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Spatially selective functionalization of graphene has gained interest in recent years due to its ability to
create more complex and, at the same time, more controllable materials with added functionalities.
Photocleavable protecting groups (PPGs) enable the creation of chemically modified areas on material
surfaces by releasing the protected molecules upon exposure to light. In this study, graphene coated with
photocleavable boron dipyrromethene (BODIPY) derivatives via non-covalent interactions was patterned
with green laser radiation to create amine-functionalized regions on graphene. The tunability of patterning
by changing the irradiation time, laser spot size, or anchor group used to attach on graphene was studied.
In addition, the topology and thickness of the photocleavable coatings were investigated. Using BODIPY
bearing a pyrene anchor, the patterns created on graphene were more precise than with the naphthalene
anchor. The photocleavage-created patterns were visible by both atomic force microscopy and Raman

mapping. The presented method demonstrates the high potential
photocleavable coatings for photoinduced, selective functionalization of graphene.

rsc.li/pccp

Introduction

The best-known one-atom-thick material, graphene, has excel-
lent optical, electrical and mechanical properties."” These
properties can be modified, for example, by chemical function-
alization. While graphene is a very promising material for many
applications, it has relatively poor chemical reactivity and affinity
towards biomolecules.' For that reason, altering the properties of
graphene is a field of extensive research. A convenient way to
modify graphene properties is via surface functionalization, which
involves the addition of functional groups or molecules to the
graphene surface. Covalent functionalization is often limited due
to the poor reactivity of pristine graphene." However, the utiliza-
tion of molecules capable of binding through non-covalent inter-
actions expands the possibilities for functionalization and
reduces unintended alterations to the graphene properties, which
can be caused by covalent functionalization. For this purpose,
polycyclic aromatic hydrocarbons, especially pyrene,®*° have been
widely used as an anchor group on graphene surfaces. Other
aromatic anchors used include, for example, naphthalene,
anthracene,"" coronene,"” and perylene."

The orientation of pyrene on the graphene surface is affected by
the concentration. For example, Zhang et al.** demonstrated that
when concentrated solutions of pyrene butyric acid (0.01-1 M) are
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of non-covalently attached

used, the pyrene rings interact through edge-to-face m-stacking
with graphene. Additionally, Mann et al.*”® showed that with low
concentrations around 1 pM, molecules bearing a pyrene anchor
were more likely to lay flat on graphene, indicating face-to-face n-
stacking between a pyrene anchor and graphene. However, the
exact conditions required for different stacking modes depend on
many factors beyond simple concentration.

Graphene is highly sensitive to species bound to it or in
contact with its surface—even unintentional contamination can
significantly alter its properties and behavior.">'® Because of this,
the selective functionalization of specific areas on the graphene
surface is also of great interest, especially without the use of
covalent bonds. This allows for tailoring certain regions of the
graphene surface to have different wetting properties, interact
differently with specific biomolecules (for example, to build a
multi-channel biosensor), or create chemically differentiated path-
ways to influence cell growth. Existing non-selective functionaliza-
tion techniques either functionalize the entire graphene surface
or randomly alter areas in an uncontrolled fashion." Currently,
only a handful of techniques allow for the selective alteration of
the graphene surface, such as those utilizing oxidation,"” ™"
directed functionalization,?**! targeted metallization,* direct
writing with grafting ink,>® mask-based lithography,>*** and the
use of templates.”® Methods utilizing photocleavage of surface-
bound molecules are studied even less. Hirsch et al. have intro-
duced covalent patterning of graphene by utilizing the photolysis
of dibenzoyl peroxide,”® silver trifluoroacetate,” and 1-fluoro-3,3-
dimethylbenziodoxole.”®

This journal is © the Owner Societies 2025
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Photoprotecting groups (PPGs)*® offer an alternative method
for spatially selective graphene functionalization. They allow
the release of the protected functional groups (i.e. cargo) in situ
via photoexposure in specified regions. Visible light-sensitive
PPGs offer a less damaging option for biological and medical
applications compared to more conventional UV-light-sensitive
PPGs.>® meso-Methyl EtBODIPY PPG is a rare example of an
amine releasing green light-sensitive PPG.*" Photoprotection of
amines is especially useful for biological and medical applica-
tions, since amines are biologically relevant functional groups
that can be found in, for example, neurotransmitters and
amino acids.

