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Raman excitation profiles of hybrid systems
constituted by single-layer graphene and free
base phthalocyanine: Manifestations of two
mechanisms of graphene-enhanced

Raman scattering
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Tereza Uhlirova,? Peter Mojze_-s";,,b » Zuzana Melnikova,© Martin Kalbag,
Veronika Sutrova, 9 Ivana Sloufova® @ and Blanka VI¢kova®*

The ability of single-layer graphene (SLG) to enhance Raman scattering of planar aromatic molecules denoted graphene-enhanced
Raman scattering (GERS) is currently the subject of focused interest. We report on manifestations of two mechanisms of GERS in
Raman spectra of glass/SLG/free base phthalocyanine (H,Pc) monolayer (ML) hybrid systems: (i) photoinduced charge transfer
from SLG Fermi level to LUMO of H,Pc excited at onset of the near IR region, and (ii) modification of resonance Raman scattering
of HyPc in the visible region by SLG-H;Pc interaction resulting into delocalization of the electronic transition over the benzene
rings of H;Pc. Glass/SLG/H,Pc hybrid systems with either a bilayer or a monolayer of H,Pc molecules and a graphite/H;Pc (ML)
reference system were prepared by a spectrally controlled adsorption-desorption of H,Pc from solution, followed by Raman
mapping of samples at excitation wavelengths in the 532-830 nm range, construction of excitation profiles for H,Pc Raman bands
of the glass/SLG/H,Pc samples and determination of GERS enhancement factors for the glass/SLG/H,Pc (ML) sample versus the
graphite/H,Pc (ML) reference sample (3-24 at 633 nm and 3-19 at 647 nm excitations). Selectivity of the excitation profiles and
of the GERS enhancement factors with respect to localization of the vibrational modes within the H,Pc molecule demonstrates
involvement of a different resonant electronic transition in each of the two mechanisms of GERS. Copyright © 2017 John Wiley
& Sons, Ltd.

Keywords: graphene-enhanced Raman scattering; single-layer graphene; free base phthalocyanine; Raman excitation profiles;
photoinduced charge transfer

Introduction

Raman spectroscopy is currently one of the principal tools used
for characterization of graphene, a planar sheet of sp*-bonded
carbon atoms forming a hexagonal honeycomb crystal lattice."?

The ability of graphene to enhance Raman scattering of
molecules located on graphene surfaces in hybrid systems was
first reported in 2010 and denoted graphene-enhanced Raman
scattering (GERS)!> Recently, the six years of activity in this
research field have been reviewed!*”! The magnitude of the
GERS enhancement has been found to depend on several factors,
such as the structure and symmetry of a molecule, energy of its
highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO), molecule-graphene distance,
graphene sample thickness, graphene Fermi level energy and
laser excitation wavelength. About 30 different molecules have
already been probed for GERS, and the best results have been
obtained for planar aromatic molecules and single-layer
graphene (SLG)*? The average GERS enhancement factor values
were found to be in the 2-15 range (for planar molecules on SLG
surface), while the largest GERS enhancement factor of 47 was
achieved for CuPc (Pc = phthalocyanine) at 633-nm excitation.*”!

These experimental results have been rationalized by the theo-
retical treatment of the GERS effect reported in 2014 The origin
of GERS has been attributed to a charge transfer between Fermi
level of graphene and HOMO or LUMO of an aromatic molecule
of D,,;, symmetry, or to a mutual interaction between close lying
Fermi level of graphene and HOMO or LUMO of the molecule,

* Correspondence to: Blanka Vickovd, Charles University, Faculty of Science,
Department of Physical and Macromolecular Chemistry, Hlavova 8, Prague 2
128 40, Czech Republic.

E-mail: vic@natur.cuni.cz

a Faculty of Science Department of Physical and Macromolecular Chemistry,
Charles University, Hlavova 8, Prague 2 128 40, Czech Republic

b Faculty of Mathematics and Physics, Institute of Physics, Charles University, Ke
Karlovu 5, Prague 2 121 16, Czech Republic

¢ [ Heyrovsky Institute of Physical Chemistry of the ASCR, viv.i, Dolejskova 3, 182 21,
Prague 8, Czech Republic

d Institute of Macromolecular Chemistry AS CR, Heyrovsky 5q. 2, 162 06, Prague 6,
Czech Republic

A Raman Spectrosc. 2017, 48, 1270-1281

Copyright © 2017 John Wiley & Sons, Ltd.



Raman excitation profiles of hybrid systems

Journal of

RAMAN
SPECTROSCOPY

and the resonance conditions for the largest GERS enhancements
have been formulated.*®

Free base phthalocyanine (H,Pc), a planar aromatic molecule of
D, symmetry (Fig. 1, inset), has been a subject of numerous spec-
troscopic  studies motivated by its interesting electronic
structure” " as well as by its potential applications in molecular
photonics and optoelectronics,m‘m in gas sensor dew’elopmemI e
and as a sensitizer in the photodynamic therapy of cancer!™
Owing to its D, symmetry which distinguishes between the x
and y directions of the electronic transition moment (Fig. 1, inset),
the Q electronic absorption band of H;Pc in the visible spectral re-
gion is splitinto Q, and Qy branch (Fig. 1), the actual positions and
maxima of which are strongly dependent on the molecular environ-
ment 7" Both Raman and resonance Raman (RR) spectra of H,Pc
thin films (¢, p and x phase) have been investigated,”‘i'zm while the
RR measurements of H,Pc molecules in KBr discs and in isolation
matrices have been hampered by a strong luminescence.®?" By
contrast, quenching of the luminescence of H,Pc molecules upon
their adsorption onto Ag island films allowed for obtaining both
SERS and SERRS/SE(R)RS = surface-enhanced (resonance) Raman
scattering/ spectra of H,Pc.”2%

H;Pc has also been among the very first molecules probed for
GERS in 2010.”' Raman spectra of Si/Si0-/SLG/H,Pc hybrid samples
prepared by H,Pc sputtering onto the SLG surface were measured
at 488.0, 514.5 and 633-nm wavelength, and quenching of the
HsPc luminescence has been demonstrated. Graphene-enhanced
Raman scattering enhancement of H,Pc spectral bands by factors
5-15 has been determined in relation to the Si/SiO./H,Pc reference
sample at 633-nm excitation. On the other hand, the actual
mechanism of GERS enhancement has not been established, and
the LUMO and HOMO energies considered in this paper were not
appropriate, because the value of their difference corresponded
with the B (Soret) electronic transition (in the UV spectral region)
rather than with the Q, electronic transition corresponding with
the actual HOMO — LUMO difference.

In this paper, we focus on identification of the resonance condi-
tions for GERS and on manifestations of its mechanisms for H,Pc in
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Figure 1. Electronic absorption spectrum of glass/SLG/H;Pc (BLH system:
Electronic absorption bands maxima: Q, — 718 nm, Q, - 693 nm; shoulder
- 633 nm. Final results of spectral bands separation: three bands
presented as dashed curves (details in Fig. S3 in Sl). Excitation wavelengths
used for Raman measurements are marked by arrows. Inset Schematic
depiction of H,Pc molecule structure (D, symmetry) with the directions of
the electronic transition dipoles™® marked by arrows. [Colour figure can
be viewed at wileyonlinelibrary.com]

hybrid systems with SLG by Raman spectral measurements in a
broad range (532-830 nm) of excitation wavelengths, and by
construction and analysis of Raman (GERS) excitation profiles of
the Raman spectral bands of HyPc. The importance of the excitation
profiles in GERS has already been demonstrated; however, up to
now, this tool has been employed for investigation of the mecha-
nism of GERS only once, and in a markedly more narrow range of
excitation wavelengths/?® On the other hand, the excitation pro-
files have been frequently employed in RR and SERS and SERRS
spectral studies!2*2®) In our analysis of the GERS excitation profiles
and GERS enhancement factors, we have focused particularly on
their selectivity with respect to (i) wavenumbers of scattered pho-
tons, (i) symmetry of vibrational modes and/or (iii) their localization
within the H;Pc molecule. Preparation of both the glass/SLG/H,Pc
samples and of the selected reference samples has been, in our
case, based on a spontaneous adsorption of H,Pc molecules onto
the particular substrate from its toluene solution (followed by the
removal of excess molecules). Therefore, we have selected
graphite/H,Pc as a reference sample in which the adsorption ability
of the graphite substrate is similar to that of SLG, but for which no
GERS enhancement has been observed™! We have focused partic-
ularly on achievement of a monolayer coverage of both the
glass/SLG and the graphite substrate by H,Pc molecules.
Concerning the assignment of vibrational modes, we found greatly
helpful the recently reported DFT calculations.®2" Furthermore,
concerning the HOMO and LUMO energies of H,Pc, we rely on
the results of two DFT calculations %29 which show a reasonable
mutual agreement of their values. We also take advantage of the
recently published theoretical treatment of GERS and of the formu-
lation of the conditions for GERS'® In the case of H,Pc, these condi-
tions and the actual LUMO and HOMO energy values "°?® indicate
that it is worthwhile to extend Raman spectral measurements into
the region of excitation wavelengths above 633 nm in which the
HOMO H,Pc — Fermi level of SLG and/or Fermi level SLG — LUMO
H,Pc CT transition(s) could possibly take place. As a result of this
effort, we propose that two mechanisms of GERS manifest
themselves in the Raman spectra of glass/SLG/H,Pc hybrid system,
each in the different range of excitation wavelengths and with a dif-
ferent localization of the most enhanced vibrational modes within
the H,Pc molecule.

