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In situ laser annealing as pathway for the metal free
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Tailored synthesis of nanographenes, and especially graphene nanoribbons (GNR), has been achieved on

metal substrates via a bottom-up approach from organic precursors, which paves the way to their

application in nanoelectronics and optoelectronics. Since quantum confinement in nanographenes leads

to the creation of peculiar band structures, strongly influenced by their topological characteristics, it is

important to be able to exactly engineer them in order to precisely tune their electronic, optical and

magnetic properties. However practical application of these materials requires post-synthesis transfer to

insulating substrates. Recently, cyclodehydrofluorination of fluorinated organic precursors has been

shown to be a promising pathway to achieve metal-free bottom-up synthesis of nanographenes. Here

we present how to apply in situ laser annealing to induce cyclodehydrofluorination leading to

nanographene formation directly on non-metallic surfaces. In this work, we analyze the changes in the

Raman fingerprint of the fluorinated precursor tetrafluoro-diphenyl-quinquephenyl (TDQ) during the

laser annealing process in high vacuum (HV), demonstrating that both heating and photo-induced

processes influence the cyclization process. Hence, in situ laser annealing allows not only to influence

chemical reactions, but also to have a fast and contact-free monitoring of the reaction products.
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Optimization of the laser annealing process adds a new level of control in the tailored synthesis of

nanographenes on non-metallic substrates. This is a very promising pathway to unravel the full
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1 Introduction

Graphene nanoribbons (GNR), quasi-one dimensional strips of
honeycomb carbon, are among the best candidates to develop
a new carbon-based nanotechnology. Depending on their edge
morphology and their width, GNR can behave as metals,
semiconductors or insulators.'” They are predicted to possess
tunable electronic and optical properties, which mainly depend
on the topological characteristics of the ribbon.

State of the art bottom-up synthesis has led to the production
of atomically precise GNR with interesting edge topologies,
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application potential of nanographenes in general and GNR in particular, enabling a fast optimization of
precursor molecules and substrate geometry engineered for specific applications.

such as armchair, zigzag, cove type or chevron shaped GNR.**
While other synthesis methods have been developed, such as
solution-mediated synthesis, on-surface synthesis provides the
most control over the morphology of the final product.”*
Therefore, the established high-yield route to obtain atomic-
precision GNR is to deposit a halogenated (Br, I) precursor in
ultra-high vacuum (UHV) through chemical vapour deposition
on a metal substrate and then polymerize it through an
Ullmann-like coupling reaction.™**> However, restraining the
growth of GNR on metals is not ideal for multiple reasons.
Metals provide a good substrate for cyclodehydrogenation to
occur, but they make it impossible to measure directly the
optical and electrical properties of the reaction products.”*?
Moreover, for most of current technological applications GNR-
based devices could only operate on insulating substrates.
Although GNR synthesized on metals can be transferred to
insulating surfaces, the process lowers significantly the quality
of the synthesized products.***® Finally, the topological char-
acteristics of the GNR strongly depend on the metal substrate
that is employed during synthesis, which is extremely limiting
for the variety of produced GNR that may be achieved. In view of
future industrial applications, it is desirable to develop
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a method to synthesize GNR without using a metal catalytic
substrate.

The final structure of on-surface prepared GNR is directly
confirmed by scanning tunnelling microscopy (STM) and
transmission electron microscopy (TEM). However, both
methods present setbacks, as the former requires a metallic
substrate and the latter a free-standing sample. As is the case for
their parent material graphene, GNR are Raman active and their
vibrational modes have extensively been explored both theo-
retically'”*® and experimentally.* Therefore, Raman spectros-
copy is nowadays a widespread established method to
investigate the properties of GNR from the vibrational finger-
print.** It is a fast, contactless and non-damaging bulk charac-
terization method, in contrast to the other local investigating
techniques mentioned above. The Raman spectra of GNR
presents three main features, two of which are common to all
planar carbon allotropes: the G-line, the D-line and the Radial
Breathing Like Mode (RBLM). The first mode, which refers to
vibrations in the sp> C-C bond, is found at ~1600 cm™". The
second mode, found at ~1300 cm ™!, refers to vibrations of
carbon with sp® hybridization; while in the graphene spectrum
it reveals the amount of defects present in the honeycomb
lattice, in GNR spectra it refers to vibrations at the edges. The
RBLM, so called in analogy with the radial breathing mode of
carbon nanotubes, is found between 300 and 550 cm ™ *; from its
spectral position it is possible to calculate the width of the
GNR."?°

