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Bottom-up approaches exploiting on-surface synthesis reactions allow atomic-scale precision in the fab-
rication of graphene nanoribbons (GNRs); this is essential for their technological applications since their
unique electronic and optical properties are largely controlled by the specific edge structure. By means of
a combined experimental-theoretical investigation of some prototype GNRs, we show here that high-

resolution electron energy-loss spectroscopy (HREELS) can be successfully employed to fingerprint the
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details of the GNR edge structure. In particular, we demonstrate how the features of HREEL vibrational
spectra — mainly dictated by edge CH out-of-plane modes — are unambiguously related to the GNR edge
structure. Moreover, we single out those modes which are localized at the GNR termini and show how
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Introduction

In the last decade, on-surface synthesis has established itself
as a flexible and powerful strategy to realise novel nano-
materials, with tailored properties and functionalities."™ The
successful fabrication of atomically precise graphene nano-
ribbons (GNRs) was first demonstrated in 2010, by means of
bottom-up surface-assisted techniques under ultra-high-
vacuum (UHV) conditions.” More recently, GNR production
beyond the realm of UHV surface science has become also
feasible thanks to fabrication techniques based on chemical
vapour deposition (CVD),>® thus opening the way to scaling-
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their relative intensity can be related to the average GNR length.

up and industrial production of high quality samples. Both
UHV- and CVD-based approaches were exploited to create a
rich toolbox of different GNR-based materials with a defined
width, shape and composition which reflect on their opto-
electronic properties; such systems are also suited to be com-
bined to form hetero-junctions displaying specific electronic
transport behavior.’®"? In addition, the design and fabrication
of novel GNRs, exhibiting localized edge states and non-trivial
topological electronic phases, have been demonstrated, break-
ing new ground also in the fields of spintronics and quantum
phase manipulation.’*™*

A ubiquitous feature common to all GNR-based materials is
the high sensitivity of their properties and performance to the
details of the atomic structure and topology. This calls for an
appropriate set of diagnostic techniques to be established,
which could ensure a precise assessment of GNR quality, in
terms of their detailed molecular structure and morphology,
on both UHV- and CVD-grown samples. Scanning microscopy
was demonstrated to provide unbeatable atomically detailed
images of the synthesized nanostructures, as well as spatially
resolved maps of their electronic density-of-states. Spatial
resolution represents nevertheless also a limitation, when
assessment of the macroscopically averaged quality of the fab-
ricated sample is needed. Moreover, atomic resolution of CVD-
grown samples, with higher coverage and often some air-
derived contaminants, is hardly obtainable. In this scenario,
vibrational spectroscopy may provide valuable information.
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Raman spectroscopy has been extensively used to characterise
graphene-based nanostructures and in particular GNRs.
Notably, Raman-active width-'*"® and length-dependent®
low-energy vibrational modes allow one to identify the GNR
dimensions, while the graphene-related G and D bands as well
as the corresponding dispersions provide information on
defect density.'®"” The details of GNR edge topology could be
instead assessed by IR spectroscopy and high-resolution elec-
tron energy-loss (HREEL) spectroscopy, which provide infor-
mation on complementary features with respect to Raman
ones.*”?'?3 In fact, HREEL vibrational spectra of GNRs are
dominated by IR-active CH out-of-plane (opla) bending modes
which are weakly coupled with the vibrations of the molecular
skeleton,** and strongly related to the topology of CH bonds
localized at the edges.*® This relationship has been extensively
addressed in the case of IR spectra of polycyclic aromatic
hydrocarbons (PAHs) in the gas phase,”® showing that the opla
manifold lineshape can be univocally linked to the molecular
shape and topology, allowing for a precise fingerprinting of
different species.

