is then given by Eq. 2.?! The goodness of fit was
determined by x? and visual inspection of the residuals and their autocorrelation function. For
all samples except the fluorescence decay at 745 nm of the sample prepared by adsorption

from a 150 uM solution of TCPP, x? was below 1.2.
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In order to be able to compare decays of different samples or decays obtained at different
emission wavelengths for the same sample, the amplitude of the different components will be

expressed as a normalized amplitude o) (in %) in the tables.

A;
o = =——100 Eq. 3
2iAj

The contributions in % of each decay component, p;, to the stationary emission spectrum are

given by

= AT 00 Eq. 4
Pi Yi AT &

In order to evaluate the influence of the emission wavelength on the features of the decays,
the decays of the same sample obtained at emission wavelengths ranging from 653 to 745
nm were analyzed globally by linking three or four decay times. One should note however that
there is no physical reason to have three or four components with a different decay time.
Actually non-exponential and stretched exponential decays can as well be analyzed as a sum
of exponentials.'*?®* Hence one should be careful when trying to associate the different
components of the decay with specific excited species or to give a physical meaning to the
different decay times and the corresponding amplitudes or their contribution to the stationary
emission spectrum. For the results shown here such interpretation can only make sense for
the component with the longest decay time, the component giving the largest contribution to

the stationary emission and the average decay time (t).

RESULTS & DISCUSSION

Determination of the adsorption isotherm

Within the concentration range used for the adsorption of TCPP (1 uM to 600 uM) the
absorption spectra of a solution of TCPP in ethanol (Figure S1 A) and the linearity of the

Lambert Beer plot (Figure S2) show no indication for a limited solubility or aggregation of
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TCPP in ethanol (see Sl). The absence of aggregation can be attributed to steric hinder

induced by the nonplanar orientation of phenyl rings attached to the porphyrin core.
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Figure 2 Adsorption isotherm of TCPP on hBN from an ethanol solution of TCPP. The data were fitted to a

Langmuir isotherm.

The molar extinction coefficient (¢) of TCPP in ethanol was obtained using the same procedure
as used for adsorption of thiacarbocyanine dyes on hBN.'® For the determination of the
adsorption isotherm 10 mg of hBN powder was dispersed in 4 mL of the dye solution (further
called initial solution) and transferred to conical flacons. The dispersion was centrifuged for 1
hour at 4000 rpm. The difference in absorbance (at 417 nm) between the TCPP solution before
hBN addition and of the supernatant after the addition of hBN and centrifugation (see SI)
combined with the molar extinction coefficient at 417 nm allowed us to determine the change
in concentration of the TCPP solution by adsorption on hBN and hence the number of TCPP
molecules that are adsorbed on the surface of 10 mg hBN after the addition of hBN to the
initial dye solution (details see Sl). This approach has the drawback that at higher
concentrations the relative error on this difference becomes quite significant. Therefore, no
results are given for concentrations above 400 uM. Combining these data with the specific

surface area of 11 + 2 m?/g of the hBN platelets*? allowed us to plot the number of immobilized
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adsorbed TCPP molecules per unit area versus the initial dye concentration rendering the
adsorption isotherm of TCPP on hBN (Figure 2). The adsorption isotherm could be fitted to

the Langmuir-isotherm.?*

KjacC
1+KjqcC

Qe = Qsat

Eqg. 5

In Eq. 5 Qe is the number of molecules adsorbed on the surface of hBN per unit area at
equilibrium (surface density), Qsat is the number of adsorbed molecules per unit area on the
hBN surface at saturation, c is the initial adsorbate concentration in solution, and K, is the
affinity constant for adsorption.

Table 1: Data obtained by fitting the adsorption of TCPP on hBN to a Langmuir isotherm. R? is the correlation

coefficient.

