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We describe the synthesis of a novel boron-dipyrromethene (BODIPY)-
caged amine capable of adhering to a pristine graphene surface via
non-covalent bonding and demonstrate the release of the amine with
green (530—-540 nm) light both in solution and adhered to a graphene
surface.

The functionalization of graphene is the primary method of
altering and tuning its properties, such as dispersibility, band-
gap and affinity for specific biomolecules, among others." While
some techniques exist for selective oxidation,”™ covalent func-
tionalization,™® or targeted metallization” of selected areas of
pristine graphene, most functionalization methods are uncon-
trolled, random, or require the use of chemical or physical masks
to ‘protect’ areas of the graphene.' Spatially-selective functionali-
zation is of interest because it allows for more complex variation,
such as regional control of hydrophobicity, specifically selected
chemical attachment points, the ability to guide cell growth via
surface group functionalization,® and other tailored surface
properties.

A possible solution for selective functionalization is utilizing
photoprotecting groups (PPGs) to create a programmable sur-
face. PPGs have been previously used to create functionalized
surfaces that can be selectively altered by applying light at the
appropriate wavelength after deposition.’* Additionally, once
the entire surface has been functionalized with a PPG, it can be
patterned later without additional chemicals, and different
areas of a PPG-coated surface can be activated in multiple
successive photopatternings if different chemical conjugations
are desired. However, despite their widespread use in other
fields, we have found no literature discussing the use of
photoprotecting groups (PPGs) in conjunction with the func-
tionalization of graphene. PPG-capped linker molecules could
also prove a possible solution to the recently discovered

Nanoscience Center, Department of Chemistry, University of Jyvaskyla,

P.O. BOX 35, 40014, Finland. E-mail: mika.j.pettersson@jyu.fi

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3njo4776h

i Both authors share equal credit for this work.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Non-covalent attachment of BODIPY-caged
amines to graphene and their localized

1 Maija Nissinen and Mika Pettersson (2 *

problem of 2-D material contamination, by providing linkers
capped by a photoreactive moiety to protect the surface from
contamination until chemical conjugation is desired."?

A relatively recent but extensively studied addition to the field
of PPGs is boron-dipyrromethene (BODIPY)-based PPGs, which
have shown to be biocompatible, easily tuneable, and highly
selective in their photocleavage range.*>' Additionally, they can
cleave in optical ranges that are less harmful to living cells, such
as the green and red-light regions. Further, BODIPY PPGs can be
used to cap a wide range of cargo, including primary amines, such
as dopamine and histamine, and carboxylic acids, such as nitro-
phenylacetic acid."* PPG-capped amines have been used, for
example, in controlled nanoparticle self-assembly** and altering
the beating frequency of cardiomyocytes.'” This makes them an
ideal choice for proof-of-principle PPGs to cap a graphene-
attaching moiety and for surface functionalization, extending this
flexibility and versatility to graphene surfaces.

In order to add a new spatially-selective method to the
toolbox of functionalizing graphene, we set out to synthesize
a BODIPY-based photocleavable PPG that protects a primary
amine and is capable of adhering to a pristine graphene
substrate. The proposed method is a proof-of-concept approach
toward creating selected areas of free amines on a graphene
surface at will, without requiring any additional chemical
moieties after the initial functionalization.

The photocleavable compound 5 was designed for non-
covalent graphene functionalization by n-n stacking of the
phenyl ring with the graphene surface (Scheme 1). A phenyl ring
was selected as an attachment point to graphene, as based on
previous theoretical and experimental studies, a phenyl ring is
enough to induce m-n stacking interaction with graphene.”* >’
After photoexposure, the BODIPY group could be cleaved, releas-
ing free amines (5a) attached to the graphene surface via weak
interactions. An amine group was selected as the target function-
ality due to its key role in a variety of biological compounds and its
potential for targeted binding.®'”**

The synthesis of BODIPY-capped amine 5 is shown in
Scheme 2 and described in detail in the ESI.T The success of
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Scheme 1 Schematic presentation of the proposed photocleavage route.
Only one possible n—n stacking orientation on the graphene surface via
phenyl ring is shown for clarity. Other possible stacking modes are shown
in ESL Fig. S22.

the synthesis of target compound 5 was confirmed by NMR
spectroscopy and HR-MS (see ESI, 1 Fig. S4-S11). The existence
of two different conformations (anti and syn) was confirmed by
2D NOESY NMR spectroscopy (ESLt Fig. $10) of which the anti
conformation is more favourable.

Photochemical activity and photocleaving properties of the
BODIPY compound 5 were first investigated by fluorescence
and absorption spectroscopy in 1 uM acetonitrile-water (7:3)
solution (see ESIf). The absorption and fluorescence spectra
(Fig. 1) were measured from the native solution and then after
illumination with a 520 nm LED (50 mW) every five minutes
(0-35 min). As expected, the absorption peak for the BODIPY
core at 542 nm and the fluorescence intensity decreased with
increasing illumination time, signifying its decomposition. The
change is typical for this type of photodissociation process
and for BODIPY molecules in general.”>?® A decrease in the
350-450 nm band in the absorption spectra after approximately
20 min exposure corresponds with the measurements of similar
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Scheme 2 The synthesis of BODIPY derivative 5. The yields of each step
are shown in parenthesis. Only anti conformation of 5 is shown.
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Fig. 1 Evolution of the absorption (a) and fluorescence (b) spectra of 5
over time under 520 nm illumination.