Previously, our group introduced a photocleavable BODIPY
derivative (1; Scheme 1) that binds non-covalently to graphene
through a phenyl anchor group and cleaves upon irradiation
with green light both in solution and on graphene.** In addi-
tion, we demonstrated the spatial selectivity of the photolysis.
Recently, we reported the synthesis, characterization and
photophysical properties of two other BODIPY derivatives with
extended aromatic terminal groups, naphthalene (compound 2)
and pyrene (compound 3), to enhance non-covalent n-n stacking
on a pristine graphene substrate.”® It was observed that com-
pounds 1 and 2 have similar photophysical properties, whereas
compound 3 had significantly lower fluorescence quantum yield,
was capable of intramolecular energy transfer, and, in the solid
state, its crystal packing was governed by n-interactions between
pyrene units. The photocleavage studies in solution showed that
compounds 1 and 2 had a faster photocleavage rate than
compound 3. In an oxygen atmosphere, the photocleaved

Previous work:

Aromatic anchor (compound 3): ‘

Scheme 1 Schematic presentation of non-covalent binding of BODIPY
derivatives on graphene through n-stacking and outcome after irradiation
with green light. The BODIPY core is marked in pink, and the anchor
groups are presented in different colors. Previous work: localized photo-
cleavage of BODIPY derivative 1 with phenyl as anchor group (blue),
releasing amine 1a upon green light exposure. This work: linear patterning
of graphene coated with BODIPY derivatives 2 with naphthalene (orange)
or 3 with pyrene (purple) anchors, releasing the corresponding amines as
the desired patterns.

This journal is © the Owner Societies 2025

View Article Online

PCCP

BODIPY core decomposes fully via secondary reactions, while
in inert conditions, photocleavage was faster, and the BODIPY
core did not decompose further for any of the compounds 1-3.
We expect that when attached to graphene, the compounds
follow the same photocleavage routes through the photo-Sy1
mechanism as in solution,* but the photodecomposition path-
way of the BODIPY core may vary (Scheme 1).

Here, we functionalize graphene non-covalently with two
BODIPY derivatives 2 and 3 and demonstrate the writing of linear
patterns on their coatings on graphene by irradiation with a green
laser. We also studied the tunability of patterning by changing the
anchor group binding to the graphene surface, irradiation time
and laser spot size. In addition, we studied the surface topology of
graphene with photocleavable coatings and determined the thick-
ness of the self-assembled photocleavable layers. This work
demonstrates that non-covalently attached photocleavable coat-
ings can be patterned using a laser, and the size of the patterns or
the degree of photocleavage can be controlled.

Methods

Graphene deposition

Graphene was synthesized by chemical vapor deposition (CVD)
and transferred onto silicon/silicondioxide (Si/SiO,) substrates
with metal grids according to a previously reported procedure.*
Compounds 2 and 3 were synthesized as described in our
previous work.*?

To enhance the deposition and formation of a self-
assembled layer on the graphene substrate, the highest feasible
concentrations of the BODIPY compounds in alcohol solutions
were used: a 1 mM solution of compound 2 in ethanol (AA, Altia
Oyj) and a 0.06 mM solution of compound 3 in 1-butanol
(>99.5%, VWR). The deposition of all compounds was per-
formed by placing a few droplets of the corresponding solution
on the graphene-on-Si/SiO, substrate, which was sealed in a
small glass enclosure to prevent evaporation and left in the
dark for 1 h. Afterwards, the samples with compound 2 were
rinsed twice with ethanol, once with isopropanol (>99.8%,
VWR), and then gently blown dry with a N, flow. Samples with
compound 3 were rinsed first with 1-butanol, then with etha-
nol, and finally with isopropanol, and then gently dried with a
N, flow. The rinsing step was done to remove any unbound
photocleavable compounds.

Determination of the thickness of the photocleavable layer
(scratch test)

AFM measurements were taken using a Bruker Icon AFM in off-
resonance PeakForce Tapping®™ mode with Bruker ScanAsyst-
Air tips. A scratch test was performed using tweezers to gently
scratch the pristine graphene surface, allowing for the measure-
ment of the height difference between the Si/SiO, substrate and
the graphene using AFM. After this, the graphene was covered
with each BODIPY derivative (2 and 3) separately, and another
AFM scan was performed on the same sample after another
scratch. To measure the height, five profiles covering graphene
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and SiO, areas at the edge of each scratch, both before and after
BODIPY deposition, were plotted, and the heights were calcu-
lated based on average values. To measure the roughness,
sections of the substrate that were relatively free of debris/defects
were selected, and the area measurements of R, (average rough-
ness) and Ry (root mean square roughness) were extracted from
the data using the Gwyddion data analysis program.