Qsat 1 2
(molecules/m?) Kia (M) R

TCPP | 1.05+0.17x10'8 6.5+2.4x10° 0.83

At saturation, Qsar amounts to 1.05 + 0.17 x 10*® adsorbed molecules/m? which corresponds
to an area of 0.95 + 0.15 nm?/molecule. This value is much smaller than the value reported?!’
for a flat-on adsorption (2.3 nm?/molecule or 4.3 x 10" molecules/m?) and even smaller than
the value of 1.2 nm?/molecule at saturation (corresponding to a saturation density Qsa: of 8.3
x 107 molecules/m?) reported by Cherian et al.}” for TCPP adsorbed on TiO.. It is somewhat
larger than the value of 0.6 nm2/ molecule that can be expected for edge on adsorption. This
suggests that TCPP adsorbs nearly edge on, in contradiction with the work of Korolkov et al.?
who found a nearly flat-on adsorption of TCPP on hBN from scanning probe microscopy
experiments. One should note that these large densities of adsorbed TCPP are only obtained
(Figure 2) at concentrations of TCPP above 200 uM, i.e. about 15 times higher than the
concentration of TCPP used by Korolkov et al..2 This suggests that the adsorption changes

from flat-on to edge-on as increasing the concentration of TCPP. In the next section this
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assumption will be tested using AFM. The value of K.a (Table 1) is five to ten times lower than
the values obtained for the adsorption of cyanine dyes on hBN (3.0 x 10* M* to 1.1 x 10° M%)
although the area of TCPP is about twice that of a molecule of the cyanine dyes. Even if one
considers that the values of K., are underestimated by a factor of two due the smaller values
of Qsat relevant for lower concentrations K., remains still two to five times smaller than the
values found for the adsorption of cyanine dyes on hBN. This could be due to the non-coplanar
orientation of the phenyl rings compared to the porphyrin core, which will lead to a smaller
interaction between the porphyrin nt-cloud and hBN or to deformation of hBN to optimize the

interaction of the porphyrin core with hBN .80

Atomic force microscopy

The preparation protocol shown in the Sl allowed to prepare large flakes (20-50 um) of hBN
with a clean and flat surface, as depicted earlier**>, which are suitable to visualize the on-

surface changes in topography upon adsorption of TCPP.

(=]
-
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100 200 300 400 500 600
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o

Figure 3 Topographic (A) and phase (B) AFM image of TCPP:hBN adsorbed from a 13 uM TCPP solution in

ethanol. C: Line profile along the blue line in Figure 3 A.

In the topography images the AFM micrographs of TCPP adsorbed on hBN from its ethanolic
solution with an initial concentration of 13 uM showed a surface with holes (dark brown) and
locally covered by higher patches (whitish color in Figure 3 A) with a thickness of 0.3 £ 0.1 nm

(Figure 3 C). The corresponding phase images (Figure 3 B) showed no phase difference

10
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between the patches on top of the layer and the layer suggesting that the patches have the
same identity (TCPP) as the layer underneath. Also, the thickness of the patch (0.3 £ 1 nm)
corresponds to that of an aromatic molecule, (0.30 to 0.34 nm), suggesting the patch is just
the onset of the adsorption of a second layer. A root-mean-square (RMS) analysis of the
height, performed to identify the uniformity of the layer, yielded an RMS value of 0.06 nm. This
value suggests a high uniformity of the observed surfaces. In order to get information on the
thickness of the underlying layer, a 0.2x0.2 um local square was scratched away (Figure 4 A
and B) in contact mode. A height histogram of the scratched area and its surroundings shows
a bimodal distribution with the green and orange maxima corresponding to respectively the
height of the scratched area and the undisturbed part of the sample surroundings. The
distance between the maxima amounts to 0.24 + 0.1 nm (Figure 4 C), which is close to the
values reported in literature® for the thickness of a TCPP layer adsorbed on hBN. This confirms
the monolayer nature of major part of the adsorbed TCPP layer as well as a flat-on adsorption
of TCPP. Although according to Korolkov et al.? in-plane hydrogen bonding between adsorbed
neighboring TCPP molecules should lead to self-assembly in a square or hexagonal geometry,

this could not be observed here as it was not possible to obtain molecular resolution.
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Figure 4 Topographic (A) and phase (B) AFM image of the scratched area and its surroundings for TCPP:hBN
adsorbed from a 13 uM TCPP solution in ethanol. Height histogram (C) of the scratched area and its

surroundings.
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Figure 5 Topographic (A) and phase (B) AFM image of TCPP:hBN adsorbed from a 75 uM TCPP solution in

ethanol. C: The line profile along the blue line in Figure 5 A.