Recently, intramolecular aryl-aryl coupling by C-F bond
activation in fluorinated aromatic molecules on thermally
activated y-aluminum oxide was found to be very effective for
the rational synthesis of various graphene-like nanostructures
by a bottom-up approach.>?* It has been demonstrated that the
cyclodehydrofluorination reaction is characterized by an
unprecedented high efficiency and exceptional high regio- and
chemoselectivity.>**® Following this strategy, it was possible to
synthesize various nanographenes in near quantitative yields
under mild conditions, including highly strained bowl-shaped
systems.>”  Moreover, virtually linear oligophenylenes
bearing fluorine functionalities in defined positions were
successfully “rolled up” to the respective target nanographenes
in truly domino-like fashion by tandem cyclization via HF
elimination.?®?* This oligophenylene zipping approach was also
successfully performed directly on a semiconducting rutile
titania surface and it was later employed for the rational
synthesis of precisely tailored GNR.3*3*

In this contribution, we use Raman spectroscopy and laser
annealing in high vacuum (HV) to investigate a promising
fluorinated molecule programmed for cyclo-
dehydrofluorination, tetrafluoro-diphenyl-quinquephenyl
(TDQ) (see Fig. 1).2® By providing photo-induced heating, laser
annealing triggered the cyclodehydrofluorination process in the
precursor molecule, leading to the synthesis of sp> hybridized
carbon nanostructures. Throughout the whole laser annealing
process, the Raman fingerprint of the precursor molecule is
monitored in situ, so as to record the vibronic properties during
every step of the reaction without disruptions. Raman spec-
troscopy, while having the advantage of being less disruptive
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Fig. 1 Tetrafluoro-diphenyl-quinquephenyl (TDQ) precursor and ex-
pected cyclodehydrofluorination into nanographene (NG) under ideal
conditions.?®

than TEM, provides fast measurements which are pivotal for
step-by-step monitoring of chemical changes. Furthermore, we
employ density functional theory (DFT) calculations to identify
the spectral features related to fluorine vibrations.

2 Experimental methods

The fluorinated precursor TDQ (Fig. 1), pre-programmed for
subsequent fourfold cyclodehydrofluorination reaction, was
synthesized according to the known protocol.”®

The optical properties of TDQ were investigated using
Raman spectroscopy. The background Raman fingerprint of the
sample was recorded in air at room temperature with laser
wavelengths of 458 nm, 488 nm, 514 nm, 568 nm, 1064 nm on
TDQ deposited on aluminum oxide (Fig. 2). The infrared Raman
fingerprint of the molecule was recorded with an FT-Raman
spectrometer (Bruker IFS100) using a 1064 nm laser at 100
mW power and irradiance of (1.3 x 10') W cm ™2, while a Horiba
Yobin Yvon LabRAM notch filter Raman system with confocal

568 514 488 458

3,5 T T T T

e T T T I )

E 430

s 130

8 115

< o 4 1.0

- 405

o [ ] l/ 40,0

T T T T
2,18 2,41 254 2,71
Energy (eV)

3

s

2

[ TDQ

] 488nm

£
TDQ
514nm
TDQ
568nm
TDQ
1064nm

T T T T T T T T
200 400 600 800 1000 1200 1400 1600

Raman Shift (cm™)

Fig. 2 Raman fingerprint of TDQ deposited on aluminum oxide at
exciting laser wavelengths of 458 nm, 488 nm, 514 nm, 568 nm and
1064 nm. Inset: experimental photoluminescence background vs.
exciting laser energy.
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microscope was used for the visible light lasers. The Stokes and
anti-Stokes processes of the line at about 1326~ ' were recorded
with a T64000 Horiba triple Raman spectrometer at 532 nm
exciting laser wavelength.

Additionally, the Raman spectra for the TDQ molecule were
computed with DFT at the PBE-6-31G(d,p) level augmented by
a D3 dispersion term*” with Becke-Johnson damping.** All DFT
calculations were performed with Gaussian 09.** An exhaustive
exploration of the most likely TDQ conformers was carried out
with the program CREST** which uses metadynamics on top of
the recent GFN2-xTB tight-binding Hamiltonian.*® The first 18
conformers so-obtained were reoptimized with DFT and their
Hessian computed to check for the presence of negative
frequencies and to estimate their relative Boltzmann pop-
ulations. From these computation, identification and analysis
of the Raman active modes with sizable contributions by F
atoms were obtained.

The cyclization of TDQ was investigated using laser anneal-
ing. The desired reaction into nanographene is represented in
Fig. 1. Our setup combined a confocal microscope Raman
system with a tunable wavelength laser and a small vacuum
chamber with a gas inlet.***” The Raman laser was focused on
the sample inside the vacuum chamber through an optical
window. The annealing was performed by laser irradiation.?®

A small amount of TDQ molecule was deposited on an TEM
gold grid support covered in amorphous carbon and brought
into HV (~10~° mbar). The sample was then heated with visible
laser irradiation at 568 nm, 8 mW of power, irradiance of (1.6 x
10*) W em 2. We collected the inelastically scattered radiation
in 180° backscatter geometry to perform concomitant in situ
Raman spectroscopy on the sample.