Experimental
Materials

29,31H-Phthalocyanine, HoPc (B-form, 98%), 29,31H-phthalocya-
nine-C,C,C,C-tetrasulfonate hydrate, H,PcTS and cellulose nitrate
were purchased from Sigma-Aldrich. Toluene for spectroscopy
(Merck, Uvasol) and/or distilled deionized water were used as
solvents.

Preparation procedures
Glass/single-layer graphene hybrid system

Single-layer graphene was prepared by the previously reported
CVD procedure.*” The as-grown graphene was transferred to the
glass substrate using cellulose nitrate (NC).2" The majority of the
NC layer was removed by methanol drops at room temperature.
Then, the glass/SLG sample was annealed at 160 °C for 30 min in
order to remove the NC residuals from the SLG surface.
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Glass/single-layer graphene/phthalocyanine hybrid systems

All samples were prepared by using the same first step: The parent
glass/SLG hybrid systems were overlayed by a thin layer of a satu-
rated (<5 x 10> M) solution of H-Pc in toluene (which was filtered
by the 1-um filter prior to use). Subsequently, they were kept in the
toluene-saturated atmosphere in a sealed weighting bottle for 24 h
to accomplish adsorption of H;Pc onto the SLG surface. The sample
was then extracted from the weighting bottle, and the solution
layer was removed by soaking into a slip of filter paper. The second
step aimed at the removal of excess H,Pc molecules was performed
by overlaying the as-prepared glass/SLG/H,Pc sample by a thin
layer of pure toluene and by keeping it in the same setup as de-
scribed above for 10 min. The solvent layer was then removed by
the filter paper. The particular samples mutually differed by the
multiplicity of the second step applications, and this multiplicity
has been employed for the sample notation throughout this paper.
In particular, the samples soaked in pure toluene only once are de-
noted as glass/SLG/H,Pc-l system, those soaked 6x as -VI system
and those soaked 10x as -X system.

Graphite/H.Pc hybrid systems were prepared by the procedure
similar to that described above for the glass/SLG/H;Pc hybrid sys-
tems. Nevertheless, the procedure was preceded by the graphite
substrate preparation and followed by the specifically developed
strategy of Raman spectral mapping. The detailed description of
these procedures is provided in Supporting information (SI), Text
51, and documented by Figs 51 and 52 in Sl.

Instrumentation

Raman spectra as well as optical images of all hybrid samples and
reference hybrid samples were obtained using WITec alpha300 Ra-
man micro-spectrometer. An objective (Zeiss) with 100x magnifica-
tion was used for all the above mentioned Raman spectral
measurements performed at 532, 633, 647, 785 and 830-nm excita-
tions. For measurements on WiTec alpha300, two spectrographs
equipped with charge-coupled device (CCD) detectors optimized
for the blue-green and for the red-NIR (near infrared) spectral
ranges have been used, the first one for collection of spectra at
532-nm excitation and the second one for the other four excitation
wavelengths, i.e. 633, 647, 785 and 830 nm. Excitation was provided
by the following lasers at the respective wavelengths and laser
power values (at the sample): SHG Nd:YVO,4 532 nm (23 mW);
He-Ne, 633 nm (25 mW); Kr™ ion, 647 nm (5.0 mW), diode,
785 nm (50.0 mW), diode, 830 nm (11.0 mW). Raman spectral map-
ping was performed by using the 25 pm x 25 um area scans with
50 x 50 points. Defect-free areas of samples were selected for spec-
tral mapping by the previously established relationship between
optical images and Raman spectra of glass/SLG samples.

UV-Vis electronic absorption spectra of glass/SLG/H>Pc(BL)-I hybrid
system were measured with a home-assembled microspectrometer
system consisting of a 20-W Oriel tungsten-halogen lamp coupled
to a modified Nicolet Nicplan microscope which in turn passed
through an Acton spectrograph (resolution of approximately
1.7 nm), and the light was finally detected by a Princeton Instru-
ments Si diode-array detector. The measured area was
350 pm x 260 pm.>? The very low absorbance A = 0,006 of this
sample (Fig. 1) documents the impossibility to obtain meaningful
absorption spectra for samples VI and X containing a monolayer
of H,Pc molecules.

Raman and UV/vis spectral measurements of solutions are
described in Text 52 in SI.

Calibrations related to Raman spectral measurements with the
WITec alpha300 apparatus and spectral data processing are
described in Text 2 in Sl and supported by ref. 531,

Raman excitation profiles of glass/single-layer
graphene/phthalocyanine hybrid samples

Excitation profiles (EP) were constructed for each Raman spectral
band of H.P¢, and they represent plots of their normalized band
intensity as a function of the excitation wavelength in the
532-830 nm region. The EPs were constructed from the excitation
wavelength-dependent Raman spectra of glass/SLG/H,Pc,
glass/SLG/H,Pc-VI and glass/SLG/H,Pc-X hybrid systems collected
at the 532, 633, 647, 785 and 830 nm excitations. Raman spectra
of polystyrene acquired under the very same experimental
conditions as those of the samples were employed as the external
intensity standards. At each excitation wavelength, intensities of
the H,Pc Raman bands (in terms of the band areas) in the spectrum
of each of the hybrid samples were normalized to the intensity of
the 1005 cm ™' polystyrene Raman band.

Graphene-enhanced Raman scattering enhancement factors

Graphene-enhanced Raman scattering enhancement factors were
determined as the intensity ratios (in terms of the integrated band
areas) of the comresponding Raman bands in the spectra of the
glass/SLG/H;Pc (ML)-X sample and the graphite/H;Pc (ML) refer-
ence sample. The spectra were baseline-corrected by the third-
order polynomial function which was found to be optimal for the
subsequent determination of the integrated band areas. The actual
values of the GERS enhancement factors of the H;Pc spectral bands
are affected by an experimental error estimated to be about +10%.
The major contribution of this error stems from the fact that neither
the glass/SLG nor the graphite surface of our sample and reference
sample are perfectly flat, and their surface area/projected area ratio
has been only roughly estimated to 1.1-1.3.* On the other hand,
we suppose that this uncertainty does not affect the vibrational
mode selectivity of the GERS enhancement factors with respect to
their localization within the H,Pc molecule.

Results and discussion

A. Characterization of glass/single-layer
graphene/phthalocyanine samples |, VI and X and determina-
tion of single-layer graphene surface coverage by
phthalocyanine

Electronic absorption spectrum of glass/SLG/H,Pc-| system (base-
line corrected) is shown in Fig. 1. The two distinct maxima at 718
and 693 nm are attributed to the Q, (0-0) and Q, (0-0) bands, re-
spectively. The shoulder at 633 nm is attributed to the vibronic side-
band of the Q, band, i.e. to Q, (0-1) vibronic transition. The
presence of three spectral bands is confirmed by the peak fitting
procedure the results of which are shown in Fig. 1 (details in Fig.
S3 in SI). The maxima of both Q (0-0) bands (Fig. 1) are markedly
red-shifted in comparison to those of H,Pc in chloronaphtalene!™!
and toluene (Fig. $4 in SI) solutions, in isolation matrices'® and in
polysiloxane films."* In particular, the Q, bands are located in the
670-702 nm range and the Q, bands in the 627-666 nm range in
the systems reported previously'®'* and/or shown in Fig. 54 in SI.
In addition to that, SERRS excitation profiles of H,Pc molecules
adsorbed on Ag island films show maxima at 692 (Q,) and

wileyonlinelibrary.com/journal/jrs

Copyright © 2017 John Wiley & Sons, Ltd.

J. Raman Spectrosc. 2017, 48, 1270-1281



Raman excitation profiles of hybrid systems

Journal of

SPECTROSCOPY

674 nm (Q,), respectively.”’ The red shift of both Q-bands in the
electronic absorption spectrum of the glass/SLG/H,Pc-l system thus
indicates the presence of J-type dimers (or very small aggregates)
of HPc molecules on SLG/'9353¢!

For further characterization of the glass/SLG/H,Pc hybrid system |
as well as of the hybrid systems VI and X, we compared the number
of scattering molecules in all these three systems. For this purpose,
we performed Raman spectral mapping of the same areas
(25 x 25 um) of the three samples under the same measurement
conditions, namely at 532-nm excitation, which appears to be
out-of-resonance for both isolated H;Pc molecules (Fig. S4 in SI
and refs. 3 as well as for those in the glass/SLG/H-Pcl system
(Fig. 1). Because at a non-resonant excitation, the intensity of Raman
scattering is directly proportional to the number of scattering
molecules”” the mutual comparison of the relative average band
intensities of the same selected spectral bands (determined from
the spectra shown in Fig. S5in Sland set to 1.00 for the system ) pro-
vided us with the comparison of the relative numbers of scattering
molecules in the three systems (Fig. 56 in Sl). This comparison dem-
onstrates that the additional soaking in pure toluene/performed 5
more times for the sample VI (6x) than for the sample| (1x) reduced
the number of scattering molecules to less than a half of the original
value, namely to 0.41. By contrast, a further additional soaking in
pure toluene performed 4 more times for the sample X (10x) than
for the sample (6x) has not further reduced the number of
scattering molecules, because the values of 0.41 and 0.44, respec-
tively, can be considered as comparable regarding the precision of
the experiment. We thus attribute the sample | to the glass/SLG/~
a bilayer (BL) of H;Pc hybrid system, and the samples VI and X to
the glass/SLG/~ a monolayer (ML) of H,Pc hybrid systems.