For TCPP adsorbed from a more concentrated solution (75 uM), the topography image shows
that part of the surface is covered by elongated structures with a length of 50 to 200 nm and
a width of about 25 £ 5 nm (Figure 5 A). The same structures can be observed in the phase
image (Figure 5 B). The line profile along the blue line (Figure 5 C) shows that the height
varies most often in steps of 1.2 + 0.2 nm although also steps of 2.4 or 2.7 nm are observed.
This is much larger than the thickness of a molecule of TCPP and rather matches its diameter
of about 1.5 nm. Adsorption from a 150 uM and a 450 uM solution leads to structures of similar
height and width (Figure S4 and S5) although they get a more fibrous morphology. Such
structures can correspond to single and double layers of edge on adsorbed TCPP molecules
having a diameter of about 1.5 nm (Figure 1 C). From the images it cannot be deduced
whether there is an underlying layer of flat on adsorbed molecules as observed for adsorption
from a 13 pM solution. The transformation from a packing close to flat on absorption
(occupying an area of 2.3 nm2/molecule) to edge on adsorption (occupying an area of 0.6 nm2)
upon increasing the concentration can be explained by the thermodynamics of the adsorption
process.?® The foot print of an edge on adsorbed molecule of TCPP (0.6 nm2) is still smaller
than the available area per adsorbed molecule at the saturation of the adsorption isotherm
(0.95 = 0.15 nm2/molecule). This discrepancy can be explained by a partial coverage of the
substratum by adsorbed TCPP (see Figure 5 A and 5 B). As the AFM images suggest a
drastically different packing and corresponding intermolecular distances when adsorption

occurs from more concentrated solutions this difference should also be observable in the
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electronic absorption and fluorescence spectrum considering the distance dependence of

exciton interaction26-28

Spectroscopy of TCPP adsorbed on hBN from a 15 uM solution

The electronic spectra of porphyrins are generally discussed in a four orbital model: the two
top filled and the lowest empty n-orbitals.?® While the latter are degenerate in metalated
porphyrins this degeneracy is lifted in the free base porphyrin studied here. Configuration
interaction between the four possible excited configurations leads to a pair of states, absorbing
around 400 nm (the By and By or Soret bands), and a pair of states Qx and Qy absorbing around
600 nm. While the Soret bands have a very large oscillator strength leading to a molar
extinction coefficient about 10° M-tcm™?, that of the Q bands is at least one order of magnitude
lower. While the By, and Qx bands are polarized along the NH - NH axis the Qy and Qy bands
are polarized perpendicular to this axis. The splitting of Bx and By is often too small to observe
two different bands. For Qx and Qy generally the two lowest vibronic bands 0-0 and 0-1 are

observed.