For the measurement of the Stokes and anti-Stokes
processes, the precursor was sealed in vacuum better than
10~° mbar in a pyrex glass vial with square cross section. From
this measurement we were able to correlate Raman linewidth
with temperature and calculate the temperature evolution
during the laser annealing process.

3 Results and discussion

Fig. 2 shows the Raman fingerprint of the TDQ molecule
recorded in air at room temperature with laser wavelengths of
458 nm, 488 nm, 514 nm, 568 nm, 1064 nm. In order to analyze
the relative response of the intrinsic Raman signal, comple-
mentary fluorescence backgrounds were subtracted, taking into
account the shape of the photoluminescence (PL) background.
Intensities were normalized to the G-peak at ~1600 cm ™. We
observe an increase in photoluminescence and a decrease in the
relative intensity of the sample's characteristic emission for
shorter wavelengths, which leads to higher noise levels after
background subtraction and normalization. This happens
because the optical gap of TDQ is in the ultraviolet range:*®
increasing the incident photon energy, therefore, tunes the
laser to the emission spectrum of the molecule, which is
a complementary process to the vibronic excitation of the
sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Additionally, the Raman spectra for the most likely confor-
mations in the TDQ molecule were computed with DFT. The
presented simulated spectrum corresponds to the most popu-
lated conformation as all computed conformers yielded
fundamentally similar spectra. The identification and analysis
of the Raman active modes with sizable contributions by F
atoms were obtained by computing and ranking the ratio of the
F displacements with respect to the total.*

A graphic comparison between experimental and computed
spectra is in Fig. 3. As further comparison between theory and
experiment, peak analysis was executed on the G-line and on the
strongest fluorine related Raman active modes, both the
computed and the experimental 568 nm spectra (ESI ).

The precursor was annealed through laser irradiation in HV
using the Raman spectroscopic HV set-up with a 568 nm laser at
(1.6 x 10*) W cm ™2 irradiation. This laser line, being in the
vanishing tail of the fluorescence spectrum of the target
precursor molecule, enables us to have a weak luminescence
Raman spectrum, which concomitantly allows to study the
transformation to nanographene from both a decrease of the
luminescence and a change in the Raman fingerprint.*®

Original spectra gathered during laser annealing are in
Fig. S1 in the ESI. The acquisition time for each laser annealing
cycle was 100 s, while the time between the end of an acquisi-
tion and the start of the next was about 20 s. During the laser
annealing process, the molecule's color turned from white to
black. An indication of TDQ decomposition came from the
quartz optical window of the HV chamber, whose inner surface
was etched by hydrogen fluoride during the experiment. No
other fluorinated materials were present inside the HV
chamber, therefore hydrogen fluoride must have originated
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Fig. 3 Raman fingerprint of TDQ deposited on aluminum oxide at
exciting laser wavelength of 1064 nm, compared to DFT simulations at
the PBE-6-31G(d,p)-D3 level. Computed vibrations with large F
displacement are reported in dashed lines.
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from the first step of cyclodehydrofluorination, in which the
molecule decomposes by breaking its CF bonds.

We observed a dramatic increase in the fluorescence from
the first to the second cycle, followed by a slow decrease that
continued for the whole process (Fig. 4a). At the same time, the
Raman fingerprint of the molecule progressively lost intensity
(ESI 1).

We executed a subtraction of the background fluorescence
and normalization of the spectra to the G-line at ~1600 cm™ ' to
highlight the spectral evolution of the Raman fingerprint
(Fig. 4b).

In order to determine the local temperature of the precursor
during laser annealing, Stokes and anti-Stokes peaks were
recorded at increasing laser irradiation at exciting laser wave-
length of 532 nm. We chose to examine the mode at 1326 cm™*
as it has high intensity and it is preferable to the G-line because
modes at higher wavenumbers have lower intensity anti-Stokes
lines.* Through lineshape analysis we were able to correlate the
peak's linewidth to sample temperature. With such correlation
we calculated the temperature during laser annealing: the
precursor molecule heats almost immediately to about 1100 K.
The temperature is then about constant until cycle 4, when it
starts decreasing (ESI ).