B. Assignment of Raman spectral bands of phthalocyanine and
single-layer graphene in glass/phthalocyanine/single-layer
graphene hybrid systems and their comparison with those of
the reference systems

Raman spectral bands of both SLG and H,Pc were observed for all
three glass/SLG/H,Pc hybrid systems, i.e. (BL)-l, (ML)-VI and (ML)-X,
at all five excitation wavelengths, i.e. at 532, 633, 647, 785 and
830 nm (Figs 2-4). Full range Raman spectra of these samples at
633 and 647-nm excitations are compared in Figs 57 and 58 (SI).
By contrast, the Raman spectral bands of H,Pc were observed only
at 633 and 647-nm excitations for the graphite/H,Pc (ML) reference
sample. Raman spectra of the glass/SLG/H,Pc (ML)-X sample and of
the graphite/H,Pc (ML) reference sample at 633 and 647-nm excita-
tions are mutually compared in Figs 5 and 6. The average values of
the H,Pc Raman band wavenumbers of all three glass/SLG/H;Pc
samples and of the graphite/H,Pc reference sample are listed in
Table 1.

Table 1 demonstrates the large extent of similarities in the spec-
tral band wavenumbers of H,Pc for all three samples as well as for
the reference one. On the other hand, one can notice minor, but
very important differences in the H,Pc Raman spectra between
the glass/SLG/H,Pc (BL)-| sample and the (ML) samples -VI and -X,
as well as between the glass/SLG/H,Pc (ML) samples and the
graphite/H,Pc (ML) reference sample. The former differences are
represented by the appearance of a new 1533 cm™ ' band and by
the shift of the 951 cm ™' band to 958 cm ™' upon reduction of
the H,Pc coverage in the glass/SLG/H,Pc hybrid samples from ~a
bilayer to a monolayer. The latter differences manifest themselves
by the presence of new spectral bands, namely those at 1533,
1218, 958 and 750 cm ', for the glass/SLG/H,Pc (ML) samples as
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Figure 2. Raman spectra of glass/SLG/H,Pc (BL)-l system measured at (a)
532-nm, (b) 633-nm, (c) 647-nm, (d) 785-nm and (e) 830-nm excitation
wavelengths. The G band of SLG is marked by an asterisk. The bands in
the 1500-1600 cm™ ' range at 785-nm excitation are slightly downshifted
by a sample-specific effect.
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Figure 3. Raman spectra of glass/SLG/H,Pc (ML)-V1 system measured at (a)
532-nm, (b) 633-nm, (c) 647-nm, (d) 785-nm and (e) 830-nm excitation
wavelengths. The G band of SLG is marked by an asterisk. The bands in
the 1500-1600 cm™ ' range at 785-nm excitation are slightly downshifted
by a sample-specific effect.

compared to the graphite/H,Pc reference sample, and their appear-
ance can be attributed to the differences between the strength of
the SLG-H;Pc (ML) and the graphite—-H,Pc (ML) interaction (details
in Text 54 in SI).

For a proper understanding of the above mentioned spectral dif-
ferences as well as for interpretation of Raman (GERS) excitation
profiles and GERS enhancement factors (vide infra), the assignment
of HyPc spectral bands to vibrational modes of the particular sym-
metry species and localization within the molecule is of key impor-
tance. A detailed description of additional experiments and
arguments for both types of band assignment presented in
Table 1 (i.e. the symmetry and the localization of the Raman active
vibrational modes) is provided in Text 3 in SI and related to refs.
Gl Briefly, the assignment of the spectral bands to Raman active
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Figure 5. Comparison of Raman spectra of (a) graphite/H,Pc reference
system, (b) the same spectrum expanded 8x and (c) glass/SLG/H,Pc (ML)-
X system at 633-nm excitation. Spectra (a) and (c) are shown in scales
respecting the intensity ratio of their absolute Raman signals.

modes of the isolated H,Pc molecule of a particular symmetry and
localization based on DFT calculations '®?' has been adopted for
assignment of the corresponding modes of H;Pc in the hybrid sys-
tems (Table 1).

In addition to the H,Pc fundamentals (Table 1), overtone and
combination bands of the totally symmetric A; fundamentals have
been observed in Raman spectra of all three glass/SLG/H,Pc hybrid
samples as well as in those of the graphite/H,Pc reference sample
at both 633 and 647-nm excitation (Table 52, and Figs 57 and S8
in SI). Nevertheless, their number as well as relative intensities is
markedly lower for the reference sample than for the three hybrid
samples. No overtones of the SLG Raman modes™? were observed
in the spectra of the hybrid systems with SLG.
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Figure 6. Comparison of Raman spectra of (a) graphite/H,Pc reference
system, (b) the same spectrum expanded 8x and (c} glass/SLG/H,Pc (ML)-
X system at 647-nm excitation. Spectra (a) and (c) are shown in scales
respecting the intensity ratio of their absolute Raman signals.

Finally, we turn our attention to the assignment of SLG mode
bands in the Raman spectra of the hybrid systems and to their com-
parison with those of the glass/SLG reference system. The bands of
the SLG modes in the Raman spectra of the glass/SLG/H,Pc hybrid
systems are most clearly observed at 532-nm excitation, at which
the spectral bands of the H,Pc fundamentals are weak and those
of overtones are absent (Fig. S7, SI). The only exception is the
~1344 cm™' band of the D mode which overlaps with the
1343 cm ™' band of H,Pc. The G bands of the hybrid systems are
found at 1595 cm ' (sample BL-) and 1600 cm ' (samples ML-VI
and ML-X), while the same band of the parent glass/SLG system is
located at 1598 cm . The G-band of SLG was observed for all three
hybrid samples as well as for the parent glass/SLG sample at all five
excitation wavelengths, yielding the average values of 1595 cm ™'
for sample BL-l, 1599 cm ' for samples ML-VI and ML-X, and
1598 cm ' for the parent glass/SLG system. The position of the G
band is, for all these systems, higher than that of the pristine SLG
which is found at 1585 cm ™' "2 This discrepancy can most proba-
bly be explained by n-doping of SLG by the Na-containing glass
substrate, as described in the recently published paper.[‘m On the
basis of the above mentioned wavenumber difference of the G
mode position, the level of n-doping of SLG on glass samples was
estimated to induce a ca 0.3-eV upshift of the Fermi level of pristine
SLG (from —4.6 eV* to —4.3 eV) on the basis of the graph in Fig. 8.5,
ref. 2. Furthermore, the wavenumbers of the spectral bands of the
dispersive 2D mode (Table S3 in SI) of samples BL-I, ML-VI, ML-X and
of the parent glass/SLG samples show a reasonably good mutual
agreement (analogously to the case of the G band). These observa-
tions indicate that deposition of H,Pc onto the glass/SLG system
has not induced any detectable effect of an additional doping or
strain in SLG.

C. Excitation profiles of selected Raman bands of
glass/single-layer graphene/phthalocyanine hybrid systems

Excitation profiles (EPs) of H,Pc Raman spectral bands were con-
structed from Raman spectra of glass/SLG/H,Pc (BL)-I, glass/SLG/
H,Pc (ML)-VI and glass/SLG/H,Pc (ML)-X hybrid systems collected
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Table 1. Average wavenumbers (in cm ') of H,Pc spectral bands in Raman spectra of the hybrid systems investigated and their assignment to vibra-
tional modes of H,Pc
SLG/H,PcI BL  SLG/HPcVIML  SLG/H,PcX ML Graphite/H,Pc ML Mode Mode description
symmetry
484 486 486 485 By Benzene ring rocking and central ring deformation
545 546 545 546 Ay —
571 571 571 573 Ay Benzene ring deformation/central ring breathing
683 684 684 685 Ay Bridging C—N—C sym. def. and benzene ring deformation
726 726 726 728 Ay Pyrrole deformation and C—N—C rocking
750 751 750 — IR act N—H out-of-plane deformation
768 7 770 768 Ay —
798 800 799 799 Ay Pyrrole and benzene ring C—C str.
892 893 893 854 Big —
951 958 958 — IR act C—H out-of-plane deformation
1009 1010 1010 1013 Ay Sym. benzene ring C—H def
1028 1030 1030 1030 Big —
1085 1086 1085 1086 By N—H in-plane deformation
1109 111 1mn 11 Ay —
1143 1145 1144 1144 Ay Benzene ring C—C str. and C—H deformation
1162 1163 1163 1163 Ay —
1184 1186 1185 1186 Ay C—H def. on benzene ring
1220 1222 1218 — By C—H def, benzene ring def. and N—H in-plane deformation
1314 1314 1312 1316 Big —
1342 1344 1344 1343 Ay Benzene ring C—C str. and pyrrole C—C stretch
1408 1408 1409 1409 Ay —
1431 1432 1432 1431 Big —
1452 1453 1454 1453 Ay C—H def.
1512 1513 1512 1514 Ay —
— 1534 1533 — Ay Bridging C,~N,,~C, asym. str. and C,~N~C, sym. str.
1543 1545 1545 1544 Ay Bridging C,~N,,~C, asym. str. and C,~Ny—-C, sym. str.
1620 1621 1619 Not observable By Benzene ring deformation