Although no reliable absorption spectra could be obtained for the TCPP:hBN samples,
fluorescence emission and excitation spectra could be obtained. Stationary emission and
excitation spectra were taken for TCPP:hBN with different concentrations of the initial TCPP
solution in ethanol (hence the hBN coverage level). For the emission spectra, the excitation
wavelength was set to 400 nm, 440 nm, 532 nm, 550 nm, and 560 nm. We will first discuss in
more detail the data obtained for the sample prepared from the TCPP solution with the lowest
concentration (15 pM). This concentration is close to the one used by Korolkov et al.? (13 uM)
and corresponds, using Eg. 5, and the value found for K.a to a coverage of 27 %. For this
sample a redshift of 610 cm* and 450 cm™ is observed for respectively the Q«(0,0) and Q«(0,1)
bands (see Figure 6, Figure S1 B and C, Table 2) compared to ethanol. The shift of the Q«(0,0)
band is close to that observed by Korolkov et al.® for adsorption of TCPP from an 13 pM
ethanol solution (680 cm™). Although the two vibronic bands observed in solution3°-33 can still
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be discerned, the Q«(0,0) band is broadened from 440 cm™ (width at 2/3 of the maximum) for
the TCPP solution in ethanol to 870 cm™ for the absorbed TCPP sample (excitation at 400
nm) (Figure 6 and Figure S1 B and C). A similar broadening is observed for other excitation
wavelengths. In analogy to the solution spectra the Q«(0,0) band remains more intense than
the Qx(0,1) band under all conditions The excitation spectrum recorded for the 680 nm
emission, i.e. at the maximum of the emission, also shows a red shift of the Soret band and of
the 514 nm band of the Q-band complex of respectively 830 cm™ and 480 cm™ (Figure 7). For
the other Q-bands the signal to noise ratio did not allow to determine the position of the
maximum adequately. The width (at 2/3 of the maximum) of the Soret band in the excitation
spectrum of the emission at 680 nm is increased from 540 cm™ for TCPP in ethanol to 1350
cm® for the adsorbed sample (excitation spectrum of the emission at 680 nm). The observation
that nearly similar shifts were found for excitation and emission spectra agrees with the
conclusions of Korolkov et al.2 who attributed the redshift of the emission to a geometrical
deformation (bowing and planarization of the phenyl rings) and to the interaction with the hBN
surface, the geometrical deformation being the most important one. The geometrical distortion
and the resulting electron-phonon coupling with low frequency bending vibrations of the
porphyrin core could also explain the broadening of the Qx(0,0) and Qx(0,1) emission bands
and of the Soret band in the excitation spectrum of the 680 nm emission. When looking at the
excitation spectra (Figure 7) collected for emission between 680 nm and 640 nm, i.e. in the
blue rising edge of the emission spectrum, we observe that upon decreasing the emission
wavelength the maximum related to the Soret band gradually shifts from 432 nm to 419 nm
(i.e. over 710 cm), which is very close to the solution maximum (417 nm in ethanol, see Sl).
Also for the bluest transition of the Q-band we observe a gradual shift from 527 nm for the 680
nm emission to 517 nm (i.e. close to the absorption maximum at 514 nm in ethanol solution,
see SI) for the 640 nm emission (i.e. a shift over 340 cm™). This indicates that on the blue side
the broadening of the emission spectrum is partly due to the presence of a second species
that undergoes both for absorption and emission, none or at least a very small redshift upon
adsorption to hBN. Figure 7 A also shows that the excitation spectrum of the emission at 640

14
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and 650 nm is narrower than that of the emission at the maximum (680 nm). The spectral
features of this short wavelength species apparently correspond to those of TCPP adsorbed
on TiO2 where the Qx(0,0) and Q«(0,1) band of the emission spectrum are situated at
respectively 652 nm and 719 nm, i.e. close to the position of those bands in ethanol solution.
Finally, the excitation spectrum of the emission at 710 nm is broadened and seems a
combination of the short (419 nm) and long (432 nm) wavelength band. This is related to the
observation that while the emission spectrum of the long wavelength species has a minimum
around 710 nm the short wavelength species, which has Qx(0-0) transition in the range 650 —
660 nm, will have a Qx(0-1) band maximum around 710 — 720 nm. As, whatever excitation
wavelength chosen, the emission intensity at 640 nm is never more than 5 % of the intensity

at the maximum this species must have a low abundance.