In this paper, we investigate the potentialities of this
approach in the notable case of GNRs, demonstrating that
HREELS - aided by ad-hoc DFT-based calculations - can provide
a precise characterization of GNR edge and termination, disclos-
ing essential pieces of information, complementary to those
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obtained by local probes (STM/AFM) and Raman spectroscopy.
We synthesized different types of nanoribbons - i.e. N =7 arm-
chair (7-aGNRs), N-doped and pristine chevron-type (N-chGNR
and chGNR) - on Au single-crystals according to the well-estab-
lished procedure described in ref. 4 and detailed in the
Experimental section, and we compared their HREEL spectra to
the outcomes of DFT simulations. We show that each GNR dis-
plays a peculiar lineshape, built up by the sum of distinct peaks,
that can be attributed to specific edge-localized modes. In the
case of 7-aGNRs, DFT calculations on the corresponding mole-
cular dimer allow us to single out those specific HREELS modes
which are localized at the GNR termini. The presence of these
terminal modes and their relative intensity are related to the
GNR average length. These findings can be extended to different
kinds of GNRs and graphene-based heterostructures, bringing
HREELS into the foregrounds as an accurate diagnostic tool for
the assessment of the overall sample quality, in terms of mole-
cular structure and morphology.

Results and discussion
Classification of IR active modes in GNRs

Fig. 1 shows typical HREEL spectra of the investigated arm-
chair and chevron-type GNRs grown on an Au(111) substrate.
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Fig. 1 Molecular schemes (left panel) and HREEL spectra (right panel) of the investigated GNRs. Specifically, from top to bottom: 7-aGNR,
N-chGNR, and pristine chGNR. All spectra correspond to GNRs grown on the Au(111) surface, upon RT deposition. In the right panel, areas of
different shaded colours identify the frequency range corresponding to different opla CH bending modes — i.e. TRIO (orange), DUO (light blue) and
SOLO (purple). For each ideal GNR, the corresponding topological structures are indicated in the left panel with circles of the corresponding color.
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All spectra are dominated by a manifold - located in the
[700-900] cm™" region - that is attributed to the C-H opla
modes localized at the GNR edges. These spectral features can
find a first rough explanation in the IR classification com-
monly used in the description of the PAH vibrational modes.>”
This classification identifies different frequency regions, as
highlighted with shaded colors in Fig. 1 (right panel). Each of
these regions corresponds to different CH opla modes and is
named according to the number of CH neighbouring bonds
involved in the vibration - ie. the so-called TRIO, DUO and
SOLO modes - as displayed by the colored circles in the mole-
cular schemes of Fig. 1 (left panel), depicting ideal (i.e. infi-
nite) species.

The three GNRs studied here, i.e. 7-aGNRs, N-chGNR, and
chGNR, represent perfect examples of edge structures of
increasing complexity. In fact, according to the above general
classification scheme, the single peak dominating the spec-
trum of armchair GNRs lies in the DUO region, the N-doped
ch-GNR presents features in both DUO and SOLO regions,
while the features of pristine ch-GNRs span all three regions.
Despite this overall agreement, there are also features that fall
outside the expected ranges, as highlighted by arrows in Fig. 1
(right panel). This is particularly evident for the peak observed
at 752 cm™" (TRIO region) in the N-chGNR spectrum, but also
apparent in the case of 7-aGNRs, where an asymmetric broad-
ening of the main peak is observed in the TRIO region around
750 cm™*, and a small shoulder appears around 860 cm™", in
the SOLO region. Actually, the exact frequencies of CH opla
normal modes depend on both the details of the edge con-
figuration and the overall molecular structure, as demon-
strated in the comprehensive work by Tommasini et al.>* on
PAHs. Hence, the above-highlighted discrepancies with respect
to the edge structure classification can provide additional pre-
cious pieces of information regarding the structural details of
actual GNRs; this calls for further theoretical and experimental
investigation, which we will present in the following.

