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We report herein a facile synthesis, characterization, and the electron transfer reaction of a novel light-
harvesting material composed of laser-induced graphene (LIG) functionalized with the photoactive
5,10,15,20-tetrakis(4-trimethylammoniophenyl)porphyrin tetra(p-toluenesulfonate) dye (TTMAPP). LIG
was easily fabricated on the surface of a polyimide sheet using VersalLASER 3.6 (VLS 3.6 DT), this method
has the advantages of being a simple one-step process and eliminating the impacts of solvents, high-
temperature, etc. The structural and morphological characterization of the LIGQTTMAPP composite was
investigated using various techniques. The steady-state absorption studies showed clearly the successful
self-assembly of the TTMAPP dye over the surface of LIG forming the stable LIG@TTMAPP composite.
The fluorescence studies showed the occurrence of the intramolecular electron transfer reaction from

TTMAPP to LIG. Based on fluorescence lifetime measurements, the rate and efficiency of the electron
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Accepted 6th December 2024 transfer were determined to be 1.32 x 10° s7 and 95%, respectively. The findings that the examined

LIGRTTMAPP composite exhibited a facile synthesis, absorbing the light in a wide range of the solar
spectrum, with good stability, fast and efficient electron transfer process in an aqueous solution render it
as a potential candidate for optical and optoelectronic applications.
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Introduction

The current global energy and environmental crisis has led to
significant declines in energy resources, environmental degra-
dation, and economic challenges due to the world's rapidly
increasing energy consumption. Urgent international action is
necessary to advocate for the development of sustainable and
renewable energy sources. To pursue such a strategy, the global
community must work toward the creation of energy solutions
that are accessible, cost-effective, environmentally friendly, and
economically viable."®* Among these, solar energy stands out as
a highly promising solution.”” However, the efficiency of solar
conversion systems remains a significant challenge.

Advanced materials like graphene and its derivatives are
emerging as critical components in the next generation of solar
conversion systems due to their exceptional conductivity,
tunable electronic properties, and ability to facilitate efficient
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charge separation and transport.’®* Among the various deriv-
atives of graphene materials, the synthesized laser-induced
graphene (LIG), a three-dimensional porous graphene mate-
rial with interconnected flakes composed of five, six, or seven
atoms and a thickness of approximately 20 microns, attracted
much attention in recent years. Along this line, Tour et al
transformed commercial polyimide into 3D porous graphene in
the air in 2014 using direct laser writing (DLW) technology.*>
This fabrication method involves a one-step process that avoids
the need for solvents, high-temperature conditions, or addi-
tional treatments. The LIG exhibits promising characteristics
for enhancing solar conversion systems, including a porous,
conductive structure with a large surface area, rendering it well-
suited for functionalization with light-absorbing molecules.*

Porphyrin derivatives, on the other hand, are known to be
very efficient photoactive substances, which makes them ideal
for integration into solar energy conversion systems. Their
promise is fueled by their remarkable chemical and photo-
chemical stability, a broad m-conjugated system that allows for
strong absorption across the visible spectrum, and versatile
reactivity, which includes the ability to modify ring structures
and insert a variety of metal ions into the central cavity. Addi-
tionally, they are useful for improving photoinduced charge
separation processes due to their redox-active nature and
capacity for electron transfer reactions.*™"”
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Taking it into consideration, we examine herein the self-
assembly of the fabricated laser-induced graphene (LIG) with
the photoactive cationic porphyrin dye, namely 5,10,15,20-
tetrakis(4-trimethylammoniophenyl)porphyrin tetra(p-toluene-
sulfonate) (TTMAPP), in an aqueous medium (Fig. 1). The
structural, morphological, and optical studies of the fabricated
LIG@TTMAPP composite have been examined using various
spectroscopic techniques. The functionalization of laser-
induced graphene using cationic porphyrins would be ex-
pected to improve the efficiency of light energy conversion. This
enhancement is achieved by promoting rapid electron transfer
and reducing charge recombination, both of which are essential
for optimizing the device's overall performance. To our knowl-
edge, self-assembled LIG-cationic porphyrin composite in
water is rare in the literature.