AFM measurements of the patterns

The areas patterned with the laser were measured with the same
AFM equipment. Relative height comparisons were performed
using the Step analysis tool of Nanoscope Analysis 1.9 (Bruker) to
show height differences between irradiated and non-irradiated
areas of compounds 2 and 3 on graphene. The tool takes several
cross-sectional profiles parallel to each other and averages them
to enable measurements of the average height difference.

Raman measurements

Single-spot measurements were taken using a DXR Raman
Microscope (Thermo Scientific) with a 532 nm excitation laser.
The laser wavelength was selected to be within the compound’s
photocleavage range, ensuring that the cleavage and measure-
ment spots were exactly the same size. Using the 10x objective,
the power was set to 10 mW, and the individual spot irradiation
time was 5 s. After this initial irradiation, Raman spectra were
measured after 5, 50, 100, 250, 500, and 1000 s of further laser
exposure at the same power level as the photolysis.

To create linear patterns on the surface of the samples, the
mapping function of the OMNIC Raman spectroscopy program
with a 532 nm laser was utilized. The spot sizes for the 10x and
50x objectives were 2.5 and 1.5 um, respectively. For 10x, a
power of 10 mW was chosen, identical to the power used for the
single-spot Raman measurement and cleavage. The power
selected for the exposure with the 50x objective was 1.2 mW,
chosen so that when the reduced spot size was taken into
account, the overall irradiation dose was similar to that for the
10x objective. A step size of 2 pym was chosen for the 10x
objective patterning to ensure that the irradiation spots par-
tially overlapped with each other. For 50x, the minimum
available step size of 1 um was selected due to the limitations
of the stage and software. Irradiation time for each sample to
create linear patterns was 45 s per spot.

Raman maps of the samples with linear patterns were imaged
using the same mapping function of the Raman microscope
described above for line patterning, but instead of lines, a rectan-
gular area was defined. Laser power was set to 10 and 1.2 mW, and
the step sizes of 2 pm and 1 um were used for measurements with
the 10x and 50x objectives, respectively. Scan times were set to 2 s
to prevent further cleaving during the scan.

Results and discussion
Characterization of photocleavable coatings

BODIPY compounds with varying anchor groups had different
morphologies on graphene. AFM measurements of compound
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1 (1 mM in ethanol) on graphene before and after irradiation
were inconclusive, so it was not studied further. For compound
2, the AFM image revealed a nonuniform dispersion of the
material in randomly shaped areas with a typical height
between 0.5-1.1 nm (Fig. 1(b) and (d)). For compound 3, the
material is also nonuniformly distributed, but it occurs in small
particle-like areas with a typical height between 0.48-1.3 nm
(Fig. 1(f) and (h)).

A scratch test was done to determine the thickness of each
photocleavable layer. Based on the scratch tests, the average
height differences for each self-assembled layer on top of the
graphene were 0.24 nm for compound 2 (naphthalene anchor)
and 0.48 nm for compound 3 (pyrene anchor), measured from
height sensor images (Fig. 1, Table 1, and Tables S1, S2). The
greater average height of compound 3 is due to substantial
particle formation (Fig. 1(f) and (h)). The R, (root mean square
roughness) and R, (average roughness) increased when the
graphene was coated with photocleavable compounds.

Representative height profiles of each photocleavable
layer are shown in Fig. 1(i) and (j). The observed heights for
compound 3 indicate the presence of a monolayer (0.48 nm,
Fig. 1(j); purple brackets) and a double layer or different
conformation (1.3 nm, Fig. 1(j); black brackets). For compound
2, height profiles taken across the scratch do not result in a
reliable value of the height of the coating because the baseline
is on the same level on both sides of the scratch. The transition
area between the substrate and graphene with BODIPY coating
(compound 2) is irregular, meaning that graphene might be
missing or there is graphene left in the scratch. Hence, we took
an additional height profile far away from the scratch as shown
in Fig. 1(b) and (i) as a blue line. Based on the representative
height profile showing areas with heights close to 1.1 nm and
0.5 nm (Fig. 1(i); black and purple brackets, respectively), the
same observation about mono and double layers and confor-
mational change was made as for compound 3. Other high
peaks marked with orange arrows in Fig. 1(i) and (j) are from
the cracks or folds on the surface.