Considering the DFT calculations performed by KorolkoV® it is not likely that the species
absorbing and emitting at short wavelengths and those absorbing and emitting at long
wavelengths are respectively isolated and aggregated TCPP molecules. Due to the small
oscillator strength of the Q-band and the large center to center distance between flat on
adsorbed TCPP molecules resonant and non-resonant interactions between neighboring
TCPP molecules in the aggregates could only lead to minor shifts (respectively 2 x 102 eV or
16 cm™ and < 102 eV or 8 cm™)® of the spectra. Therefore, it is more probable that the short
wavelength species are TCPP molecules, which are not distorted and/or interacting with the
hBN surface. The photophysics of TCPP absorbed on hBN will be further explored by
recording and analyzing the fluorescence decays as function of the emission wavelength and

concentration of the solution from which adsorption occurred.
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Figure 6 Emission spectrum of TCPP adsorbed on hBN from an initial solution of 15 uM (A), 75 uM (B), 150 puM

(C) and 450 pM (D). The excitation wavelength was set at 400 nm, 440 nm, 532 nm, 550 nm, and 560 nm.
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Table 2: Emission maxima of the Qx(0-0) and Qx(0-1) band of TCPP adsorbed from an initial solution in ethanol

on the surface of hBN.

Concentration
Qx(0-0) 15 uM 75 uM 150 uM 450 uM
400 nm 681 687 697 696
440 nm 680 685 695 694
532 nm g 678 686 695 695
£1550nm | £ 681 681 695 695
< |1560nm | < 680 685 696 695
Concentration
Qx(0-1) 15 uM 75 uM 150 uM 450 uM
400 nm 737 745 753 755
440 nm 747 746 757 763
532 nm g 741 745 753 764
21550 nm | £ 742 745 752 764
< 560 nm | < 741 745 753 764

The fluorescence decay time of TCPP ethanol amounts to 10.21 ns (see Figure S7) which is
close to the value reported for TCPP in water at pH 10 (11.3 ns).®* For all samples of TCPP
adsorbed to hBN the fluorescence decays were obtained at 653 nm, 680 nm, 717 nm and 745
nm (Figure 8), while the excitation occurred at 400 nm, i.e. slightly biasing the excitation to the
non-interacting TCPP molecules. Although all decays are clearly non mono-exponential they
start to approach an exponential decay with a similar slope at longer times. For the sample
prepared from the 15 uM solution (Figure 8 A) the initial decay of the emission at 653 nm is
clearly faster than that of the emission recorded at 680 and 717 nm while the decay recorded
745 nm is intermediate between the decays recorded at 653 nm and those recorded 680 nm
or 717 nm. All decays of this sample could be analyzed globally, linking all decay times, as a
sum of four exponentially decaying terms with decay times ranging from 0.08 to 5.93 ns (Table
3). The component with decay time 13 (Table 3) delivers the largest contribution to the
stationary emission spectra, while 1, only gives a small contribution. Although the normalized
amplitude (a4) of the component with the longest decay time (t4) is small, it has a significant
contribution to the stationary emission spectra (Table S2). Between 680 nm, 717 nm, and 745
nm, where the emission is mainly due to the long wavelength species, the amplitudes of the

0.08 ns, 0.42 ns and 1.86 ns components do not change significantly. However the
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contribution of the 5.93 ns component is slightly smaller at 745 nm. The longest decay time of
5.93 ns (Table 3) can therefore be attributed to unquenched adsorbed molecules (long
wavelength species). This decay time is about 40 % smaller than the fluorescence decay time
of TCPP in ethanol solution. This could be related to the geometric distortion upon adsorption
leading to stronger electron phonon coupling with low frequency vibrations which is suggested
by the increased width of the vibronic bands (cfr. supra). This increased electron phonon
coupling leads to an increase of the Franck Condon factor for the internal conversion
enhancing in this way the non-radiative decay.®>% The faster decaying components are
probably due to molecules quenched by energy transfer to non-fluorescent traps, which has
also been observed for cyanine dyes in self-assembled films3”*°, cyanine dyes incorporated
in Langmuir Blodgett films*®-#? or adsorbed on hBN***4, and for xanthene dyes adsorbed to

glass or organic crystals.*4°
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Figure 8 Fluorescence decays of TCPP adsorbed on hBN. Excitation occurred at 400 nm and the decays of the
emission were recorded at 653 nm, 680 nm, 717 nm, and 745 nm. Adsorption occurred from a (A) 15 pM

solution, (B) 75 uM solution, (C) 150 uM solution and (D) 450 pM solution.