Experimental section
Chemicals and materials

5,10,15,20-Tetrakis(4-trimethylammoniophenyl)porphyrin tet-
ra(p-toluenesulfonate) (TTMAPP) was purchased from Sigma-
Aldrich, purity 88% (HPLC) and 90% dye content. A commer-
cial PI film (Kapton) with a thickness of 125 microns was
purchased from McMaster-Carr (Cat. No. 2271K6).
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Preparation and characterization techniques

LIG design was formulated by coral drawing a 1 cm X 1 cm square
shape. Laser processing was performed on a universal laser
engraving-cutting machine (3.6 DT), equipped with a 50 W
maximum power laser CO, source producing a 10.6 pm wave-
length. The laser was automated to work at 1000 pulses per inch.
To confirm the prepared composites’ crystallographic structures,
XRD (Shimadzu-X-Lab 600, Japan) was carried out at 40 kV with Cu
Ko radiation. The information on functional groups of the
prepared materials was determined using Attenuated Total
Reflection Fourier Transform Infrared ATR-FTIR by BRUKER
INVENIO S. The infrared spectrometer (Bruker Alpha Platinum,
Germany) with an internal reflection element (diamond) with
aresolution of 4 cm ™' and a sweep of 32 scans in the mid-infrared
range (4000-500 cm ') was utilized. An alpha300 RA confocal
Raman microscope (WITec, Ulm, Germany) was used to measure
the Raman spectra. The Raman excitation source is a frequency-
doubled Nd:YAG laser operating at 532 nm (Crystal Laser, Reno,
NV, USA). Using a single-mode optical fiber, the laser beam is
connected to the microscope. It is collimated and focused on the
sample using an Olympus, Japan, 100x/NA 0.90 objective. The
surface chemistry, elemental composition, and bonding status
were further investigated using K-Alpha X-ray Photoelectron
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Fig. 1 The schematic diagram for the fabrication of the light-harvesting LIGRTTMAPP composite.
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Spectroscopy (XPS) Thermo Fisher Scientific-US. A zeta potential
analyzer from Malvern Nano_ZS Instruments was used to inves-
tigate the surface charge. The morphologies of the fabricated
composite were examined using the high-resolution transmission
electron microscopy (HR-TEM) technique at 200 kV. The d-spacing
was measured using Gatan digital micrograph software. TEM
model JEOL JEM-2100F, Japan. The specimens' average surface
roughness (R,) was determined using a 3D laser scanning micro-
scope (Keyence VK-X100, Keyence GmbH, Neu-Isenburg, Ger-
many). All measurements are taken at 20x magnification using
a laser light microscope. The wavelength of the laser was 658 nm.
The specimens were placed on the platform, and three distinct
areas were measured on each specimen. The measured area was
705 x 705 pm. The scan speed was 102 pum s '. Steady-state
absorption and fluorescence spectra were recorded using a UV-
vis spectrophotometer (Shimadzu UV-2600) and spectrofluorom-
eter (Shimadzu RF-6000), respectively. To determine the electron-
transfer rate of the LIG@TTMAPP supramolecular carbon nano-
structure the picosecond fluorescence decay profiles were
measured by the single photon counting technique using Fluor
Hub (Horiba Scientific). Lifetime was evaluated with the software
Decay Analysis 64 by Horiba Scientific attached to the equipment.

Fabrication of LIG using VLS 3.6 DT

The VLS 3.6 laser system provides a range of adjustable parameters
that allow for the implementation of various effects during the
printing procedure. The engraving patterns were designed
utilizing Corel Draw software, resulting in a square-shaped design
measuring 1 cm x 1 cm, as depicted in Fig. S1.T This design was
subsequently transferred to the VLS 3.6 DT printing machine
software for execution. The synthesis parameters were optimized
in the software to yield the highest flexibility and conductivity:
a laser power of 3.6 watts, a laser speed of 3.5 inches per second,
and 1000 pulses per inch. The polyamide was positioned at the
focal point of the laser source by adjusting the Z-axis to ensure
maximum burning. After adhering the film to a glass piece, it was
placed within the laser compartment platform. Meticulous care
was taken to maintain a clean Kapton surface by washing it with
ethanol and preventing air pockets beneath the film during the
mounting process. Lastly, the LIG film was scratched from the
polyimide surface, and dissolved in 3.5 ml of distilled water.