During the laser annealing process, the signal-to-noise ratio
of the molecular Raman fingerprint decreased, while the color
change of the molecule and etching on the inside of the optical
window suggest a defluorination and graphitization of TDQ.
The Raman fingerprint of the target nanographene presents
peaks between 1200 cm ™' and 1600 cm ', with very low signal
to noise ratio because of strong photoluminescence when
measured with visible light excitations (ESI t). Therefore, the
high photoluminescence is an indication that the target nano-
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Time (s)
(a) 0600 12001800 240030003600 (1)
T T T T T T —Cycle30
° —— Cycle 20,
—— Cycle 10,
— Cycle 1
ol |® -
(4] >
2l s
2 ® o >
S| \s™ 21 |
[} [ ]
8l < ATV W
< .\ =
L
° %%
%
...\
T T T T T T T T T T T T
0 5 10 15 20 25 30 250 500 750 1000 1250 1500
Dataset Identifier Raman Shift (cm”-1)
Fig.4 (a) Evolution of the area of the photoluminescence background

during laser annealing: after a sharp increase between cycle 1 and 2, it
decreases gradually. The high photoluminescence indicates that
cyclodehydrofluorination led to graphitized carbon. (b) Spectral
evolution under laser annealing at 568 nm. The spectrum loses defi-
nition as the intensity decreases (background was subtracted, spectra
were normalized to the G-line).
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cyclodehydrofluorination of TDQ. At the same time, the absence
of signal from the decomposition products points to a non-
uniform synthesis and to their fast transition into amorphous
carbon due to the high irradiance used during laser annealing.**

A quantitative study of the spectrum's decay can be made
after subtraction of the background. We observe that the
intensity decay can be separated at cycle 4 (480 s) into two well
defined regimes of exponential decrease (Fig. 5). Each regime
can be modeled by: I = e~ In our case, the decay constant 1 is
a function of laser irradiation. In the second regime, between
cycles 4 and 23, also the photoluminescence and the tempera-
ture decay exponentially (Fig. 6).

In the first regime, the intensity decay is governed by the
evaporation of the molecule A.,. In this regime, the calculated
temperature is stable around 1100 K within experimental error.
At cycle 4 (480 s), a phase change occurs, after which the
intensity decay is governed by the decomposition of the
precursor molecule until the end of the laser annealing. The
later regime, therefore, is governed by the decomposition rate of
the precursor molecule, Age. (ESI T).

From the analysis of the two regimes, we can conclude that
a transformation occurred in the molecule. As the temperature
is stable in the first regime, already before cycle 2 a steady state
is reached between heating by laser irradiation and heat dissi-
pation (see sketch in Fig. 7). The high temperature reached fuels
endothermal processes like evaporation and cyclo-
dehydrofluorination, with a fraction of precursor molecules
starting to decompose by breaking of CF and CH bonds. This in
turn leads to the formation of HF and CC bonds, which leads to
small local clusters of graphitized material.

A phase change between unpercolated and percolated clus-
ters of graphitized material occurs at cycle 4. In this regime the
temperature and the PL decrease exponentially, therefore heat
conductivity increases dramatically as the light emission from
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Fig. 5 Intensity decay of the peak at 1326 cm™%. Two distinct regimes
can be identified: during the first, the decay is governed by evapora-
tion, during the second by molecular decomposition into graphitized
amorphous carbon.
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Fig. 6 Fit of temperatures and photoluminescence (PL) in the
decomposition regime (cycles 4 to 23). Dashed line: hypothetical
constant temperature if no phase change between evaporation and
decomposition regimes had occurred.

Fig. 7 (a) Evaporation regime: heat conductivity in the precursor
sample is small, temperature is constant, Raman signal decrease is
mostly due to evaporation. (b) Decomposition regime: heat conduc-
tivity is high, temperature decreases, Raman signal decrease is domi-
nated by molecular decomposition. The decomposed precursor
molecules bond, creating graphitized material, which increases heat
dissipation.

the sample becomes quenched. If percolation did not occur, the
temperature would be constant as the system would remain in
the steady state reached during the evaporation regime (Fig. 6).
The decrease in temperature is evidence supporting the trans-
formation of the precursor, as percolated graphitized materials
lead to a more efficient heat exchange in comparison to single
molecules held together by van der Waals interactions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

In conclusion, in this contribution we report for the first time
the experimental and computed Raman fingerprints of the
fluorinated  precursor tetrafluoro-diphenyl-quinquephenyl
(TDQ). TDQ was processed in a pilot study on laser annealing
as a pathway to induce heat- and photo-induced reactions in
fluorinated precursors. During the process, we found evidence
that the molecule underwent photo-induced cyclo-
dehydrofluorination, though the high laser irradiance led to the
almost immediate decay into amorphous carbon of the reaction
products. Further studies will be required on the TDQ molecule
and related fluorinated precursors to optimize the laser
annealing process.

Laser annealing allows to influence the reaction by laser
irradiation, while at the same time providing quick, in situ
measurements of the Raman fingerprint without requiring
a metallic substrate or physical contact between probe and
reagents. Therefore, it was demonstrated to be the perspective
technique to optimize nanographene synthesis through cyclo-
dehydrofluorination and unravel its full potential in engi-
neering tailored bottom-up synthesized GNR.
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