at the 532, 633, 647, 785 and 830-nm excitation wavelengths
(Figs 2-4 and details in Experimental). The EPs are presented in
Figs 7 and 8, profiles A-C. Shown in Fig. 7(A-C) are the overviews
of EPs of all selected H;Pc spectral bands of all three samples, while
the corresponding details of the close-lying EPs of the less en-
hanced bands are shown in Fig. S10, profiles A-C (SI). The details
of the EPs in the high excitation wavelengths region (785 and
830 nm) of all three samples are presented in Fig. 8, profiles A-C.
In case of all three samples, the EPs of the selected spectral bands
exhibit a maximum for the 647-nm excitation. Furthermore, while
the EP of glass/SLG/H;Pc (BL)-I sample appears to be rather flat at
higher excitation wavelengths (with some of the bands slightly de-
clining and some slightly increasing, Figs 7 and 8, profiles A), the
EPs of glass/SLG/H;Pc (ML)-VI and glass/SLG/H;Pc (ML)-X hybrid
systems show a pronounced normalized intensity increase from
785 to 830 nm for at least half of the spectral bands (Figs 7 and 8,
profiles B and Q). Importantly, the EPs of the glass/SLG/H;Pc (BL)-I
Raman spectral bands (profiles A in Figs 7 and 8, and in Fig. S10
in SI) can be related to the electronic absorption spectrum of this
hybrid system (Fig. 1). The particular EPs were analyzed in the fol-
lowing manner. The sequences of relative intensities of the individ-
ual spectral bands were determined for all three hybrid systems at
633 and 647-nm excitations, for glass/SLG/H,Pc (BL)-l also at
785 nm and for glass/SLG/H,Pc (ML)-VI and glass/SLG/H,Pc (ML)-X
systems also at 830-nm excitations. The series were analyzed in
terms of the symmetries of the comesponding normal vibrations
and their localizations within the HsPc molecule. For the totally
symmetric vibrations, the sequence of the decreasing normalized

band intensities in the resonance Raman spectra excited at a
particular excitation wavelength corresponds to the decreasing
magnitude of changes of their normal coordinates upon the elec-
tronic transition which is in resonance with the particular excitation
wavelength. The largest changes of the normal coordinates of the
totally symmetric A; modes thus determine localization of the
resonant electronic transition within the H,Pc molecule.* An
analogous approach has been already successfully employed, e.g.
for the SERRS EPs analysis.*”!

Excitation profiles of Raman bands
graphene/phthalocyanine (BL)-I hybrid system

of glass/single-layer

The sequence of the most intense bands of H;Pc at 647-nm
excitation (Figs 7, 8 and Fig. $10 in S|, profiles A) was ascertained
as follows: 1543 (Ag) > 1341 (Ag) > 1143 (A;) > 726 (Ag) > 1451
(Ag) > 683 (Ag) ~ 1184 (A;) ~ 1314 (B,) > 1367 > 798 (Ag) > 1110
(Big) > 1085 (Byg) > 484 (Bg) > 544 (Ag) > 768 (Ag) = 1009 (B,g)
>1162 (Ag) > 1029 (B, ) > 750. The most enhanced modes belong
to A, symmetry and comprise both stretching and deformation
(bending) vibrations of the macrocycle (Table 1). The B,y modes,
the A, vibrations localized also (or preferentially) on the benzene
ring, as well as C—H deformation modes are to be found among
the less enhanced ones. This enhancement pattern is consistent
with the expected behavior upon excitation into Q, (or Q,) purely
electronic (0-0) transition which was found previously to be
localized predominantly on the tetrapyrrole macrocycle in the sam-
ples constituted entirely by H,Pc molecules.”
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Figure 8. Details of excitation profiles of H,Pc Raman spectral bands in (A)
glass/SLG/H,Pc (BLH system, (B) glass/SLG/H,Pc (ML)VI system and (C)

Figure 7. Excitation profiles of H,Pc Raman spectral bands in (A) glass/SLG/ glass/SLG/H,Pc (ML)-X system at 785 and 830-nm excitations,

H,Pc (BLH system, (B) glass/SLG/H,Pc (ML)- VI system and (C) glass/SLG/
HzPc (ML)-X system in the 532-830 nm range. Details of the EPs of the less
enhanced bands are provided in Fig. S10 in SI.
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The series at 633-nm excitation (Figs 7, 8 and Fig. $10 in SI, pro-
files A) was found to be: 1543 (Ag) > 1341 (Ag) > 1143 (A,) > 1451
(Ag) > 1314 (B, g) > 1184 (Ag) ~ 1367 > 726 (Ag) > 1110 (B,y) > 1085
(Big) > 683 (A) > 484 (By,) > 798 (Ag) > 1162 (Ag) ~ 1009
(B1g) ~ 1029 (Byg) ~ 768 (Ag) > 544 (Ag) > 750. Although the relative
intensities of the three most enhanced bands (1543, 1344 and
1144 cm ') are comparable at the 647 and 633-nm excitations,
there is a substantial difference in case of the 685 and 726 cm ™'
bands belonging to the modes localized on the H,Pc macrocycle.
While they are among the more enhanced bands at 647 nm, they
fall into the category of weakly enhanced ones for the 633-nm
excitation.

This difference can be tentatively explained by considering the
electronic absorption spectrum of the glass/SLG/H,Pc-BL)- hybrid
system (Fig. 1). While the 647-nm excitation falls within the main
electronic absorption band belonging to Q, (0-0) transition, the
633-nm excitation appears to coincide with the shoulder located
at about the same wavelength. This shoulder (giving rise to a sepa-
rate band in peak fitting in Fig. 1) has been attributed to the
vibronic Q, (0-1) side band of the Q, (0-0) electronic absorption
band arising from the coupling of the Q, and Q, excited electronic
states by B4 vibrations. 1171 The difference between the position of
the vibronic side band (633 nm) and the band maximum of the Q,
(0-0) electronic transition is ~1368 cm ™, i.e. it falls into the higher
wavenumber region. This rationalizes the observed stronger en-
hancement of some of the high wavenumber B4 modes than that
of the low wavenumber A; modes of the tetrapyrrole macrocycle at
633-nm excitation.

The coincidence of the 647-nm exditation with the Q, (0-0) elec-
tronic transition band is further corroborated by evaluation of the
sequence of the most enhanced bands at 785 nm (Figs 7, 8 and
Fig. S10 in S|, profiles A). Electronic absorption spectrum of the hy-
brid system (Fig. 1) shows that this particular excitation wavelength
falls into the very onset of the Q, band with its maximum appearing
at 718 nm. This implies that the enhancement of Raman spectral
bands at 785-nm excitation most probably originates from reso-
nance (or preresonance) with the Q, (0-0) electronic transition.
The following sequence of nommalized band intensities was
determined: 1543 (Ag) > 1341 (A > 1143 (A,) ~ 726 (Ag) > 683
(Ag) > 1314 (Byg) > 1451 (Ag) > 1184 (Ay) > 484 (Byg) ~ 1110
(Big) = 798 (Ag) ~ 750 ~ 1367 > 1009 (B,;) ~ 1085 (B,,) ~ 544
(Ag) ~ 1162 (Ag) ~ 1029 (B,4) ~ 768 (Ay). The sequence resembles
to that at 647-nm excitation particularly by the appearance of the
bands at 684 and 726 cm ' (belonging to the macrocycle modes)
among the most enhanced ones.

Excitation profiles of Raman bands of glass/single-layer graphene/
phthalocyanine (ML)-VI hybrid system

The normalized intensity sequence of the H,Pc Raman bands for
the glass/SLG/H,Pc (ML)-VI system at 647-nm excitation (Figs 7, 8
and Fig. 510 in SI, profiles B) has been determined as: 1545
(Ag) > 1343 (Ag) > 1534 ~ 1144 (Ag) > 1453 (Ag) > 1314 (B,g) > 727
(Ag) > 684 (Ag) > 1186 (Ag) > 1111 (B,g) > 1369 > 799 (A) > 1086
(B1g) > 486 (B1g) > 1163 (A,) = 546 (A,). For the 633-nm excitation,
the band order is the following (Figs 7, 8 and Fig. S10 in S|, profiles
B): 1545 (A,) > 1343 (A)) > 1534 ~ 1144 (A,) > 1453 (Ag) > 1314
(Big) > 1186 (Ag) > 727 (Ag) ~ 1369 > 1111 (B,g) ~ 684 (Ay) > 1086
(B1g) = 486 (B1g) = 799 (Ag) = 1163 (A,) > 546 (A,). The sequences
of normalized band intensities are thus quite similar at both excita-
tions. In particular, the sequences of the first five bands are virtually
the same (involving also the newly appearing 1534 cm™ ' band),

while the 684 and 727 cm ' macrocycle bands are among the less
intense ones.

Excitation profiles of Raman bands of glass/single-layer graphene/
phthalocyanine (ML)-X hybrid system

The normalized intensity sequence for glass/SLG/H,Pc (ML)-X spec-
tral bands at 647 nm was ascertained to be (Figs 7, 8and Fig.510in
Sl, profiles C): 1343 (Ag) ~ 1533 > 1544 (A,) > 1144 (Ag) > 1453
(Ag) > 1311 (B;g) > 685 (A) > 727 (Ag) > 1185 (A5 > 1112
(Big) > 752 ~ 799 (A) > 1086 (B,,) > 486 (B,g) > 1164 (Ag) > 546
(Ag). At 633 nm excitation, this sequence was determined as: (Figs 7,
8 and Fig. 510in SI, profiles C): 1533 > 1343 (Aj) > 1544 (Ag) > 1453
(Ag) > 1144 (Ag) > 1311 (Byg) > 1185 (Ag) > 1112 (Byg) > 727 (Ay)
~685 (Ag) > 486 (Bg) ~ 1086 (Byg) ~ 799 (Ay) > 752 ~ 1164
(Ag) > 546 (A;). The sequences of the normalized band intensities
show a pronounced mutual analogy, and they are also quite similar
to those encountered for the glass/SLG/H,Pc (ML)-VI hybrid system,
particularly in observing the low wavenumber macrocycle bands
among the less intense ones. The only apparent difference be-
tween the samples (ML)-Vl and (ML)-X is thus a pronounced inten-
sity gain of the 1533 cm™ ' band, which, in the latter case, becomes
the most intense band at 647 nm (together with the 1343 cm ™'
band) as well as at 633 nm excitation. This difference is explained
in Text 54 in SI.