Fabrication of the LIG@TTMAPP

1.5 mg of 5,10,15,20-tetrakis(4-trimethylammoniophenyl)
porphyrin tetra(p-toluenesulfonate), (TTMAPP) was dissolved
in 3.5 ml of distilled water. The solution was then subjected to
sonication for 30 minutes to ensure homogeneity, after which it
underwent self-assembly onto the previously prepared LIG
solution. Subsequently, the composite solution was stirred for
24 hours and then dried for 4 hours in a drying oven.

Results and discussions
Structural characterization of LIG and the LIG@TTMAP

Fig. 2A exhibited the X-ray diffraction pattern (XRD) of LIG,
TTMAPP, and LIG@TTMAPP composite. LIG exhibits a broad

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diffraction peak from 17.23° to 37° even though we could
observe a distinct peak at 26 = 25.54° with an interplanar
distance (I.) of 0.34 nm, which can be indexed to the distance
between the (002) in the LIG."** The broadening in the
diffraction peak can be assigned to the porous structure of
LIG,"”*® also could be attributed to defects on the graphene
hexagonal layers, as well as the presence of oxygen functional
groups and nitrogen groups with the carbon moieties. The
recorded peaks at 26 = 44.18° can be indexed to (100) reflections
with an interplanar distance of 0.20 nm."?° This peak is asso-
ciated with the reduction of the precursor material into the
graphene-like LIG structure. It is related to the in-plane features
of the laser-induced graphene and reflects the planar arrange-
ment of the material. The laser-induced graphitization process
may be driven by the presence of recurring aromatic and amide
functionalities within the precursor polymer. On the other
hand, the XRD data shown of the LIG@TTMAPP composite, the
peak of the (002) has transferred to 26 = 26.3° corresponds to an
interplanar distance of 0.33 nm. Also, the peak at the (100)
plane shifted from 26 = 44.18° to 26 = 43.22° which corre-
sponds to (100) and has an interplanar distance d of
0.21 nm,*"*? the decrease in the interplanar distance of the (002)
peak could be attributed to the insertion of TTMAPP in the
porous structure of LIG forming higher stress on the hexagonal
planar sheets. Also, the increase in the interplanar distance of
the (100) peak could be formed due to the electrostatic repul-
sion between the sulphonate group in the porphyrin and the
negative graphene sheet."?*

To examine the surface chemistry and bonding status
structures of the LIG and LIG@TTMAPP, XPS test was per-
formed as shown in Fig. 2B. The XPS survey of LIG and
LIG@TTMAPP comparison shows the XPS survey of LIG, three
elements can be detected, carbon (C 1s), oxygen (O 1s) and
nitrogen (N 1s) with 90.55%, 8.89% and 0.56% atomic
percentage, respectively. The deconvolution of the carbon (C 1s)
is shown in Fig. S2.f The recorded peak at 284.2 eV can be
assigned to the sp” (C-C/C=C) carbon bonding which arises
from the primary graphitic structure of LIG.>* The recorded
peak appears at 285.1 eV could be assigned to sp* (C-C) carbon
bonding indicating the presence of structural defects from the
laser scribing process.”> The peak at 289.61 eV could be
assigned to the carbonyl group (-C=0/-COOH) which arises
from the laser scribing process of polyimide.** The most
dominant bonding structure in LIG is the sp”. The deconvolu-
tion of (O 1s) shown in Fig. S2t exhibited a maximum peak of
532.41 eV that can assigned to the surface hydroxyl group
(OH).” Nitrogen (N 1s) deconvolution which has two peaks;
399.7 eV can be assigned to pyrrolic nitrogen,*® 405.7 €V may be
attributed to either the presence of amino groups including
those in saturated heterocyclic amines, or the existence of pyr-
idinic oxide functional groups.*®

On the other hand, the LIG@TTMAPP survey shown in
Fig. 2B showed the presence of six elements, carbon (C 1s),
oxygen (O 1s), nitrogen (N 1s), sulfur (S 2p), ferric (Fe 2p) and
calcium (Ca 2p) with 74.6%, 16.39%, 6.93%, 0.16%, 1.27% and
0.66% atomic percentage, respectively. The deconvolution of
the carbon (C 1s) shown in Fig. S31 exhibited three peaks at
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(A) X-ray diffraction patterns of LIG powdered scraped from polyimide, TTMAPP, and LIGAQTTMAPP composite. (B) XPS survey for LIG and

LIGRTTMAPP. (C) FTIR curves of LIG, and LIGRTTMAPP composite from 500 to 4000 cm~t (D) Raman spectra for LIG, and LIGRTTMAPP

composite.