Lineshape analysis for armchair GNRs

In order to fully understand to which extent different GNR
structures can impact the lineshape details of the opla mani-
fold, we start by considering the simplest case of 7-aGNRs and
compare the HREEL spectra of samples grown under different
conditions. In fact, according to the literature,>**%7" different
parameters can influence the sample quality and character-
istics, the most relevant of which is the substrate deposition
temperature (Tp). In particular, the longest GNRs can be
obtained by deposition at around 200 °C,**¢ where cyclodehy-
drogenation is sporadic and surface diffusion is enhanced, so
that the polymer can grow with minor passivation by hydrogen
released upon cyclodehydrogenation. In contrast, for RT depo-
sition diffusion is limited and shorter GNRs are expected, as
confirmed in our case by STM measurements (see Fig. S37),
which clearly show that GNRs obtained for 7, = RT are on the
average shorter and more branched than those obtained for
Tp = 200 °C. Finally, for deposition temperature above T, =
200 °C>* cyclodehydrogenation starts to take place, and

This journal is © The Royal Society of Chemistry 2020
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hydrogen passivation strongly limits the polymer chain growth
resulting in the formation of extremely short GNRs, as dis-
cussed in the following.

The HREEL spectra of GNRs grown at Tp, = 200 °C (panel a),
RT (panel b) and 310 °C (panel c) are shown in Fig. 2. For
deposition at Tp = 200 °C (panel a), the lineshape is domi-
nated by a single feature at 800 cm™, ie., in the DUO region,
in excellent agreement with ab initio calculations performed
for the ideal, infinite 7-aGNR, here displayed as black bars (the
corresponding atomic displacements are in Fig. S1f). For RT
deposition (panel b), small but appreciable side components
appear in the TRIO and SOLO regions, respectively. These
peaks become more prominent for T, = 310 °C, where they
finally overcome the DUO mode.

In order to fully rationalize these novel features, we
compute the ab initio IR spectrum for the shortest oligomer of
the 7-aGNR, i.e. the dimer obtained from two DBBA mono-
mers. The simulated Z-polarized IR modes are superimposed
to the spectrum obtained at Ty, = 310 °C in panel (c) of Fig. 2,
and the corresponding atomic displacements are shown in
panel (d) of Fig. 2. They show - in addition to the DUO mode
at 802 cm ™" typical of the corresponding infinite GNR - several
new modes mainly localized at the GNR termini. In particular,
the mode at 746 cm ™" is attributed to the in-phase wagging of
the three adjacent CH groups at the terminus corners (mainly
TRIO character, with an out-of phase contribution of the ter-
minus SOLO, hereafter named TRIO-SOLO), whereas the
modes in the SOLO region (817, 839 and 888 cm™ ") are due to
different out-of-phase and in-phase wagging of the CH bonds
at the dimer zig-zag termini (hereafter: SOLO1, SOLO2,
SOLO3). Finally, there is a mode at 702 cm ™" that is essentially
delocalized, as it involves all peripheral CH bonds and has
also a backbone contribution.

The agreement between the simulated frequencies of the
dimer modes and the experimental spectrum in Fig. 2(c) is
indeed fairly good,i confirming that deposition at 310 °C
results in the formation of extremely short GNR oligomers,
and that under these conditions the CH opla manifold is
dominated by modes localized at the termini. In contrast,
these dimer-like terminal-mode components are nearly negli-
gible for T, = 200 °C (panel a), where long GNRs dominate.
For RT deposition - for which the average GNR length is
shorter than for T, = 200 °C - an intermediate lineshape is
observed, characterized by a sizeable contribution of terminal-
modes. These observations thus strongly suggest that the
intensity ratio between terminal-modes and lateral-edge-
modes reflects the fraction of termini vs. edge CH atoms,
which could be in turn related to the GNR average length, at
least qualitatively. A more quantitative correlation would
require instead a full STM-HREEL comparison, which is
beyond the scope of this work.

i Minor discrepancies between theory and experiment can be easily justified con-
sidering that the experimental sample presents not only dimers, but rather a dis-
tribution of short oligomers with different lengths.
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Fig. 2 Comparison between HREEL spectrum of 7-aGNR grown in different conditions, i.e. different substrate deposition temperature Tp and cov-
erage Ou: (@) Tp = 200 °C Oy = 0.26; (b) Tp = RT O = 0.33 (also depicted in the right panel of Fig. 1); (c) Tp = 310 °C Oy = 0.42. Blue dots represent
experimental data, solid black lines are the respective fitting curves, whereas the fitting components are reported (with a small downward shift for
the sake of clarity) as shaded curves. The intensity and frequency of the calculated Z-polarized IR-active modes of the 7-aGNR dimer and of the
infinite 7-aGNR are reported as black bars in panel (a) and (c), respectively. The corresponding atomic displacements for the dimer are reported in
panel (d), where the direction and magnitude of the displacement for each atom involved in the vibration are represented by red vectors.
Experimental frequencies, as determined by the fitting procedure, are reported in parenthesis, for comparison.