Comparison of excitation profiles of glass/single-layer graphene/
phthalocyanine (BL)-, glass/single-layer graphene/phthalocyanine
(ML)-VI and glass/single-layer graphene/phthalocyanine (ML)-X hybrid
systems in the visible region

The sequences of the normalized band intensities at 633 and 647-
nm excitations were found to be largely similar for both hybrid sys-
tems containing a monolayer of H,Pc molecules, ie. (ML)-VI) and
(ML)- X. By contrast, distinct differences between both systems with
the H;Pcmonolayer on one hand, and that with the H-Pc bilayer, i.e.
(BL)-1 on the other hand have been found in this respect. We pro-
pose that two factors contribute to the observed differences: (i)
the electronic absorption bands of H;Pc blue-shifts upon
diminishing the SLG coverage by H,Pc from a BL (formed by J-type
dimers with the electronic absorption bands strongly red shifted
with respect to those of the H,Pc monomers, as established in
sub-Chapter A), to a ML, and (ii) the SLG-H,Pc interaction is stron-
ger for the SLG-H;Pc (ML) hybrids than for the SLG-H,Pc (BL) one
(as established in Text S4 in Sl). The former factor appears to be
the reason why, (i) for the glass/SLG/H,Pc (BL)-I hybrid, the 633-
nm excitation falls into the vibronic Q,(0-1) sideband of the Q,(0-
0) electronic absorption band and the 647-nm excitation into the
Q, (0-0) absorption band (giving rise to the different sequences
of the relative band intensities at 633 and 647-nm excitations, re-
spectively), while, (i) for the glass/SLG/H,Pc (ML)-VI and
glass/SLG/H,Pc (ML)-X hybrids, both excitation wavelengths coin-
cide with the Q, (0-0) electronic transition, giving rise to mutually
analogous sequences of the relative band intensities at both excita-
tions. The latter factor is proposed to be responsible for the ob-
served differences in the sequences of relative band intensities at
647 nm, i.e. upon excitation into the Q, (0-0) electronic transition,
between both systems with the H,Pc monolayer (i.e. ML-VI and
ML-X) on one hand, and that with the H,Pc bilayer (i.e. BL-l) on
the other hand. In particular, we propose that the above mentioned
differences originate from the differences in the localization of the
Q, (0-0) electronic transitions induced by the SLG-H,Pc interaction
which is stronger in the SLG-H-Pc (ML) hybrids than in the SLG-
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H.Pc (BL) one (as established in Text 54 in SI). This tentative expla-
nation is consistent with the vibrational mode selectivity of GERS
enhancement factors determined and presented in sub-Chapter
D (vide infra).

Excitation profiles of Raman bands of glass/single-layer graphene/
phthalocyanine hybrid systems in the high wavelengths region

For the glass/SLG/H,Pc (ML)-VI and glass/SLG/H,Pc (ML)-X samples
{(both with a monolayer coverage of SLG by H,Pc), the normalized
intensities of all spectral bands strikingly drop at 785-nm excitation,
while, for the majority of spectral bands, they exhibit a pronounced
increase at 830-nm excitation (Fig. 8, profiles B and C). By contrast,
for the glass/SLG/H,Pc (BL)- system, the normalized band intensi-
ties show no such distinctive intensity drop and rise at 785 and
830-nm excitations, respectively (Fig. 8, profile A). Therefore, this
feature appears selectively in excitation profiles of samples VI and
X containing ~ a monolayer of H;Pc molecules, and it can thus be
attributed to a manifestation of the SLG-H,Pc (ML) interaction.
The sequence of the normalized band intensities for glass/SLG/
H,Pc (ML)-VI system at 830-nm excitation (Fig. 8(B)) was determined
as: 1545 (Ag) > 1343 (Ag) > 1144 (A)) ~ 727 (Ag) ~ 684 (A,) ~ 1534
(Ag) ~ 486 (Byg) > 1453 (Ag) > 799 (Ag) > 1111 (B,g) > 1369 > 546
(Ag). In case of the glass/SLG/H,Pc (ML)-X sample (Fig. 8(C)), the fol-
lowing sequence of band intensities was found: 1544 (A;) > 1343
(Ag) > 1533 (A)) ~ 1144 (A,) > 685 (Ag) > 486 (Byg) ~ 1185 (Ay) > 727
(Ag) > 752 > 1453 (Ag) ~ 799 (Ag) ~ 1086 (B1) > 546 (A5). Common
features of the two series include the largest enhancement of the
1545 and 1343 cm ' bands, as well as the inclusion of the 684
and 727 cm ' bands of the A, modes, together with the
486 cm ' band of the B,y mode, among the strongly enhanced
ones. All the latter bands belong to the modes localized on the
macrocycle. On the other hand, the two above mentioned series
of bands differ particularly in the relative intensity increase of the
band at 1533 cm ™' for sample (ML)-X with respect to sample
(ML)-VI. This difference between the glass/SLG/H,Pc-(ML)-VI and
the glass/SLG/H,Pc (ML)-X hybrid systems has been encountered
also at excitations in the visible spectral region, and it is attributed

to reorganization of H,Pc molecules constituting a monolayer on
SLG upon the repetitive soaking of the sample in toluene
(explained in Text $4 in Sl and supported by ref. ).

D. Determination of graphene-enhanced Raman scattering
enhancement factors of phthalocyanine modes in the Raman
spectra of glass/single-layer graphene/phthalocyanine (ML)-X
system at 633 and 647-nm excitations.

In contrast to all three glass/SLG/H,Pc hybrid systems, the signal of
H,Pc is observed only at 633 and 647-nm excitations for the
graphite/H,Pc (ML) reference system. This observation indicates
that the H.Pc molecules arranged in a monolayer on graphite sur-
face experience a strong resonance enhancement of their Raman
scattering only at 633 and 647-nm wavelengths. The comparison
of Raman spectra of the glass/H,Pc/SLG (ML)-X and of the
graphite/H,Pc (ML) systems in Figs 5 and 6 shows that this reso-
nance enhancement experiences an additional intensity increase
as well as relative band intensity changes, together with the ap-
pearance of the additional spectral bands when the graphite sub-
strate is replaced by SLG on glass. The assignment and the origin
of the additional bands is addressed in the Text S4 in SI. The GERS
enhancement has been quantitatively evaluated in terms of GERS
enhancement factors (Table 2) which, in turn, have been
determined as the intensity ratios of the corresponding H;Pc
Raman spectral bands in the spectra of the glass/SLG/H;Pc (ML)-X
and of the graphite/H,Pc (ML) system, respectively (details in
Experimental).

The GERS enhancement factors (EFs) listed in Table 2 are in the
range from 3 to 24 at 633 nm and from 3 to 19 at 647-nm excitation,
and the average values of GERS enhancement factors are 9.3 and
8.4, respectively. The maximum as well as the average GERS en-
hancement is thus slightly higher at 633-nm than at 647-nm excita-
tion. Furthermore, the selectivity of GERS enhancement factors at
both the 633-nm and the 647-nm excitations (Table 2) with respect
to the symmetry of the vibrational modes (A4 or B, ), wavenumbers
of the vibrational modes (probed on the basis of their significance

Table 2. GERS enhancement factors calculated from the intensity ratios of the H,Pc Raman spectral bands in the spectra of glass/SLG/H,Pc (ML)-X sys-

tem and of the graphite/H,Pc (ML) reference system, respectively

Band wavenumber [cm™ '] GERS enhancement factors GERS enhancement factors H,Pc mode H;Pc mode assignment
at 633-nm excitation at 647-nm excitation symmetry

487 9 8 Big br.rock + cr. def

685 5 5 Ay CNC + b.r. def

727 3 3 Ay pyr + CNC def

751 On SLG only On SLG only IR act oopdN—H

799 3 3 Ay vC=C (b.r. + pyr)

958 On SLG only On SLG only IR act oopdC—H

1087 8 5 Big ipSN—H

1114 12 16 Ay —

1144 8 10 Ay br.(wCC + 6CH)

1220 On SLG only On SLG only Big br. def + 8CH+ ipdN—H

1315 1 12 Big —

1345 12 1 Ag vC=C (b.r. + pyr)