The heights of compounds 2 and 3 in the crystalline form
reported in our previous paper*® were approximately 0.97 nm
and 0.45 nm, respectively (Fig. S1 and S4). These values cannot
be directly compared with the molecular dimensions on self-
assembled layers, as in the crystalline state, the molecules
orient to allow the closest packing with themselves, whereas
when self-assembling on a surface, interaction with graphene
may change the conformation, and that way change the height
of the molecule.

The possible height ranges for compounds 2 and 3 on
graphene were estimated by measuring relevant dimensions
from their crystal structures (Fig. S1 and S4). The estimated
height of compound 2 is 0.32-1.44 nm, assuming a face-to-face
stacking interaction between the naphthalene anchor group
and graphene and the minimum height to be the minimum
distance of m-stacking. The distance of m-stacking between
graphene and aromatic rings is typically around 0.322-
0.354 nm.*>*® When the distance of weak interaction is con-
sidered, regions of compound 2 with lower height on graphene

This journal is © the Owner Societies 2025
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Fig. 1 AFM scratch test height measurements before and after coating the graphene with photocleavable compounds. (a) Pristine graphene before and
(b) after coating with BODIPY compound 2 (1 mM in ethanol). (c) and (d) correspond to several cross-sectional height profiles (solid lines) from a and b
taken across the scratch edge and their averages (dashed lines) showing either the differences between pristine graphene and the scratch or the
BODIPY-coated graphene and the scratch. (e) Pristine graphene before and (f) after coating with BODIPY compound 3 (0.06 mM in 1-butanol), with (g)
and (h) showing the corresponding height profiles from g and h as described above. Different colors in the height profiles d and h correspond to different
line scans shown in the AFM images b and f. (i) One representative line scan from b (blue line marked with white arrow) showing areas related to the
coating of compound 2 by black brackets (higher regions) and purple brackets (lower regions). (j) One representative line scan from f (green line marked
with white arrow) showing areas related to the coating of compound 3 by purple brackets (lower regions) and black brackets (higher regions). Orange
arrows indicate cracks in graphene.

(0.5 nm) indicate that compound 2 is lying on graphene in a (Table 1). In double layers, molecules in the upper layer no longer
planar orientation (Fig. S2). In addition, the maximum height is  interact with graphene, which changes their conformation com-
achieved by changing the molecular geometry compared to the pared to those in the layer directly on top of the graphene.

crystal structure. However, the regions with higher values indicate Similarly, the dimensions of compound 3, while lying hor-
either double layers or a different conformation of compound 2 izontally on graphene, were estimated to be 0.32-1.65 nm

This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 22508-22519 | 22511
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Table1l General characterization of pristine graphene surface and with photocleavable coatings of compounds 2 and 3. Standard deviation is shown for

the average heights

Avg. bare gra- Avg. coated Avg. height Typical coating height (without gra- Graphene Graphene-with- Difference in

phene height graphene difference  phene height)/estimated max. height roughness coating roughness  roughness
Compound [nm] height [nm] [nm] (XRD) [nm] (Rq/Rs) [nm] (Rq/R,) [nm] (Rq/Rs) [nm]
2 0.911 4+ 0.168 1.150 & 0.576 0.24 0.5-1.1/1.44 0.352/0.231 0.764/0.582 0.412/0.351
3 0.579 + 0.139 1.125 £+ 0.332 0.48 0.48-1.3/1.65 0.385/0.262 0.584/0.420 0.199/0.158

(Fig. S4). When taking the distance of weak interaction into
account, lower regions (Fig. 1(j); 0.48 nm) corresponded well
with the crystal structure of compound 3 (Fig. S4 and S5;
0.45 nm), suggesting a similar but more flat orientation on
the graphene. In addition, the heights of taller regions (1.3 nm)
match well with the conclusion related to the double layer. The
orientation of compound 3 directly on graphene is most likely
similar to that in the crystal structure (Fig. S5) and in the upper
layer, molecules are partly pointing upwards.