Lineshape analysis for chevron-type GNRs

The lineshape analysis performed for 7-aGNRs can be
extended to GNRs with different topologies, still considering
the specific opla modes localized at both the GNR edges and
termini. Fig. 3 shows the spectra for pristine and N-doped
chevron-type GNRs, obtained by precursor deposition at Tp, =
200 °C and Tp = RT. The IR active Z-polarized modes calcu-
lated for ideal, infinite chGNRs, both doped and pristine, are
superimposed as black bars to the spectra measured for T, =
200 °C samples, where longer GNRs are expected to be pro-
duced. Indeed, the agreement between simulated and experi-
mental spectra is fairly good for both species,§ as also evi-
denced in Table 1, where experimental and theoretical fre-
quencies of the opla manifold are reported, together with the
character of the modes as resulting from inspection of the cal-
culated atomic displacements (see Fig. S11). At T, = 200 °C,
the spectrum of the N-chGNR (panel (a) of Fig. 3) is mainly
dominated by a mode at 811 cm™" (light blue component),
where all the CH groups at the edges are vibrating in-phase

§Small discrepancies between experimental and theoretical frequency values
can be rationalized by recalling that theoretical frequencies are calculated for
free-standing molecules, i.e. disregarding the possible effect of molecule-sub-
strate interactions. In particular, these may be more relevant in the case of
N-chGNR, thus possibly justifying the stronger differences between theory and
experiments observed in this case.
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(DUO + SOLO), and a SOLO feature at 860 cm™" (light purple),
localized at the bay region of the edge. Weaker features at
690 cm™" (grey, delocalized) and 894 cm™" (purple, SOLO
outer edge) are also understood by comparison with theory.
Conversely, the weak feature at 754 cm™" (TRIO region, light
orange) lacks a theoretical counterpart. Its origin can be unra-
velled by comparison with the spectrum of the 7 = RT
sample, where this feature is much stronger: even without a
detailed calculation for chGNR oligomers, we can reasonably
attribute it to the vibration of TERMINAL TRIO structures that
characterize both pristine and N-doped finite chGNRs (see the
molecular schemes reported in Fig. 3). Along the same line,
the weak feature at 783 cm™" (dark orange), the intensity of
which is found to increase for Tp = RT samples, is thus
expected to have a TRIO contribution. By comparison with
theory, it is tentatively assigned to a DUO — SOLO + TRIO
mode, the in-phase TRIO contribution being the reason for
the non-negligible intensity observed also for the Tp, = 200 °C
samples as compared to the nearly-zero intensity in the simu-
lated spectrum.

We then consider the spectrum of pristine chGNRs, which
shows a more complex lineshape (Fig. 3(a)), given the fact that
this GNR species contains all three edge structure types, ie.
TRIO (edge and termini), DUO and SOLO. As for the N-doped
case, a bay SOLO (856 cm ™", purple) mode can be found in the
higher-energy part of the opla manifold. The peak experi-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Comparison between the HREEL spectra of N-doped (a) and pristine (c) chevron-type GNRs, obtained by deposition at Tp = 200 °C and at
RT. The corresponding fitting components are shown as shaded curves, while calculated modes are displayed as black bars. The corresponding
molecular schemes, showing the structure of the termini, are reported in (b) and (d), respectively. The top spectrum in (a) is also reported in the right

panel of Fig. 1.