284.36, 285.45, and 288.08 eV that could assigned to sp> (C-C/
C=C) carbon bonding,** sp® carbon bonding,**** and (0-C=
0),” respectively. The deconvolution of oxygen (O 1s) shown in
Fig. S31 shows a peak at 531.64, which can be attributed to the
carbonyl groups (C=0).>* The deconvolution of nitrogen (N 1s)
shows peaks at 399.85 and 402.69 eV that are assigned to
pyrrolic nitrogen® and quaternary nitrogen,* respectively,
indicating the successful functionalization of graphene sheets
with the porphyrin moiety. The deconvolution of sulfur (S 2p)
shown in Fig. S31 shows the presence of two peaks 168.07 and
171.92 eV which can be assigned to sulphones®' and bisulfate
HSO, complexes, respectively.*” In general, the increment in the
percentages of oxygen nitrogen, and sulfur that exist in the
TTMAPP structure proves the successful functionalization of
TTMAPP on the surface of LIG. It should be noted that the
presence of both calcium and iron ions could be attributed to
the commercial-grade dye of TTMAPP and/or the presence of
ferric traces in the commercial polyimide.*

To examine the functional groups, the FT-IR spectra of pol-
yimide, LIG, TTMAPP, and LIG@TTMAPP composite were per-
formed. As seen from Fig. S4,7 the peaks in the range of 600 to
4000 cm™ ' were assigned to the polyimide. The peak at
719 cm™' can be assigned to the imide ring deformation
vibrations, particularly the out-of-plane bending of the C=0
and C-N-C groups in the imide structure. The peak at 816 cm™*
was assigned to the out-of-plane bending vibrations of aromatic
C-H bonds. The recorded bands at 1087, 1116, 1167, 1235, 1364,

292 | RSC Adv, 2025, 15, 289-300

and 1498 cm™ " are mainly associated with C-O-C stretching

(ether linkage) and in-plane aromatic C-H bending, the
symmetric stretching vibrations of the C-O-C bond in the ether
linkage, the asymmetric C-O-C stretching (ether linkage) and
possibly some C-N stretching vibrations within the imide ring,
the asymmetric stretching of the C-N bond in the imide group
and C-O-C stretching within the ether linkage, the stretching
vibration of the imide C-N, and the stretching vibrations of the
aromatic C=C bonds in the benzene rings, respectively. Finally,
the bands at 1710 and 1776 cm ™ are assigned to asymmetric
and symmetric stretching vibrations of the imide carbonyl
groups.’*3*

On the other hand, the laser scribing of LIG exhibits
different features as shown in Fig. 2C. A broad absorption peak
in the region between 2997 and 2852 cm ™' was assigned to the
sp®/sp” stretching vibration of the C-H bonds.>*** The recorded
peak at 2164 cm ™ ' was assigned to C=C stretching vibrations.*®
The peak recorded at 2029 cm™ ' was assigned to ketenimine
CH,CNH.” The peak around 1730 cm ' can be assigned to
carbonyl and carboxyl groups (C=0).*® The peak around
1632 cm ™' can be assigned to sp” carbon (C=C) stretch.’® The
spectrum exhibited a weak peak at 1450 cm ' that can be
ascribed to the deformation vibration of the methyl functional
group (~CHj,), while the weak peak at 1364 cm™" corresponds to
the symmetric and asymmetric deformation modes of the C-H
covalent bonds.* The peaks around 1126 and 1071 cm™ " can be
assigned to the epoxide groups (C-O-C), and epoxy groups (C-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HRTEM image of (A-C) LIG, and (D-F) LIG@RTTMAPP composite with the same magnifications. The high-intensity black areas represent
the loaded TTMAPP composite porphyrin molecules over the surface of LIG.