1432 8 6 Big —

1453 24 19 Ay br. 5CH

1516 7 5 Ay —

1534 On SLG only On SLG only Ay vCNC cr.

1543 1 6 Ay vCNC cr.
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in the theoretical treatment of GERS™®) and localization of the vi-
brational modes within the H;Pc molecule (assignment of bands
to normal modes) has been probed. Because the ranges of GERS
EFs experienced by A, and B;q modes (namely 3-24 for A; and
8-11 for B;; modes at 633-nm excitation as well as 3-19 for Ag
and 5-12 for B4 modes at 647-nm excitation) mutually overlap,
and the average values of GERS EFs of A; and B, modes are similar
at both excitations (namely 9.4 for A; modes and 9.0 for B,; modes
at 633-nm excitation, and 86 for A and 7.8 for B,y modes at 647-
nm excitation), no generalization concerning the dependence of
the GERS EFs on the symmetry of vibrational modes can be done.
In addition to that, there is no systematic dependence of GERS
EFs on the wavenumbers of the vibrational modes bands, because
the maximal enhancement is obtained for the 1453 cm ™' band at
both 633 and 647-nm excitations while the EF values decrease for
the bands of both lower and higher wavenumbers. Localization of
vibrational modes within the H,Pc molecule thus emerges as the
most important factor which governs their GERS enhancement. In
particular, the largest enhancement (EF values 24 and 19 at 633
and 647-nm excitation, respectively) is observed for the
1453 cm™ ' band assigned to the A vibrational mode with a strong
contribution of C—H deformation on the benzene ring. A large
GERS enhancement is experienced also by the 1218 cm ™' mode
(B1g) involving C—H and N—H in-plane deformations and benzene
ring deformation (Table 2), the band of which is extremely weak in
the Raman spectra of graphite-H,Pc sample, and hence its GERS
enhancement factor could not be exactly determined. In fact, nearly
all strongly and/or moderately enhanced bands belong to modes
localized on the benzene rings of H,Pc. On the other hand, the
modes delocalized over the tetrapyrrole macrocycle are among
the least enhanced ones (Table 2).

E. Evidence for two mechanism of graphene-enhanced Raman
scattering in glass/single-layer graphene/phthalocyanine (ML)
hybrid systems

Enhancement of Raman scattering with a distinct selectivity
towards localization of individual vibrational modes within the
H.Pc molecule has been observed for H,Pc molecules in the
glass/SLG/H,Pc (ML) hybrid systems upon excitations falling into
(i) the visible (633 and 647 nm) and (ii) the onset of near IR
(830 nm) spectral regions. In this sub-Chapter, we inspect the origin
of each of these two enhancement effects.

(i) Both the 633 and 647-nm excitations fall into the electronic
absorption band of a Q, (0-0) electronic transition of H,Pc mole-
cules monolayer (more precisely, into its lower wavelengths side),
as established by the analysis of EPs of the glass/SLG/H;Pc (ML) hy-
brids (Fig. 7(B), (C) and Fig. S10(B), (C) in SI) presented in sub-
Chapter C. Both excitation wavelengths thus obey the resonance
condition for GERS formulated by the first part of Eqn 15 (i) in ref.
¢l which is defined as excitation into the electronic absorption band
related to the HOMO-LUMO transition within a planar aromatic
molecule”®’ Furthermore, the enhancement of Raman spectral
bands of individual vibrational modes of H,Pc in glass/SLG/H;Pc
(ML)-X system with respect to those of the graphite-H,Pc (ML) ref-
erence system has been guantified in terms of their mutual inten-
sity ratios, i.e. the GERS EFs (sub-Chapter D). The fact that at least
some GERS enhancement of the Raman signal has been deter-
mined for all spectral bands of H,Pc indicates a small change in
the position, the intensity and/or the half-width of the electronic
absorption band of the Q, (0-0) electronic transition for the H,Pc
monolayer in the glass/SLG/H,Pc (ML)-X hybrid system with respect

to the graphite/H,Pc reference hybrid system. Because the elec-
tronic absorption spectra of none of these two systems could be
obtained (details in Experimental), we cannot precisely determine
the difference between them. On the other hand, the GERS en-
hancement factors are slightly higher at 633-nm than at 647-nm ex-
citation (sub-Chapter D and Table 2), while the EPs of the Raman
bands of the glass/SLG/H,Pc (ML)-X hybrid system (Fig. 7 and Fig.
S10in SI) show a normalized intensity increase for all Raman bands
at 647-nm excitation with respect to the 633-nm excitation. There-
fore, it is the broadening of the Q, (0-0) electronic absorption band
of the monolayer of H,Pc molecules in the system with SLG in com-
parison to that with graphite which is most consistent with the
above mentioned observations. Is should also be noted that the
broadening of both the Q, (0-0) and Q, (0-0) electronic absorption
bands of H,Pc molecules upon their adsorption on Ag islands has
been determined on the basis of detailed EPs spanning these elec-
tronic transitions, and it was attributed to bonding of H,Pc mole-
cules to Ag by lone pairs of N atoms”. The nature of the
relatively strong H.Pc-SLG interaction (determined in Text 54 in
SI) is different from the Ag-H,Pc one, because it is ascribed to n -
ninteraction and/or van der Waals forces'>®. Nevertheless, its effect
on the electronic absorption spectrum of H,Pc can be similar.

Furthermore, the vibrational mode selectivity of the GERS en-
hancement, namely the preferential GERS enhancement of the vi-
brational modes fully or partially localized on the benzene rings
of HyPc (established in sub-Chapter D) indicates (in accord with
the theory of RRS'?¥) the difference in localization of the resonant
Q, (0-0) electronic transition within the H,Pc molecule between
the glass/SLG/H,Pc system and the graphite-H,Pc reference sys-
tem, in particular, delocalization of this electronic transition over
the benzene rings of H,Pc in the former system, i.e. for H,Pc on
SLG. It should be noted that both Q, (0-0) and Q, (0-0) electronic
transitions were found to be localized preferentially on the H,Pc
macrocycle for samples involving only the H.Pc molecules,"” as
confirmed also by the results of the ab-initio calculations of the lo-
calization of HOMO, LUMO and LUMO + 1 for the isolated H,Pc
molecule.””! The difference in the localization of the Q, (0-0) elec-
tronic transition between glass/SLG/H,Pc system and the graphite-
H,Pc reference system can thus be tentatively attributed to delocal-
ization of HOMO of H,Pc over the benzene rings H;Pc in the latter
system. This situation, in turn, could originate from the relatively
strong SLG-H,Pc interaction and short SLG-H.Pc distance
(established in Text S4 in Sl), in which the n - n interaction between
the benzene rings of H,Pc and the conjugated benzene rings of
SLG can be expected to play an important role.

In summation, the mechanism of GERS enhancement observed
for the glass/SLG/H,Pc (ML)-X hybrid system with respect to the
graphite-H,Pc reference system at 633 and 647-nm excitations
can be attributed to RRS of H;Pc modified by a relatively strong
SLG-H5Pc (ML) interaction. The modifications manifest themselves
by minor changes in the half-width of the electronic absorption
band and by pronounced changes in localization of this resonant
Q, (0-0) electronic transition within the H,Pc molecule (Fig. 9).

(ii) Upon excitations at the onset of near IR spectral region
(namely those at 785 and 830 nm), the vibrational-mode specific
normalized intensity increase of the majority of Raman bands of
H,Pc from 785-nm to 830-nm excitation has been encountered se-
lectively in Raman excitation profiles of the glass/SLG/H,Pc (ML)-VI
and the glass/SLG/H,Pc (ML)-X hybrid systems, i.e. for samples con-
stituted by SLG and a monolayer of H;Pc molecules (sub-Chapter C
and Fig. 8(B), (C)). The absence of the Raman signal of H,Pc at both
these excitations for the graphite/H,Pc (ML) reference sample
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Figure 9. Schematic depiction of the two mechanisms of GERS operating
in the glass/SLG/H,Pc (ML) system. The SLG Fermi level energy of pristine
SLG (—46 E\Om has been corrected for the established n-doping of SLG
by glass. HOMO and LUMO energies of H,Pc have been adopted from ref
19 [Colour figure can be viewed at wileyonlinelibrary.com]

hampers determination of the GERS enhancement factors values.
On the other hand, it indicates a substantial enhancement of Ra-
man scattering of the above mentioned samples with respect to
the reference sample at the 830-nm excitation. Furthermore, the se-
quence of the normalized band intensities at 830-nm excitations
shows a distinct selectivity with respect to localization of the corre-
sponding vibrational modes within the H,Pc molecule which, in
turn, is largely similar for both the glass/SLG/H,Pc (ML) samples
(i.e. VI and X). Importantly, for both samples, the sequence of the
relative band intensities at 830 nm (sub-Chapter C and Fig. 8(B),
(Q) differs from that encountered at 633-nm and 647-nm excita-
tions which coincide with a Q, (0-0) electronic absorption band
(sub-Chapter C, Fig. 7(B), (C) and Fig. 510(B), (C) in SI). For example,
the 684 and 726 cm ™' A, bands localized on the macrocycle are
among the more enhanced modes in the former case, while they
are among the less enhanced ones in the latter case. This difference
in localization of the most enhanced bands within the H,Pc mole-
cule indicates that at 830-nm exdtation, the LUMO of H;Pc has
been populated by a new electronic transition different (in its local-
ization within the H,Pc molecule) from the two Q (0-0) electronic
transitions (Fig. 9). Comparison of the SLG Fermi level energy (the
position of which was corrected for doping of SLG by the glass sub-
strate evaluated in sub-Chapter B) with the HOMO and LUMO ener-
gies of Hch“m demonstrated by the scheme presented in Fig. 9
indicates fulfillment of the energy condition for a photo-induced
charge transfer (CT) between Fermi level of SLG and LUMO of
HsPc at 830-nm excitation. This explanation also agrees with one
of the four theoretically predicted resonance conditions for the
GERS enhancement observation®®, namely with that defined by
Eqgn 15 (iv) in ref. ©"
hV():EL—EF or hVOZEL—EF—th,

where hvg is the energy of excitation, E; and E_ are the energies of
Fermi level of SLG and of LUMO of HPc, respectively, and hvg is the
phonon (i.e. the vibrational mode) energy. Because the sequence of
the most enhanced bands does not systematically follow the pho-
non energy (i.e. the vibrational mode wavenumber) sequence, we
reason that it is the first of the two resonance conditions in the
abovementioned equation which is actually fulfilled at 867 nm,
which is the wavelength equivalent of the 1.43-eV energy differ-
ence between E_ and E; (Fig. 9). We can thus speculate that the
830-nm excitation falls into the lower wavelength slope of the

electronic absorption band of the abovementioned photoinduced
CT transition with a maximum close to 867 nm.