In this case the fluorescence decay would be a stretched exponential rather than a sum of
exponentials. However, one should note that stretched exponential decays can often be
analyzed as multi-exponential decays and vice versa.'*?® For TCPP adsorbed on hBN the
presence of at least two different emitting species will further complicate the decays which for
this reason were not analyzed as a stretched exponential. In spite of this ambiguity the long
decay time which contributes nearly 35 % to the stationary emission (Table S2) still remains
relevant as all decays become exponential at long times (Figure 8 A). When traps are present,
it cannot be excluded that this long decay time can also be affected to energy hopping between

neighboring TCPP molecules followed by energy transfer to the traps.*¢47

For the emission at 653 nm, i.e. in the rising edge of the emission spectrum (Figure 6 A), aa,

the amplitude of the component with the shortest decay time (Table 3) is twice the value it has
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at longer wavelengths leading to an overall faster decay of the fluorescence at 653 nm, which
can also be observed in the features of the fluorescence decays (Figure 8 A). This is also
reflected in the average fluorescence decay time <t>, which decreases from 0.8 — 1.0 ns at
longer wavelengths to 0.53 ns for the emission at 653 nm. As there is no reason why the
species emitting at shorter wavelengths, which is probably less distorted, should show a
slower radiative or non-radiative (by internal conversion or intersystem crossing) decay, the
faster decay of the emission at 653 nm is probably due to energy transfer to the species
emitting at longer wavelengths. Such exciton diffusion to species emitting at longer
wavelengths has been observed for e.g. films of poly-(3-hexyl)-thiophene,*®#° thin films of
anthracene®, or aggregates of thiacarbocyanine dyes.5! As energy transfer only happens over
distances up to a few nm,>?° this means that the short and long wavelength species are mixed

on a scale of only a few nm.

Table 3: Decay parameters (normalized amplitudes, a1 and decay times, ti) recovered from global fitting of the

fluorescence decays of TCPP adsorbed on hBN. Excitation occurred at 400 nm.

C ADet (0} T1 o2 T2 a3 T3 4 T4 2 (T>
(1M) (nm) | (%) [ (ns) | (%) | (ns) | (%) | (ns) | (%) | (ns) X (ns)
653 | 64.5 211 11.3 31 1.19 ] 0.53
680 | 36.3 33.6 24.0 6.1 1.01]0.98
15 717 | 318|208 3541942274118 55159 105101
745 | 38.9 355 21.7 38 1.02]081
653 | 60.2 24.9 114 35 1.18 | 0.63
680 | 50.3 32.0 152 25 1.09 | 0.67
7 717 1438|912 37819%% 163119221 1°>% 116 0.70
745 | 46.6 32.7 183 2.4 1.05]0.73
653 | 71.0 17.8 9.1 2.1 1.2010.35
680 | 53.4 30.3 14.9 14 117 | 0.44
150 m217 1359997 438193 151 | 1°3 22 1463 115 (056
745 | 41.9 34.6 21.9 2.3 1.26 | 0.59
653 | 65.2 211 118 19 | 4.92 | 1.110.41
680 | 48.7 34.2 13.7 3.4 117052
450 517 13021999 5061938 166 | 1°2 [ 2.7 | 4.02 [ 1.20 [ 0.58
745 | 27.7 43.4 25.0 3.9 1.16 | 0.73
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Spectroscopy of TCPP adsorbed on hBN from more concentrated solutions