0).*® A broad line from 1000 to 500 cm ' shows the laser
scribing effect.'*?*

Fig. S47 exhibited the porphyrin-free base's typical vibra-
tions, where TTMAPP dye exhibited vibrational peaks at 3438
and 1000 cm™* that agree with the N-H stretching and C-N
stretching and bending vibrations, respectively. Furthermore,
the recorded peak at nearly 815 cm ™' was associated with the
macrocycle ring's out-of-plane deformation. When turning into
the FTIR spectra of the LIG@TTMAPP composite, it is clear that
the spectra exhibited 7 new peaks, the 3747 cm™ " band is most
likely assigned to the (-CONH-) unit.* The peak at 3668 cm ™"
could be assigned to (OH) stretching.** The peak around
1571 cm™ ' could be assigned to C=N stretching.*> The peak at
1281 ecm™' could be assigned to carbonyl (-C-O) wagged
vibration,* The peak around 1571 ecm ™" could be assigned to
C=N stretching.** The peak at 1281 cm ™" could be assigned to
carbonyl (-C-O) wagged vibration,** 965 cm™' band was
assigned to C=C bending alkene, 791 cm ™" band was assigned
to C-H bending of 1,2,3,4-tetra substituted, 744 cm™ ' band that
assigned to C-H bending 1,2-disubstituted. Based on the

© 2025 The Author(s). Published by the Royal Society of Chemistry

recorded peaks shown above, one can suggest the successful
formation of LIG@TTMAPP composite through the electrostatic
interactions.*>*

Raman spectroscopy is an advanced analytical method
utilizing the inelastic scattering of monochromatic light. It can
deliver precise insights into molecular vibrations, chemical
compositions, and crystal structures making it highly
versatile.***® The laser-induced portions were examined using
Raman spectroscopy to further characterize the structural
alteration of the LIG and LIG@TTMAPP samples, as illustrated
in Fig. 2D. LIG exhibits four distinct peaks of graphitic carbon:
a D peak at 1339 cm ™, D' peak at 1608 cm ™, which arises due
to defects or disorders in the graphene lattice, such as vacan-
cies, edges, and structural imperfections in sp® hexagonal
carbon structures,** a G peak at 1571 cm™ ' that arises due to
structures derived from carbon atoms, and a 2D peak at
2673 cm™ ' arises from second-order Raman scattering by
boundary phonons of the Brillouin zone.**** The LIG has I,/Ig =
0.5 and Lyp/lg = 0.29 which represents a multilayer graphene
structure with 50 percent deformation in the LIG hexagonal

RSC Adv, 2025, 15, 289-300 | 293
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structure.” In multilayer graphene, the 2D band exhibits
a broader and less intense profile compared to the G band,
while the intensity of the G peak increases as the number of
layers rises. This phenomenon is attributed to the increased
complexity and interactions occurring between the layers.>**

When turning into LIG@TTMAPP composite shown in
spectra (b), one can see peaks at 1339 cm ' D band, D'
1607 cm™, 1569 cm ™' G band, 2684 cm ™" 2D band, Ip/Ig = 0.35,
Ip/lg = 0.29. As seen, there is no significant change in the
carbon structure of graphene, even though there is a noticeable
decrement in the defects of the crystalline structure of the LIG.
This indeed configures the grafting of TTMAPP onto LIG.
Furthermore, spectra (c) displays derivatives at 1566/1588 and
2648/2701 cm " indicating the wavenumber shift of 1571 and
2673 cm ', respectively, upon the addition of TTMAPP to LIG.
This includes not only a downshift in the wavenumber for the G
band by 2 cm™" and an upshift for the 2D band by 11 cm™ " but
also the decrement in the intensity of the doped-LIG compre-
hends the potential interaction between porphyrin and LIG. The
simultaneous downshift of the G band and upshift of the 2D
band upon doping suggests that the TTMAPP is altering both
the vibrational properties and the electronic band structure of
graphene. This combined effect signifies changes in bond
strength, electron density, and electronic interactions within
the graphene.>***
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(A) and (B) 5 nm scale HR-TEM image with the selected area to
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calculate the interplanar distance, (C) and (D) selected area diffraction