Furthemmore, the absence of such pronounced normalized inten-
sity increase of Raman bands in excitation profiles of the glass/SLG/
HsPc (BL)-1 hybrid system indicates that observation of the
photoinduced CT transition is conditioned by the stronger S5LG-
H,Pc interaction in the case of the monolayer coverage of SLG by
H,Pcthan in the case of the bilayer one (established in Text 54 in SI).

Finally, we notice some analogy between this particular mecha-
nism of GERS and the chemical mechanism of SERS (particularly
when the latter one operates in the absence of the electromagnetic
mechanism of SERS on flat metal surfaces'®). The common feature
of the two mechanisms is a photoinduced CT transition from the
Fermi level of the metal or SLG to LUMO of a molecule conditioned
by a relatively strong surface-molecule interaction. On the other
hand, it has to be noted that the chemisorption which is the neces-
sary condition for operation of the chemical mechanism of SERS
(2526461 i different in its nature and strength from the n-x interac-
tion involved in SLG-aromatic molecule (e.g. H,Pc) monolayer sys-
tems; hence, different types of molecules can obey the necessary
condition for this photoinduced CT mechanism in GERS and in
SERS, respectively.

Conclusions

The glass/SLG/free-base phthalocyanine (H,Pc) hybrid systems with
monolayer (ML) coverages of SLG by H,Pc molecules were pre-
pared by a spectrally controlled adsorption-desorption of H,Pc
molecules from solution. The graphite/H,Pc (ML) and the
glass/SLG/H,Pc (BL) hybrids were prepared as well and employed
as the reference systems. Raman spectra of all hybrid systems were
measured as a function of excitation wavelengths in the 532-
830 nm range. Assignment of the specific Raman spectral features
allowed to establish the relative strength of interaction between
the single carbon atom layer and H.Pc molecules: graphite-H,Pc
(ML) < SLG-H,Pc (BL) < SLG-H,Pc (ML). Excitation profiles of
H,Pc Raman bands of the SLG containing hybrids were constructed,
and the sequences of the normalized band intensities at each
wavelength were analyzed for the vibrational mode specificity.
Raman excitation profiles of glass/SLG/H;Pc (ML) hybrid systems
in the 532-830 nm region have revealed two types of resonance
mechanisms conditioned specifically by the relatively strong inter-
action between SLG and a monolayer of H,Pc molecules. Both of
them manifest themselves by an additional enhancement of Ra-
man modes of H,Pc (denoted as the GERS enhancement™®); how-
ever, for each of them, a different energy as well as localization of
the resonance electronic transition within the H;Pc molecule has
been established. The different energies of the two resonant elec-
tronic transitions also indicate that each of them obeys a different
resonance condition theoretically predicted for GERS'® In particu-
lar, at the 633 and 647-nm excitations falling into the low wave-
length side of the Q, (0-0) electronic absorption band of H,Pc,
the GERS enhancement of the Raman modes of HsPc in the
glass/SLG/ H,Pc (ML) hybrid system is attributed to RRS of H,Pc
modified by a relatively strong SLG-H,Pc (ML) interaction. The most
pronounced modification is delocalization of the resonant Q, (0-0)
electronic transition over the outer benzene rings of HyPc. Further-
more, the GERS enhancement at 830-nm excitation is ascribed to
the proximity of this excitation to the energy of a photoinduced
charge transfer transition from Fermi level of SLG on glass to LUMO
of HyPc. The energy of this photoinduced CT transition was
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calculated as the difference between the energy of the Fermi level
of SLG on glass (—4.3 eV) and the previously reported energy of
LUMO of H,Pc""®. To the best of our knowledge, this experimental
evidence for the theoretically predicted GERS enhancement by the
photoinduced CT mechanism'® is reported here for the first time.

Finally, we propose that the approach presented in this paper for
the SLG- H;Pc (ML) can be applied also to other hybrid systems con-
stituted by SLG and a monolayer of planar aromatic molecules, pro-
vided that their specificity, namely their various E_and E; values,
are taken into account. The merit of such studies is not only the ob-
servation of the GERS enhancement, but also specification of its ex-
citation wavelength dependence and of the mechanism of its
origin for a particular SLG-aromatic molecule hybrid and excitation
wavelength. Another benefit is obtaining information about the Ra-
man spectral and electronic effects of SLG-aromatic molecule inter-
action in such hybrid systems.
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Supporting Information Text 1: Preparation and Raman spectral mapping of
graphite/H,Pc (ML) reference sample

A cylindrical graphite electrode for thermal evaporation of carbon was cut in half to produce a
flat surface. The surface was then rubbed and polished by abrasive papers of decreasing
abrasivity, and finally polished by a filter paper. The surface appeared to be flat and smooth,
however, its SEM imaging revealed the presence both of the flat and smooth areas (Fig. SI,
image A) and of the corrugated ones (Fig.S1, image B). Imaging with the optical microscope of
the Raman microspectrometer revealed that the flat and smooth areas can be found also on the
optical images (Fig. S2), and used for the subsequent Raman mapping. Moreover, the areas
suitable for mapping of the graphite/H,Pc reference samples could be identified also by the
Raman spectra resulting from mapping of the parent graphite surface. The Raman maps of the
appropriate areas showed a very low intensity of the 1344 cm-1 graphite band, in contrast to
those of the corrugated ones, in which this band was very intense.

Graphite/H,Pc monolayer (ML) samples were prepared by a similar strategy as those of
glass/SLG/H;Pc, i.e. first by soaking in H,Pc solution in toluene and by a subsequent repeated
soaking in pure toluene. Nevertheless, owing to stability of the graphite substrate, the preparation
protocol could be simplified by its immersion into the solution and the solvent, respectively,
(rather than only overlayed by each of them). Therefore, graphite was immersed into H,Pc
solution in toluene for 2 hours, dried by filter paper and then repeatedly immersed into pure
toluene for ~24 hours. Achievement of a ~ monolayer coverage was established in a similar
manner as in the case of glass/SLG/H,Pc sample.

The parameters of the spectral maps acquisitions at each of the excitation wavelengths were the
same as for the glass/SLG/H,Pc samples. Nevertheless, owing to the above mentioned
inhomogeneity of the graphite surface, it became crucial to acquire the Raman maps from exactly
the same (carefully selected) flat and smooth area of the graphite surface (depicted in Fig S2) for
both the graphite substrate itself, and for each of the graphite/H,Pc samples at each of the
excitation wavelengths. Fulfillment of this condition was accomplished by construction and

application of a special sample holder, and it was repeatedly controlled by the optical imaging.



HFV
0.13 mm

Fig. S1 SEM images of rubbed and polished graphite surface: (A) flat area, (B) corrugated area.

10 um

Fig. S2 Optical image of a flat and smooth location on graphite/H,Pc surface from which Raman

maps were acquired.
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Supporting Information Text 2: Details of the assignment of the H,Pc Raman spectral
bands in the hybrid systems.
Since the vast majority of spectral bands observed in the spectra of all hybrid samples can be

related to their analogues in the previously reported Raman spectra of H,Pc in thin films '®'7%

and in a KBr pellet %'

, the previously published assignments of Raman spectral bands can, in
principle, be used. A normal coordinate analysis (NCA) has not been reported for HPc.
Nevertheless, the NCA performed for FePc metallophthalocyanine indicates a strong vibrational
coupling of the individual (characteristic) modes and, consequently, a strong vibrational
delocalization of normal modes over the Pc macrocycle.”” Consequently, the assignment of H,Pc
vibrations based on the DFT (density functional theory) calculations **' appears to be more
comprehensive than the previously published empirical one.'"® The former assignment has thus
been adopted into Table 1.

Raman active vibrations of HoPc molecule belong to A,, Bis, By, and B3, symmetry species.
Nevertheless, only the bands of A, and By, in plane vibrations are usually observed in Raman
spectra of HyPc.® It should be noted that both the A, and B, Raman active vibrations experience
a resonance enhancement upon excitations overlapping with the Q-band spectral region.
Excitations at the wavelengths matching those of the purely electronic Qy (0-0) and Q,(0-0)
transitions lead to the resonace enhancement of totally symmetric A, modes by the Franck-
Condon mechanism. In addition to that, the B;, modes are enhanced by the Herzberg-Teller
mechanism originating from coupling of the close lying Qy and Qy excited electronic states by
vibrations of Bj, symmetry. Furthermore, excitations falling into the vibronic side-band of the Q,
band (originating from coupling of the B, i.e. the Soret, and the Q electronic transitions) also lead

to the resonance enhancement of both A, and B, vibrations. 16,17

Assignment of the Raman
spectral bands of H,Pc in the KBr pellet to A, and B, symmetry species based on the DFT
calculation has been performed.® For the experimental verification of this assignment, we
attempted to determine the depolarization ratios of Raman spectral bands at an off-resonance
excitation (to avoid observation of anomalously polarized bands). Since solubility of H,Pc in
toluene was not sufficient for this purpose, depolarization ratios of Raman spectral bands were

obtained from Raman spectral polarization measurements of an aqueous solution of the water

soluble derivative of H,Pc, namely H,Pc-TS (TS= tetrasulphonatophenyl), at 532 nm, i.e. by the



strategy previously employed for FePc [39]. Comparison of the polarization characteristics (p-
polarized, dp-depolarized) of the H,PcTS Raman spectral bands with the symmetry species (A,
or B,) assigned to the corresponding bands of the H,Pc vibrations in the glass/SLG/H,Pc (ML)-
X system on the basis of the results of the DFT calculation for H2Pc is shown in Table S1, and
the results have been incorporated into Table 1. The match between the DFT-calculated and the
experimentally determined symmetry properties of vibrations derived from the depolarization
ratios of their spectra bands (p-A;g, dp-Big) has been obtained for all the Raman bands with a
clearcut correspondence between the H,Pc and H,Pc-TS spectral bands. (Table S1).