Upon increasing the concentration of the TCPP solution from which absorption occurs a further
redshift of the emission maximum attributed to the Qx(0,0) and Qx(0,1) transitions, is observed
(Figure 6, Table 2). This redshift is the similar for all excitation wavelengths used and amounts
for the Q«(0,0) band (compared to sample prepared from the 15 uM solution) to respectively
100 + 30 cm? for the sample prepared from the 75 uM solution and 330 + 30 cm? for the
samples prepared from the 150 uM and 450 uM solutions. Also the Qx(0,1) shows a further
red shift. As except for the sample prepared form the 450 uM solution this increased redshift
is accompanied by a further loss of vibronic features it is difficult to give a quantitative estimate
for Qx(0,1) band of the samples prepared from 75 pM and 150 uM solutions. For the sample
prepared from the 450 uM solution the clearer vibrational features (Figure 6 D) allow to
determine a red shift of 360 + 30 cm™ for the Q«(0,1) band. This red shift is also accompanied
by an increase of the width at 2/3 of the maximum from 870 cm for the sample prepared from
a 15 uM solution to 1150 cm? for the samples prepared from the 75 uM and 150 puM solutions
and 2690 cm for the sample prepared from the 450 UM solution. In contrast to the emission
spectra the excitation spectra (Figure S6) of TCPP adsorbed on hBN from the more
concentrated solutions (75 uM to 450 uM) show no red shift of the maximum compared to
those where TCPP is adsorbed from a 15 puM solution (Figure 7 A). However, for the emission
at 670 nm, 680 nm, and 710 nm, they become broader on the red side as shown in Figure 7
B where the wavelength where the intensity has been reduced by 50 % compared to the
maximum has been plotted versus the wavelength where the emission was recorded. This
indicates that adsorption from more concentrated solutions leads to the formation of a species
with a red shifted absorption and emission compared to the monolayers of flat-on adsorbed

TCPP formed upon adsorption from a 15 uM solution.

The broader excitation spectrum and red shifted emission observed upon adsorption from
more concentrated solutions could be due to increased exciton interaction. In contrast to the

flat-on adsorption occurring form dilute solutions the edge-on adsorption suggested by the
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AFM experiments for adsorption from more concentrated solutions allows a smaller
intermolecular distance between neighboring TCPP molecules and hence a larger exciton
interaction.?52® This increased exciton interaction compensates the blueshift related to the
flattening of the porphyrin core® and the decreased interaction with the substrate. The broader
excitation spectra observed for samples prepared by adsorption from a more concentrated
solution resemble the absorption spectra observed for TCPP nanoparticles® or type 3 TCPP
aggregates formed in acidic aqueous solution.* In contrast to the results obtained for an
acidified aqueous solution we did not observe the strongly blue (392 nm) or red (to 460 nm)
shifted species in the excitation spectra. This could be due to the very low fluorescence
quantum vyield of the latter species.®* The maximum of the Q«(0,0) band of the emission
spectrum of the species formed upon adsorption from the concentrated solutions (see Figure
6 or Table 2) is shifted over 20 nm (400 cm™) to longer wavelength compared to that of the
type 3 aggregates observed by Khairutdinov.®* This could be due a stronger exciton interaction
as observed for aggregates of tetrakisN-methylpyridylporphyrins® or residual interaction with

the substrate.

Also for the samples prepared by adsorption from more concentrated solutions the
fluorescence decays of each sample obtained at different emission wavelengths could be
analyzed globally as a quadruple decay. While for the sample prepared from the 75 uM
solution the longest two decay times (which give the major contribution to the stationary
emission) are similar to those found for the sample prepared from the 15 uM solution they are
significantly shorter for the samples prepared from the 150 uM and 450 uM solution (Table 3).
The latter is also reflected in the smaller values of the average decay time (Table 3) and the
features of the fluorescence decays (Figure 8). As observed for the sample adsorbed from the
15 uM solution the emission at the shortest wavelength (653 nm) decays faster than that at
longer wavelengths which is mainly reflected in a larger amplitude of the component with the
shortest decay time and a smaller amplitude of the two components with intermediate decay