BODIPY compounds.’®!” We also observed an increase in
absorption peak at approximately 210 nm and a broad increase
in the 250-300 nm range, which correlates to the free amine
based on the measured reference spectrum (ESL T Fig. S13).
These results indicate successful photocleavage in solution and
are in accordance with the earlier results with similar com-
pounds.” In addition, the success of photocleavage (release of
amine) was confirmed by NMR and HR-MS experiments (ESL T
Fig. S14-S20). Similarly to the previous studies of BODIPY
dyes,>” > NMR studies indicate the photodegradation of the
BODIPY core: after irradiation, peaks related to BODIPY core
disappeared and new peaks potentially derived from the degra-
dation products arose (ESI,{ Fig. S14).

Raman spectroscopy was used both to characterize and
cleave compound 5 on graphene after surface functionalization
via the evaporation method. The surface was probed with a
532 nm laser, and the spectra were measured after increasing
exposure times (Fig. 2). A wavelength capable of photocleavage
was selected to ensure that the measured spot would be the
photoexposed position. Comparing the Raman spectra of bare
graphene (enhanced 1.5% for scale) to the spectra of graphene
functionalized with 5 (Fig. 2a), we can see a clear difference,
confirming that 5 adhered to the surface. The Raman peaks not

belonging to graphene (1600, 2690 cm™ ') or silicon (520 ecm ™,
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Fig. 2 (a) Raman measurements of the bare graphene (1.5x) and after
conjugation with 5 at various exposure times. (b) The area under selected
peaks (A)—(D) in (a) was calculated with respect to each graph's baseline
and plotted as a function of exposure, as a percentage of the initial ((5.5 s)
value). The peaks attributed to 5 ((C), (D), and the general fluorescence)
drop with exposure time, while peaks related to the substrate (A), (B) are
relatively stable.

the broad band 930-990 cm™ ") were assigned to 5. At only 5.5 s
of exposure, the Raman spectrum showed a broad fluorescence
emission in addition to sharp Raman peaks. As compound 5 is
strongly fluorescent, the Raman spectrum would normally be
very difficult to observe due to the overwhelming intensity of
fluorescence. However, when compound 5 is bound on gra-
phene, the fluorescence is strongly quenched, presumably by
surface energy transfer, revealing the Resonance Raman (RR)
scattering peaks in the spectrum.

During the increasing exposure, most of the peaks and the
overall fluorescence decreased in intensity, while the graphene
and Si peaks remained relatively unchanged. As the change in
the baseline fluorescence made it difficult to clearly see the
stability of the Si and graphene peaks compared to the expected
photoreactivity of the peaks attributed to 5, we integrated the
area under a set of selected peaks (Fig. 2; Si peak (A: 520 cm ™),
a graphene peak (B: 1600 cm™ '), and two peaks attributed to 5
(C: 1220 cm " and D: 1544 cm™ ') using a point-to-point base-
line, excluding the fluorescence from the calculation. We also
calculated the area beneath the piecewise fit used to calculate
fluorescence at increasing exposure times. These values are
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charted in Fig. 2b as a fraction of their initial value to quantita-
tively demonstrate the change with increasing exposure times.
A and B - the Si and graphene peaks — were at approximately
1 and 1.05 times their original values, respectively, after 1000 s
of exposure. Conversely, the peaks assigned to 5 - C and D -
and the overall fluorescence, had dropped by over 50% after
1000 s of exposure, ending at 0.49, 0.45, and 0.45 their initial
values, respectively. This indicates the photodegradation of 5 on
the stable graphene surface and qualitatively shows that this was
not simply the photobleaching of the graphene but the adhesion
of a photoreactive molecule to the graphene substrate. The
increase in peak B over its initial value can be readily attributed
to small errors in the fitting of the fluorescence at earlier time-
points. These peaks were selected to demonstrate the photoreac-
tive effect but should not be considered a full analysis.

Because the primary absorption peak of the free amine is in
the 260 nm range, we do not expect to see it in the RR spectrum
excited at 532 nm. However, we can deduce the existence of the
free amine indirectly by looking closely at the G band (peak B).
The G band showed a downshift shift in the peak position for
all samples where compound 5 had been applied, which is
expected for a molecule binding to graphene, and remains after
1002.5 s of photoexposure. This is evidence that the amine
remained attached on the surface, even after photocleavage.
Further, recent studies have demonstrated that while photo-
cleavage of similarly-structured BODIPY-based PPGs in air and
aerated solutions results in a reduced quantum yield, photo-
cleavage still proceeds."**°

Subsequent measurements after 2 and 6 weeks of deposition
(see ESI;¥ Fig. S21) show that compound 5 remained both
bound to the surface and photoreactive, even after being stored
in a standard atmosphere, demonstrating its potential for long-
term use.

The RR spectrum of graphene-bound 5 is shown in Fig. 3
with the Fourier transform infrared (FTIR) spectrum of the
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compound. Because of the difficulty of sorting the resonance
peaks from the ‘real’ peaks, a full assighment of the RR
spectrum of 5 is beyond the scope of this paper. However,
several peaks match reasonably well with the FTIR spectrum of
the solid compound. The list of matched peaks is not exhaus-
tive but still reinforces the conclusion that the BODIPY com-
pound 5 is indeed successfully bound to the graphene
substrate. It is of note that the RR spectrum of 5 and the FTIR
spectrum do not have to match exactly because the selection
rules and relative intensities of the peaks are different.

Our proof-of-concept results demonstrate that we success-
fully synthesized a BODIPY-based photocleavable compound 5
that cleaves in the 520-540 nm exposure range. We have shown
its capacity to bind to a graphene surface, photoreact when
bound, and demonstrated its presence on the surface at least
one month after functionalization. Our future aim is to explore
other BODIPY derivatives with larger aromatic anchor groups
on the graphene surface, characterize and compare their ability
to form self-assembling monolayers (SAMs) on graphene and
photocleave selectively. This work also sets the stage for bio-
compatibility tests, controlled nanoparticle adhesion, and tar-
geted surface functionalization.
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