1.5
nN

Fig. 2

Theoretical binding energies for m-n-stacking interaction
of benzene, naphthalene and pyrene with graphene are
—10.0 keal mol™*,*” —17.6 keal mol™*,*® and —26.8 kcal mol *,*°
respectively. Together with our experimental results, they are in
agreement with the observation that the phenyl anchor (com-
pound 1) resulted in less stable coating, whereas the pyrene
anchor in compound 3 had a tendency for particle formation,
which might be due to the relatively strong m-interactions
between the pyrene anchor groups. In addition, our results prove

AT AT AR
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(a) AFM topography image of pristine graphene covered with compound 2. The areas highlighted with a green dashed line were irradiated with

the green laser (50 x objective). The area highlighted with red dashed lines is shown magnified in (b) to highlight the difference in topography between
the irradiated (left) and non-irradiated (right) areas. (c) Simultaneously acquired AFM adhesion measurement from the same area, showing the slight
difference in adhesion between the irradiated and non-irradiated areas. (d) Cross-sectional profiles taken from (a), which are indicated by dotted lines of
the corresponding colors.
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that naphthalene as an anchor group binds strongly enough to
form a coating.

Surface studies of patterned regions

AFM imaging was used as an additional tool for Raman
spectroscopy (described later) to further characterize the photo-
cleavage. Surface patterning of coated graphene was performed
with a 532 nm wavelength Raman excitation laser after the
deposition of a photocleavable layer. To differentiate between
the actual patterning and AFM noise, the patterns in the
sample of compound 2 were made to diagonal lines which
touch each other: one drawn at a 45 s exposure per spot and the
other at a 30 s exposure per spot, both using the 50x objective
at 1.2 mW of power and taking 1 pm steps between spots
(Fig. 2(a)). Although the chosen exposure time is too short for
complete photocleavage (as described in more detail in the
Raman section), this exposure time was selected because it is

a)

20
nN

Fig. 3
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long enough to be detectable in the system and short enough to
be achieved relatively quickly with the existing exposure setup.

A very slight increase in height (1-2 nm, Fig. 2(a), (b) and (d))
and a change in adhesion (Fig. 2(c)) were observed for both
exposure lines on the sample with compound 2, differentiating
the exposure lines from the surrounding substrate. Interest-
ingly, there appeared to be a dramatic increase in roughness in
the patterned areas of the sample, with R, of approximately
1.48 nm compared to R, of 0.75 nm in a similarly sized region
in the non-patterned area. Even visually, a clear difference in
the surface could be seen at higher magnifications with regard
to the topography between patterned and unpatterned regions
(Fig. 2(b)). In the patterned area, the holes in the material
become wider, and while they reached the same “depth”, the
area around the rim was higher, making the holes appear
‘deeper’ (Fig. 2(d)). This matches the perceived gain in height
in Fig. 2(a) and could be compatible with agglomeration of 2

Height (nm)

Height (nm)

Irradiated

| |
I T
0 1 2 3 4 5 6 7

Distance (um)

(a) AFM topography image of pristine graphene covered with compound 3. The areas highlighted with a green dashed line were irradiated with

the green laser (50 objective). The area highlighted with red dashed lines is shown magnified in (b) to highlight the lack of differences in topography
between the irradiated (top-right) and non-irradiated (bottom-left) areas. (c) A simultaneously acquired AFM adhesion measurement from the same area
showing the clear difference in adhesion between the irradiated and non-irradiated areas. (d) Relative height comparisons between non-irradiated and
non-irradiated (top) and non-irradiated and irradiated (bottom) areas. These have been taken from (a) from the areas indicated by dotted lines of the
same colors and arrows indicating the direction where the distance increases.
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after the cleavage and a non-uniform substrate covering. The
important outcome of this experiment is that photocleavage is
observable by AFM by changes in topography, adhesion, and
morphology of the material.

Comparison with the AFM image from the scratch test
(Fig. 1(b)) reveals that the surface topologies are different, even
though the same sample treatment and concentrations were
used. In Fig. 2(b), there seems to be a thicker layer of compound
2 with holes instead of unevenly distributed and randomly
shaped areas as in Fig. 1(b). Based on this, there is variation in
number of layers forming during the preparation process.