Table 1 Theoretical and experimental frequencies of the IR-active
Z-polarized modes for different GNR species, together with their char-
acter, as individuated by inspection of the calculated atomic displace-
ments (see Fig. S17). Tentative assignments based on the shape of the
terminals are in italics. Theoretical IR intensities are indicated in parenth-
eses. The experimental frequencies are determined by the fitting pro-
cedure described in the Method section, with an uncertainty of
+4 cm™, and correspond to the positions of the fitting components dis-
played in Fig. 2 and 3

Experiment  Theory (intensity)

(em™) (em™) Character
N-chGNR 690 722 (0.41) Delocalized

754 — Terminal TRIO

783 766 (0.01) DUO — SOLO (+TRIO)

811 824 (2.46) DUO + SOLO

860 870 (0.73) SOLO (BAY)

894 886 (0.29) SOLO (EDGE)
chGNR 700 718 (0.94) Delocalized

756 751 (1.91) TRIO

782 766 (0.86) TRIO + DUO - SOLO

812 801 (2.38) TRIO + DUO + SOLO

829 (0.35) DUO + SOLO
856 869 (0.33) SOLO (BAY)

mentally observed at 812 ecm™" (light blue) takes contribution
from two distinct modes, i.e. the DUO + SOLO predicted at
829 cm™', and the in-phase combination of TRIO, DUO and
SOLO modes (TRIO + DUO + SOLO) at 801 cm™ . The corres-

This journal is © The Royal Society of Chemistry 2020

ponding out-of-phase combination (TRIO + DUO — SOLO) is
located at 782 cm™" (light orange). Interestingly, the corres-
ponding mode for N-chGNR (experimentally observed at
783 cm™') has DUO — SOLO character and suppressed inten-
sity, since the TRIO structure is disrupted by the presence of
nitrogen. Finally, in the lower energy-part of the manifold, the
pure TRIO mode, specific to this edge topology, is single-out at
756 cm™" (dark orange). By inspecting the T, = RT spectrum,
we can clearly observe an increase of the relative intensity of
the two modes having a dominant TRIO character (ie.,
756 cm™~ ' and 782 cm™' modes), in view of the further contri-
bution of terminal TRIO structures. In agreement with the ana-
lysis for N-doped chGNRs and with the attribution based on
DFT simulations, these findings indicate that modes localized
at the termini can be clearly singled out by comparing HREEL
spectra for samples produced under different growth
conditions.

Conclusions

In conclusion, we have here presented the results of a com-
bined experimental and theoretical investigation of the
vibrational signatures of atomically precise graphene nano-
ribbons produced by on-surface synthesis. We have demon-
strated the potentiality of HREELS in disclosing the details of
the GNR edge structure, through the analysis of three proto-

Nanoscale, 2020, 12, 19681-19688 | 19685
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typical GNRs, ie. straight armchair, as well as pristine and
N-doped chevron-type GNRs. The most prominent feature of
GNR HREEL vibrational spectra is related to the CH opla mani-
fold, which exhibits distinct lineshapes, characteristic of each
GNR. The number of modes, their frequency and relative
intensity are peculiar to each species and have been related -
by means of DFT-based calculations - to the exact shape and
topology of GNR edges and termini. Moreover, by distinguish-
ing edge-localized vs. termini-localized modes, we show that
their relative intensities can be qualitatively related to the
average GNR length, thus providing us with a straightforward
method to compare (and possibly optimise) the different
growing conditions for each species and substrate. This
approach has been successfully applied to different GNR
species. HREELS should therefore be considered as an extre-
mely valuable tool — complementary to Raman spectroscopy
and scanning microscopy — for assessing the quality of GNRs
and for gaining precious information on their actual mor-
phology. Moreover, we envisage that this kind of characteriz-
ation can be fruitfully extended to a whole range of graphene-
based hydrogen-terminated nanostructures.