times. As observed for the sample prepared from the 15 uM solution the component with decay
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time 13 has the largest contribution (ps) to the stationary emission (Table S2). In analogy to
the sample prepared from the 15 pM solution the longest decay time can be considered as a
lower limit of the decay time of the unquenched molecules while the components with shorter
decay times are due to energy transfer to non-fluorescent traps. This suggests that in contrast
to what was observed by Khairutdinov®* the excited state decay time of the aggregated TCPP
molecules is only slightly smaller than that of the non-aggregated ones. In this respect the
TCPP aggregates formed upon adsorption from more concentrated solutions resemble, as
already suggested by their larger red shift those formed by tetrakisN-methylpyridyl

porphyrins.5®

CONCLUSIONS

In order to investigate the scope of the conclusions of earlier work on the adsorption of
positively charged or zwitterionic thiacarbocyanine dyes on hexagonal boron nitride (hBN)34
the adsorption of the neutral metalfree tetra(4-carboxyphenyl) porphyrin (TCPP) from an
ethanol solution on hBN was investigated as a function of the concentration of the ethanolic
solution of TCPP. While for adsorption from a dilute (15 uM) solution the features of the AFM
micrographs agreed with a flat-on adsorption as shown by earlier work of Korolkov et al..2 The
AFM micrographs obtained using more concentrated (up to 450 pM) solutions and the
saturation coverage (1.05 + 0.17 x 10*® molecules/m?) recovered from the adsorption isotherm
suggest a transition to an edge on adsorption. In this respect the behavior of TCPP resembles
that of ditridecylperylene diimide adsorbed on hBN.” Such transition can be driven by the
preference for the tightest packing upon increasing the concentration of the adsorbate in the
solution.?® The red shift of the fluorescence spectra upon adsorption from a 15 uM ethanol
solution matches that observed by Korolkov® and is accompanied by a similar shift of the
fluorescence excitation spectrum. The latter supports the conclusion of Korolkov® that the red
shift is due to geometrical deformation (bowing and planarization of the phenyl rings) and to

the interaction with the hBN surface rather than to exciton interaction. The fluorescence and
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fluorescence excitation spectra suggest also the presence of a small fraction of TCPP
molecules for which this red shift is less outspoken or even absent. The fluorescence decays
of TCPP adsorbed from a 15 pM solution are non mono-exponential which in analogy with
cyanine dyes adsorbed on hBN,**!* incorporated in Langmuir Blodgett films,*>%2 or in self-
assembled films,*’=° and for xanthene dyes adsorbed to glass or organic crystals**#> was
attributed to quenching by energy transfer to non-fluorescent traps. At long times, all decays
become exponential with a decay time which is for the sample prepared using the 15 pM
solution 40 % shorter than the fluorescence decay time in ethanol. This shorter decay time
can be related®=® to the bowing of the porphyrin rings® upon adsorption although exciton

diffusion to non-fluorescent traps cannot be excluded completely.*6-4’

Upon increasing the concentration of the initial TCPP solution from which adsorption occurs,
a red shift and broadening of the emission spectrum is accompanied by a broadening of the
fluorescence excitation spectrum. This is attributed to interaction between neighboring
chromophores as the edge on orientation of the adsorbed TCPP molecules at higher
concentration of the initial solution allows a cofacial packing of neighboring chromophores.
For this cofacial packing the smaller intermolecular distance will allow a stronger interaction
between neighboring chromophores than allowed by the lateral interaction of flat-on adsorbed
TCPP molecules. While the features of the excitation spectrum of these TCPP aggregates
resemble those of TCPP aggregates formed in acidified water or TCPP nanoparticle s®45* their
emission spectrum is red shifted and the fluorescence decay time is an order of magnitude
larger compared to the aggregates formed in aqueous solution resembling in this way

aggregates of tetrakis N-methylpyridylporphyrins.>®
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