For the sample made with compound 3, the change in height
was more challenging to interpret, as only a slight but still
significant increase in the average height (roughly 0.3 nm) was
observed (Fig. 3(a) and (d)). However, the change in adhesion was
very stark and clear, demonstrating a clear difference between the
patterned and unpatterned areas (Fig. 3(c)). Measurements on
the patterned and unpatterned areas showed no discernible
difference in roughness or appearance of large ‘holes’. While
the R, and R, values varied slightly, the R, values were all around
0.3 nm, with the significant variations seeming to be more a factor
of the graphene sheet than the photocleavage.

Compound 3 formed a clearly smoother coating in the
sample used for the photocleavage experiment (Fig. 3(b)) than
in the scratch test (Fig. 1(f)). A possible reason might be related
to the solubility of compound 3 in 1-butanol, resulting in
compound 3 being less soluble in the solution used for sample
preparation for the scratch test. Due to the differences in AFM
images between the scratch test and the photocleavage experi-
ments, the method could be improved by changing the solvent
to better solubilize compound 3 or by trying the immersion
method instead of drop casting.

Based on our previous studies, compound 3 exhibits a
photocleavage rate that is approximately half that of compound
2 in solution.®* The same relation may also occur in a dry state,
suggesting that smaller changes in layer roughness and height
are due to a lower degree of photocleavage of 3. In addition, the
probability for edge-to-face stacking between aromatic anchor
groups and graphene (Fig. S3) were ruled out due to the
relatively low concentrations used (1 mM for compound 2
and 0.06 mM for compound 3). Instead, the concentration
must be around 1 mM for high-coverage monolayer formation
via face-to-face stacking interactions on graphene (for pyrene as
an anchor group).® As discovered by Zhang et al,'* pyrene
butyric acid concentrations must exceed 10 mM for edge-to-
face stacking on graphene, suggesting that a higher concen-
tration is required for the naphthalene anchor (2).

In both cases, the increase in height with cleavage is
sensible. In the standard photoreaction pathway of BODIPY-
based PPGs, the caged compound is released through carba-
mate bond breaking, followed by photodegradation of the
BODIPY core to various photodegradation products.*'*° Con-
sequently, exposed areas may have contained several degrada-
tion species since the samples were not rinsed before AFM
measurement. Several individual species interacting via weak
interactions are likely to occupy more space than a compact,

22514 | Phys. Chem. Chem. Phys., 2025, 27, 22508-22519

View Article Online

Paper

covalently bound structure, similarly to how several Legos™
snapped together in an orderly fashion take up less physical space
than if they are taken apart and left in a pile. More rigorously, it is
plausible that separate molecular fragments take more space than
their covalently bound compound because covalent bonds are
much shorter than the sum of the van der Waals radii.

Furthermore, the results provide evidence that we are not
simply ablating the film and/or the graphene beneath it when
patterning with Raman. This reinforces the data presented in
the next section regarding the single-spot Raman measure-
ments (see the chapter on Raman), suggesting that there is
no ablation or destruction of the graphene surface.

A change in adhesion also suggests that a chemical change
occurred on the surface, further reinforcing that photocleavage
has taken place. While the samples with 2 and 3 showed
adhesion changes in opposite directions, they were measured
on different days with different tips (albeit of the same type).
Therefore, as the adhesion measurements were not calibrated,
the direction of the difference and absolute values cannot be
directly compared. The difference, however, is real. The adhe-
sion data indicate the difference between the patterned and
unpatterned areas on the same sample, reinforcing the creation
of chemically different regions.

Raman measurements

To confirm the adhesion and photocleavage of compounds 2
and 3 on the graphene substrate, Raman measurements of the
samples were taken using the 532 nm laser, allowing both
patterning and cleavage at the same spot without moving the
sample, thereby ensuring that we were measuring and cleaving
the same spot. The normalized Raman spectra measured at 5 s
for both samples (2 and 3) are roughly similar and agree with
our previous results with 1, showing several resonance Raman
peaks of the BODIPY moiety®® (Fig. 4(a)). This is reasonable
since, although the anchoring groups are different, the BODIPY
core is the same in all the compounds, and the electronic
excitation responsible for the resonance Raman effect is loca-
lized to the same moiety in all the compounds.