Materials and methods
Experimental

GNRs were synthesized by on-surface synthesis, following the
procedure reported in ref. 4 on monocrystalline Au surfaces
under ultra-high-vacuum (base pressure 5 x 107'° mbar).
Precursors were evaporated from a resistively heated glass cru-
cible (Teyap = 186 °C) on the Au surfaces and kept at RT, 200 °C
and 310 °C, respectively. Subsequent steps of polymerization
at 200 °C (in the case of RT deposition) and cyclodehydrogena-
tion at 400 °C were performed. 7-aGNRs were obtained from
the 10,10-dibromo-9,9-bianthryl (DBBA) precursors, while
chGNR and N-doped chGNR were derived from 6,11-dibromo-
1,2,3,4-tetraphenyltriphenylene and 5,5-(6,11-dibromo-1,4-
diphenyltriphenylene-2,3-diyl )dipyridinemonomers, respect-
ively. In particular, the spectra reported in Fig. 1, 2 and in
upper panels of Fig. 3(a) and (c) correspond to samples grown
on the Au(111) surface, while spectra reported in the lower
panels of Fig. 3(a) and (c) were taken on the vicinal Au(788)
surface.

All stages of growth were investigated by combining X-ray
photoelectron Spectroscopy (XPS) with high resolution electron
energy loss spectroscopy (HREELS). The sample coverage was
estimated by quantitative analysis of the C 1s, N 1s and Au 4f
core-level intensities and is reported in terms of fraction of
monolayers (fy), where one ML is defined as 4.5 x 10" at
em ™2 for 7-aGNR and 2.7 x 10" at cm > for chGNRs, respect-
ively. XPS measurements were performed using a non-mono-
chromatic X-ray source (Mg K, 1253.6 eV) and acquired with
an Omicron EA-125 hemispherical analyser. HREELS measure-
ments were performed with a LK 5000 spectrometer
(3.5-5 meV resolution) in specular condition, with primary
beam energy E, = 7 eV. In this geometry, inelastic dipole scat-
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tering is the dominant electron energy loss mechanism and
HREELS detects only those modes for which dynamic dipole
moment is perpendicular to the surface. As shown in Fig. S2,}
the subsequent steps of GNR formation, i.e. polymerization
and cyclodehydrogenation, have been monitored by following
the HREEL spectra evolution. In particular, the vanishing of
the in-plane CH bending and stretching modes and the conco-
mitant huge intensity increase of the adsorbate opla CH
bonding modes represent a clear fingerprint of cyclodehydro-
genation and GNR formation.*"**

In Fig. 2 and 3, the spectral lineshapes have been interp-
olated by the sum of Voigt components, displayed as shaded
curves. In particular, for all 7-aGNR spectra, curves were fitted
considering five components, keeping their frequency (within
+4 cm™") and width, while varying their intensity. Analogous
fitting procedures were performed also in the case of N-chGNR
and pristine chGNR spectra. For samples grown on the Au
(788) vicinal surface, the fit results in slightly broader com-
ponents, reflecting a lower experimental resolution. In the case
of 7-aGNRs, scanning tunneling microscopy (STM) measure-
ments were also performed on selected samples in order to
gain information on their morphology and length distribution.
STM images were taken with an Omicron VI-SPM microscope
working in constant-current mode at RT, with V= —0.25 V and
1=10.18 nA.

Computational details

Density-functional theory (DFT) simulations were performed
within the local density approximation (LDA) for the
exchange-correlation potential to investigate the ground-state
structural properties of infinite (i.e. periodically repeated)
GNRs and dimers from first principles. Norm-conserving pseu-
dopotentials were employed, with a plane-wave cutoff energy
of 70 Ry defining the basis set. A vacuum region of 15 A in the
nonperiodic directions was introduced to prevent interaction
between periodic images. The atomic positions were fully opti-
mized until forces within the cell were less than 5 x 10™* au,
using a 32 x 1 x 1 (4 x 1 x 1) k-point grid for the sampling of
the Brillouin zone of armchair (chevron-type) GNRs. Phonon
frequencies and IR intensities were calculated for the opti-
mized structures by using an ab initio implementation of
density functional perturbation theory (DFPT).** This overall
approach is known to provide results in very good agreement
with experimental vibrational spectroscopy for C-based
materials, see e.g. ref. 17, 16 and 33. All calculations here pre-
sented were carried out by employing the software available in
the Quantum ESPRESSO package.?***
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