The zeta potential analysis conducted on the individual
components and the self-assembled LIG@TTMAPP composite
provides insights into the charge transfer mechanism. As
shown in Fig. S7,f the LIG exhibited a zeta potential of
—17.8 mV, indicating a negatively charged surface. TTMAPP dye
had a zeta potential of —1.69 mV, reflecting the presence of both
cationic nitrate groups and anionic sulfonate groups. The self-
assembled LIG@TTMAPP composite displayed a zeta potential
of —0.146 mV, suggesting the successful attachment of TTMAPP
to LIG. Based on the results obtained from the FTIR, XPS, XRD,
and Raman, the attachment of TTMAPP depends on the elec-
trostatic interaction between the nitro group of TTMAPP and
the negative charge of graphene sheets.

Morphological characterization

The HR-TEM characterization revealed the formation of a self-
assembled structure between TTMAPP and the LIG
morphology. The TEM images at various magnifications
confirmed the effective deposition of TTMAPP onto the LIG
surface, suggesting that the self-assembly likely occurs through
the electrostatic interactions between the porphyrin moiety and
the porous, defective regions of LIG. As illustrated in Fig. 3A-C,
the LIG images display highly illuminated thick layers, indi-
cating the presence of a few graphene layers, while the dense
areas correspond to the existence of carboxylic groups and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a high density of graphene sheets. In contrast, the LIG@TT-
MAPP are observed as high-intensity black areas on the LIG
sheet, as shown in Fig. 3D-F. To investigate these dense areas,
the EDX test was performed. The data of LIG shown in Fig. S5F
exhibited 99.5% carbon and 0.5% oxygen, while the LIG@TT-
MAPP composite exhibited 98.15% carbon and 1.85% oxygen.
This finding indicates an increase in the oxygen content due to
the incorporation of TTMAPP.

As seen in Fig. 4, the HR-TEM was used to determine the d-
spacing of LIG and LIG@TTMAPP at 5 nm scale using Gatan
digital micrograph software, the (I.) of the (002) of LIG is 0.34 nm
while the (I.) of LIG@TTMAPP was found to be 0.33 nm."” The
obtained interplanar distance from the HR-TEM agrees with the
results obtained from the XRD. Further, the diffraction pattern
obtained for LIG shown in Fig. 4C exhibited three broad
diffraction rings which can be indexed to (002), (100), and (004),
respectively.”” On the other hand, LIG@TTMAPP had three
diffraction peaks (002), (100), and (004), respectively. The inser-
tion of TTMAPP into the porous structure of LIG appears to have
altered the orientation of some planes and decreased the inter-
planar distance. Additionally, the rings appear slightly sharper,
suggesting an increase in the crystallinity of the LIG upon the
self-assembly of TTMAPP. The HR-TEM images indicate that the
self-assembly of TTMAPP on the graphene sheets results in a new
preferred orientation, as demonstrated in the ESI in Fig. S6.T The
lattice displays orientations in various directions, with the LIG
lattice points exhibiting diverse alignments. After the incorpo-
ration of TTMAPP, the lattice structure becomes more organized
and exhibits a preferred direction. This indicates that the inter-
action between LIG and TTMAPP involves the attachment of the
cationic porphyrin to the defected sites of LIG, which aligns with
the Raman spectra shown in Fig. 2D.
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Laser confocal microscope was used to determine the spec-
imens' average surface roughness (R,), a 3D laser scanning
microscope (Keyence VK-X100, Keyence, Neu-Isenburg, Ger-
many) was used. All measurements are performed using a laser
light microscope at a 20x magnification (Fig. 5). The laser's
wavelength was 658 nm. The specimens were placed on the
platform, and each one had three different areas measured. The
area that was measured was 705 x 705 pm. The speed of the
scan was 102 pm s. For each specimen, the roughness value
(um) was computed by averaging the data acquired from three
distinct places. The visual representations of the surfaces were
also taken to qualitatively evaluate the surface roughness, in
addition to the mathematical means. A color scale and graphics
were used to understand the images that were obtained. In the
illustrations, each color denotes a distinct value; positive values
stand in for peaks and negative values for pits. It was further
confirmed that the light-harvesting TTMAPP dye had been
loaded onto the surface of LIG. As observed, TTMAPP was
successfully loaded over the LIG surface from Fig. 5. The surface
roughness values of LIG and the LIG@TTMAPP composite have
been determined to be 96.9 and 31.8 pm, respectively. Such
a decrease in the surface roughness of the LIG@TTMAPP
composite compared to LIG suggests that TTMAPP forms
surface treatment to the LIG, taking into consideration that the
surface roughness is a crucial metric that further impacts the
quality of the self-assembled materials for various optical
applications.*