Many of the peaks in Fig. 4(a), such as those found at
1178 em™" (A), 1276 cm™" (B), and 1552 cm ™" (C), also map
well to the resonance Raman spectra for BODIPY dye laid out in
Sandoval et al.,*' which looked at the resonance Raman spec-
trum of a BODIPY molecule attached directly to a single
benzene ring. However, there are some exceptions, such as
the strong peak at approximately 1225-1226 cm ' (D). This
peak appeared in all three photocleavable compounds 1-3 but
not in the compound of Sandoval et al.*' Our previous work®>
shows that this peak is highly sensitive to the photodecay
process, and this is the case also for compounds 2 and 3
(Fig. 4(b) and (d)), with the peak intensity dropping by over
75% from 5 s to 1000 s of exposure, before taking the loss of
fluorescence into account. For comparison, the G-band of
graphene (G) is visible at 1600 cm ' in all samples and remains
stable under irradiation.

Another area of interest is at 1130-1140 cm™ " (E) region,
where the peak shifts from 1140 em ™" to 1130 cm ™' over the
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resonance Raman spectra of compound 3 at various exposure doses, and (e) zoom in showing the peak decay and shift at 1130-1140 cm ™.

course of the exposure (Fig. 4(c) and (e)). There is a clear
spectral change in this region, which could be due to either
the appearance of a new peak at 1130 cm™ " upon photolysis or
two originally overlapping peaks bleaching at different rates.
Previous work suggests that the 1130-1140 cm ™' range may be
a C-N vibrational mode,*” so its change and transformation
here would be consistent with the carbamate bond breaking
during the photocleavage of 2 and 3, revealing anchors 2a and
3a with amino groups (Scheme 1). Therefore, we assign this
peak to the C-N stretching vibration, indicative of the
carbamate bond.

Comparison of the Raman spectra of compounds 2 and 3
with pristine graphene indicates transfer of electron density
from the BODIPY compounds to graphene upon non-covalent
binding. The positions of the G- and 2D-bands of graphene
coated with the compound 2 are before binding 1606 cm ™" and
2695 cm ! (Fig. 4(b) and Fig. S9) and after binding 1595 cm ™"
and 2686 cm ™' (Fig. 4(b)). For compound 3, the corresponding
values are before binding 1602 cm™" and 2690 cm ™" (Fig. S9)
and after binding 1595 cm™" and 2687 cm ™" (Fig. 4(d)). In both
cases, both frequencies downshift. The initial values indicate
relatively strong hole doping, which is typical for graphene on a
SiO, substrate after transfer with PMMA. After non-covalent
binding, the shift of the bands indicates a reduction in hole
doping, ie. transfer of electron density from the molecular

This journal is © the Owner Societies 2025

1

compounds to graphene, but overall, graphene still remains
hole-doped.*® The positions of the G- and 2D-bands do not
significantly change after irradiation and photocleavage, indi-
cating that the doping doesn’t change further.

Raman mapping

Next, we explored the spatial selectivity and resolution of the
photocleavage of the deposited compounds. Using the mapping
function of the Raman system, we created lines using 45 s doses
per spot at 532 nm, then followed up with a short, 2D-map
measurement to compare the intensities of the selected peaks.
While a 45 s exposure at this power (10 mW for 10x and
1.2 mW for 50x) is not a full exposure, this time point was
chosen because it still showed a significant drop in both
fluorescence and peak intensity at 1226 cm ™' to demonstrate
the patterning potential of compounds 2 and 3 without taking
overly long to pattern when using the 50x objective. Linear
patterns were drawn on the surface using the 10x and 50x
objectives with the laser path shown by a dashed yellow line in
Fig. 5. The 1226 cm ' line was selected to create the intensity
maps based on our previous work®? and the above resonance
Raman, demonstrating a strong correlation with our com-
pounds and their photocleavage.

A cross-section of each Raman map was taken (shown as a
red dotted line in Fig. 5(a)-(d)) and plotted to examine the data
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made using (a) the 10x and (b) 50x objectives in a substrate coated with
compound 2, and maps made using (c) the 10x and (d) the 50 x objective
in a substrate coated with compound 3. Dashed yellow lines indicate the
laser path. (e) The intensity graph taken from the Raman maps along the
red dotted lines in Fig. 5(a)—(d). FWHM is used to calculate the ‘width’ of the
trough, with the ‘top’ of the dip defined as where it levels out.