Optical studies

The normalized absorption and fluorescence spectra of
TTMAPP are illustrated in Fig. 6. The spectra featured a Soret
band with a peak wavelength of 412 nm, as well as four weak Q

500.0 702. 9

0. Oum —

0. Opm 250.0 500.0 702. 9

Fig. 5 Laser confocal microscope of (A—C) LIG, and (D—F) the LIGRTTMAPP composite with a 20x magnification.
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vibronic bands at 514, 550, 579, and 633 nm. As seen in Fig. 6,
the LIG absorption spectrum displayed a prominent peak at
226 nm, which can be attributed to the w—7* transition of the
conjugated aromatic domains within the carbon-carbon
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framework. The self-assembled LIG@TTMAPP composite
exhibited the characteristic peaks of both LIG and TTMAPP,
accompanied by a ~5 nm bathochromic shift in the maximum
absorption of TTMAPP when dispersed in water. This spectral
shift can be attributed to an increase in the electronic conju-
gation between the electron-donating TTMAPP moiety and the
electron-accepting LIG material.>

The fluorescence spectra of TTMAPP and the LIG@TTMAPP
composite were subjected to 3D mapping to investigate their iso-
sbestic points. To more thoroughly analyze the changes in fluo-
rescence, a stock solution of TTMAPP was prepared, and the
spectrofluorometer was used to irradiate the solution with excita-
tions ranging from 400 nm to 425 nm. The 3D mapping of
TTMAPP's excitation versus emission, depicted in Fig. 7A and B
accompanying figures, confirmed that the maximum fluorescence
was observed at 412 nm excitation and 642 nm emission, with
isosbestic points appearing at 404 and 416 nm. In contrast, the
self-assembly of LIG with TTMAPP shifted the peak of maximum
excitation to 413.5 nm, while the maximum fluorescence shifted
from 642 to 645 nm. Additionally, the intensity of TTMAPP expe-
rienced noticeable quenching upon the addition of LIG. The
significant changes in the maximum intensity at different excita-
tions confirm the formation of the LIG@TTMAPP composite,
which exhibits a new maximum absorption wavelength, as
depicted in Fig. 7C and D.
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of TTMAPP. (C) The plot of the excitation wavelengths (from 400 to 425 nm) versus the emission of LIG@TTMAPP composite. (D) 3D map surface

of LIGRTTMAPP composite.
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adding various amounts of LIG forming the self-assembled TTMAPP—-LIG composite; Aex = 416 nm.

Self-assembly for LIG@TTMAPP

The self-assembly process between the two entities resulted in the
formation of the LIG@TTMAPP composite, as evidenced by steady-
state absorption and fluorescence studies. As depicted in Fig. 84,
the UV-vis absorption spectrum of TTMAPP in water (3.60 pM)
exhibited a distinctive Soret band at 412 nm, which is attributed to
the (Sy — S,) transition. Upon the addition of varying amounts of
LIG to an aqueous TTMAPP solution, the characteristic Soret band
of TTMAPP showed a clear decrease in intensity, accompanied by
a ~5 nm red shift (towards the longer wavelength). This observa-
tion provides clear evidence for the successful incorporation of
TTMAPP onto LIG sheets, forming the self-assembled LIG@TT-
MAPP composite through electrostatic interactions.>

Fig. 8B shows the excitation of TTMAPP (3.6 puM) with
416 nm light, as observed from the 3D fluorescence map,
generated a fluorescence spectrum in an aqueous solution
exhibiting two emission bands at 642 nm (higher ratio) and
702 nm (lower ratio), corresponding to the 0-1 and 0-0 transi-
tions, respectively. Upon the addition of varying quantities of
LIG, the fluorescence intensities of the singlet-excited states of
TTMAPP were notably quenched, accompanied by a slight red
shift of approximately 3 nm. This quenching phenomenon is
most likely attributed to intramolecular electron transfer from
the electron-donating TTMAPP to the surface of LIG, taking into
consideration that the energy transfer process is energetically
unfavorable.

Fluorescence lifetime measurements shown in Fig. 9 were
used to quantitatively analyze the changes in fluorescence and
estimate the kinetics of the electron transfer process within the
LIG@TTMAPP composite. Upon photoexcitation of TTMAPP (3.6
uM) with a picosecond pulsed laser (420 + 10 nm), the fluores-
cence decay-time profile of the TTMAPP singlet-excited state at
642 nm exhibited a monoexponential decay with a lifetime of
9.56 ns, consistent with previous literature.®® However, the
addition of varying amounts of LIG to an aqueous TTMAPP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Fluorescence decay profiles of the singlet TTMAPP (3.6 uM) in
the absence and presence of different amounts of LIG in water; Aex =
420 nm and Aem = 645 nm.

solution resulted in significant quenching of the fluorescence
lifetime. The decay could be satisfactorily fitted to a biexponential
function, with a fast decay component followed by a slower decay.
The fast-decaying component had a lifetime of 0.70 ns (10%),
which is attributed to the electron transfer reaction within the
self-assembled composite. The second decay, with a lifetime of
8.72 ns (90%), resembles the decay of the TTMAPP dye. Based on
the lifetimes of TTMAPP and the LIG@TTMAPP composite, the
rate constant (k.. and quantum yield (k) of the electron transfer
from TTMAPP to LIG were determined to be 1.32 x 10° s * and
95%, respectively. These findings suggest a fast and efficient
intramolecular electron transfer process from the electron-
donating TTMAPP to the electron-accepting LIG of the self-
assembled LIG@TTMAPP composite.
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Conclusions

We demonstrated herein the synthesis, characterization, and
electron transfer reaction of a novel supramolecular LIG@TT-
MAPP composite in an aqueous medium. The examined material
has been constructed by successfully loading the cationic
TTMAPP porphyrin dye over the surface of LIG. The crystallo-
graphic structure of the system was characterized using X-ray
diffraction which showed a decrease in the interplanar distance
of LIG. High-resolution transmission electron microscopy showed
the TTMAPP loading as high-density black areas on the thick
layers of graphene. Accompanied by a sharp diffraction pattern
for LIG@TTMAPP which suggests an increase in the crystallinity
of the material, also the HR-TEM images confirmed the change in
the orientation and the decrease in the interplanar distance. This
indicates the stacking and insertion of TTMAPP into the defective
and porous sites of LIG. Fourier-transform infrared spectroscopy
and XPS and zeta-potential of LIG@TTMAPP confirmed the
loading of TTMAPP on the LIG through electrostatic interactions
between nitrogen and graphene sheets. Raman spectroscopy
showed a significant 15% decrease in the defects of the sp
hexagonal carbon structure D-band of LIG@TTMAPP, which
agrees well with HR-TEM images. The average surface roughness,
measured using a 3D laser scanning microscope, was 96.9 um for
LIG and 31.8 um for LIG@TTMAPP, indicating an enhancement
in the crystallinity of the system as observed in the HR-TEM
diffraction pattern and Raman spectroscopy. The steady-state
absorption measurements of the LIG@TTMAPP self-assembly
showed a significant red shift of approximately 5 nm compared
to the control TTMAPP in water. Additionally, the fluorescence
intensities of the singlet-excited states of TTMAPP were signifi-
cantly quenched, accompanied by a ~3 nm red shift, upon adding
different amounts of LIG. Based on the time-resolved fluores-
cence lifetime measurements, the rate and efficiency of the elec-
tron transfer were determined to be 1.32 x 10° s™' and 95%,
respectively, indicating fast and efficient electron transfer from
the singlet-excited state of TTMAPP to the electron-accepting LIG
in the self-assembled LIG@TTMAPP composite.
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