more quantitatively (Fig. 5(e)). These plots were used to calcu-
late the width of the patterned area by taking the full-width-
half-maximum (FWHM) of the dip in the Raman intensity.
Based on these figures, the FWHMSs of the patterned lines on
the samples were approximately 8 pm and 5 um for compound 2
and for compound 3, approximately 14 pym and 2 pm for patterns
made with 10x and 50x objectives, respectively. For the pyrene
compound 3, we also observe a much shallower ‘trough’ at 10x
magnification, which is partly the reason for the broad linewidth
and wider FWHM. As compound 3 has a lower quantum yield than
2 (approximately half),*® this is somewhat expected, since it is
‘smaller’ than a full dose, and therefore less of compound 3 would
cleave compared to 2. More importantly, the 10x lines are much
wider than the 50x lines for both samples, as could be expected,
given the differences in the spot size. Similarly, the photocleavage
caused by the 50x objectives created a much ‘steeper’ dip than the
10x objectives. This strongly implies that the most significant
limiting factor for the size of the patterned area is the tightness of
the optical exposure and that, subsequently, higher magnifications
could produce even smaller features. Another possible method
would be to use a photo mask and a simple green light source. Of
course, all these methods can be combined for different substrate
parts, depending on the desired detail and resolution.

Potential sources of unintended and nonspecific cleavage
include light reflection and scattering within the system. As the
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underlying substrate is highly reflective silicon, compounds 2
and 3 may be photocleaved by reflected or otherwise scattered
light, resulting in wider patterns than desired. Further explora-
tion would require tighter controls over the width of the
exposed area, potentially using a photomask. This will be
explored further in future work.

Surfaces patterned at lower exposure times resulted in
Raman maps (Fig. S8), where the patterns were still discernible
even after only 15 s of exposure (at 1.2 mW with the 50x
objective). For all three exposures performed using the 50x
objective, the lines on the sample coated with compound 3 were
‘tighter’ than the lines on the sample with compound 2,
consistent with the data for the samples described above.
Furthermore, in both cases, the patterned area can be seen
(albeit barely) even at 15 s of exposure, which further demon-
strates the tunability of this method of surface patterning.

Conclusion

Spatially selective patterning of graphene coated with photo-
cleavable compounds using green light irradiation was demon-
strated. The self-assembled layers on pristine graphene were
created via the mn-m adhesion between compounds with
naphthalene (2) or pyrene (3) anchors and the substrate.
Photocleavage and its application in light-induced graphene
patterning were investigated using Raman spectroscopy,
Raman mapping and AFM measurements. A comparison of
AFM height sensor data with the dimensions achieved from
crystal structures suggests that both compounds form mono-
layers through face-to-face stacking between aromatic units and
graphene. Additionally, their coatings have taller regions,
which are either double layers or their different conformations.

AFM measurements of the photocleavable coatings pat-
terned by the green laser revealed a slight increase in height
in the pattern created on the layer of compound 2, and even a
smaller increase for compound 3. However, changes in adhe-
sion in patterned regions were obvious for both compounds.
Based on our earlier study, compound 3 exhibits a rate of
photocleavage that is almost twice as slow as that of compound
2, suggesting that photocleavage of compound 2 may also
proceed faster on graphene. This may explain the height
difference between the patterns.

Photocleavage in a dry state on graphene was confirmed by
recording Raman spectra at various time points during the
patterning process. The observed changes were similar to our
earlier findings, confirming successful photocleavage. The
main changes attributed to photocleavage were at 1225 cm™*
(Raman peak intensity drop) and 1130-1140 cm™ " (Raman peak
shift and intensity drop). Additionally, the overall fluorescence,
as determined by Raman spectra of both compounds,
decreased with increasing exposure time. Raman mapping
was performed to further characterize the patterns. It was noted
that with a 50x objective, a narrower pattern was achieved with
the pyrene anchor (3) than with the naphthalene anchor (2).
Additionally, by adjusting the exposure time or laser spot size,
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the degree of photocleavage or pattern size can be controlled.
The smallest patterned areas were 2 um across due to the
instrument’s resolution limitations. Finer patterns may be
available at higher magnifications. The method described here
can be applied to PPGs other than BODIPY-based and can be
expanded to include covalent functionalization. It also proves
that photocleavage is visible by AFM and highly tunable, which
boosts its usability in future applications.

The potential application of this method is to guide live
nerve cells to grow in a specific direction on the surface of
biomaterials, such as implants or biosensors. Amine-
functionalized surfaces have been found to attract neuronal
cells and enhance their growth.**™*® Laser-induced formation
of amine-functionalized patterns via photocleavage of BODIPY-
compounds has thus high potential for development of active
neuron-guidance techniques.
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