The wavenumbers of Raman spectral bands observed for the glass/SLG/H,Pc(BL)-1 hybrid
system at 633 nm (Fig. 2, spectrum b), in comparison to those in the previously reported Raman
(GERS) spectra of the Si/Si0,/SLG/H,Pc hybrid system of about 0.2 nm thickness measured at
this particular excitation wavelength,® show a good mutual agreement. In addition to those
reported previously,3 we report the spectral bands in the 400-600 cm™ region, namely those at
484, 544 and 569 cm'as well as two new spectral bands at 750 and 951 cm™. All the spectral
bands in the spectra of glass/SLG/H,Pc (BL)-I at 633 nm excitation have their analogues in the
newly reported spectra at the 647 nm excitation (and most of them are observed also at 785, 830
and 532 nm excitations) (Fig. 2 and Table 1). At both 633 and 647 nm excitations, we observe
also analogues of the 766, 1159 and 1407 cm™ bands (namely at 768,1162 and 1406 cm™) which,
in ref. 3, were assigned to the SLG activated IR (infrared) modes. Nevertheless, in the meantime,
analogues of these bands (765, 1155, 1407 cm™) have been observed in the Raman spectra of
HyPc in a KBr pellet excited at 532 nm and assigned to Raman active A modes on the basis of
the DFT calculations.”’ On the other hand, the newly observed spectral bands at 750 and 951 cm’
! do not have analogues in the previously published Raman (and/or GERS) spectra of H,Pc. *'%?!
Since these bands belong neither to Raman bands of toluene (used as solvent for H,Pc deposition
by adsorption) nor to those of impurities originating from the SLG deposition (they are absent in
Raman spectra of the parent glass/SLG system, Fig.S7 spectrum d), their origin deserves a more
thorough discussion provided below.

The 750, 958, 1218 and 1533 cm’! Raman bands of H,Pc are the spectral features related to the
SLG-H,Pc interaction in glass/SLG/H,Pc hybrids. Of these, the 1533 cm” band occurs
specifically upon SLG-H,Pc (ML) interaction. We note that the 750 and 958 cm™ bands (which

do not have any previously reported Raman analogues) do have their counterparts in the IR



spectra of H,Pc, namely the 752 and 952 cm™ bands assigned to the out of plane N-H and out of

plane C-H deformation modes, respectively.?!**4!

Their Raman spectral activation by the SLG-
H,Pc interaction could presumably be related to a decrease of the effective symmetry of H,Pc
molecule (D,p—Dyq) by its axial interaction with SLG. It should also be noted that the graphite-
SLG interaction is not strong enough to induce such effect, since the two above mentioned bands
are virtually absent in the Raman spectra of graphite-H,Pc (ML) system. A probable reason for
the graphite —H,Pc interaction being weaker that SLG-H,Pc one is the fact that in the graphite-
H,Pc system, the top graphene layer of graphite interacts with both H2Pc and with the other
graphene layers in graphite.

A similar argument, i.e. the relatively strong SLG-H;Pc interaction, can be used for explanation
of the appearance of the 1218 cm™ Raman band (belonging to Bi, symmetry mode), as well as of
the 1533 ecm™ in the spectra of glass/SLG/H,Pc hybrids. Nevertheless, the origin of the latter
band requires a closer inspection for the following reasons. First, its observation is limited to the
glass/SLG/H,Pc/ (ML) samples VI and X, however, its actual relative intensity is different for the
sample VI and X, and, for the sample X, it becomes the most intense Raman spectral band of
H,Pc. Secondly, in the spectra of both samples VI and X, this band is observed as the part of a
doublet with a close-lying band at 1545 cm™ which decreases in its relative intensity for the
sample X with respect to the sample VI. The latter Raman spectral band is, in turn, typical for the
spectra of both glass/SLG/H,Pc(BL)-I and graphite/H,Pc (ML) hybrids.

This single Raman band observed at 1543 cm™ for glass/SLG/H,Pc(BL)-I and at 1544 cm™ for
graphite/H,Pc (ML) corresponds with the 1540 cm™ band of H,Pc in the KBr pellet assigned to
the C-Nm-C asymmetric stretching and C-Ny-C symmetric stretching, i.e. to the overall motion
of 16 C-N bonds of A, symmetry. 821 This band has also been denoted as the cavity size marker
on the basis of the spectra of various metallophthalocyanines **. In the case of H,Pc Raman
spectra, this band has also been observed in the 1534-1539 cm™ range for various samples of the

161720 and as a 1539 and 1525 cm™ doublet for the p -H,Pc polymorph

a -H,Pc polymorph films
films. In the latter case, observation of a doublet can be attributed to the presence of two non-
equivalent H,Pc molecules in the unit cell. ’

In search for a possible explanation of observations of the 1545, 1533 cm™ doublet in Raman
spectra of hybrid systems constituted by SLG and a monolayer of H,Pc molecules, we speculate

that there can actually be two types of adsorption sites for H,Pc on SLG, and that at one of them,



the SLG-H;Pc interaction is stronger than on the other. This, in turn, could result into observation
of two C-N-C mode bands. Furthermore, the additional soaking of the sample VI in toluene could
lead to reorganization of molecules within the adsorbed H,Pc monolayer resulting into a higher
population of the sites with a stronger H,Pc -SLG interaction in sample X . This, in turn, can lead
to the the gain of the 1533 cm™ band intensity on the expenses of that of the 1545 cm™ band.
Importantly, the exchange of relative band intensities of the two above mentioned bands projects
itself into the wavenumbers of the corresponding overtone bands, which are observed at 3080 cm”
! for sample VI and at 3060 cm™ for sample X (Table 2 and Figs.S5 and S6). In particular,
observation of the 1533 ¢cm™ band overtone at 3060 cm™ indicates, that the corresponding
fundamental is of A, symmetry and can thus be attributed the combined C-N-C vibrational mode.
This assignment has been incorporated into Table 1.

Note: the references correspond to those listed in the paper.



Table S1: Wavenumbers of H,PcTS Raman spectral bands (in an aqueous solution) and their
polarization (p = polarized, dp = depolarized), wavenumbers of H,Pc Raman spectral bands in
glass/SLG/H;Pc-X hybrid system and the symmetry of corresponding modes from DFT

calculations by Murray et al. 2!, The 1276 cm™ band (marked *) belongs to sulfonate group™

Band wavenumbers Polarizati Band wavenumbers S ‘
of HoPcTS (cm™) olarization of HyPc (cm™) ymmetry

576 p 545 A,
588 p 597 Ag
688 p 684 A,
727 p 726 A,
805 p 798 A,

1010 A,
1020 dp
1035 dp 1029 By,
1071 dp 1085 Big
1103 dp 1111 B,
1128 dp

1145 A,
1180 p 1185 A,
1190 dp 1197 Big
1228 dp 1219 B,
1276 * -
1312 dp 1311 Big
1337 p 1343 A,
1394 p 1408 A,
1431 dp 1431 B,
1463 p 1453 Ag
1518 p 1512 A,
1535 dp 1532 -

p 1544 Ag

1578 P -
1614 dp 1620 Big
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Table S2: The 2D mode dispersion in the parent glass/SLG system and in the hybrid system with
H2PC

Excitation lass/SLG/H,Pc lass/SLG/H,Pc lass/SLG/H,Pc
wavelength [nm] S I i VI — X glass/SLG
532 2692 2694 2694 2692
633 2652 2655 2658 2655
647 2649 2651 2651 2647
785 2597 2596 2595 2600




Normalized Corrected Raman Intensity
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Wavelength (nm)
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Fig. S8 Details of Raman spectral bands excitation profiles of (A) glass/SLG/H,Pc (BL)-I
system, (B) glass/SLG/H,;Pc (ML)-VI system, (C) glass/SLG/H,Pc (ML)-X system in the 532-
830 nm range (with the focus on the less enhanced bands).
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ABSTRACT: Single layer graphene (SLG) and two-dimen-
sional (2-D) plasmonic Ag nanoparticle arrays assembled by
chemisorption of ethanethiol (ET) molecules (AgNPs-ET)
were employed as components of two types of hybrid systems
designed for surface-enhanced Raman scattering (SERS)
spectral probing of SLG localized in the vicinity of plasmonic
NPs. Both hybrids were characterized by optical microscopy,
transmission electron microscopy (TEM), surface plasmon
extinction (SPE), and SERS microRaman spectral measure-
ments at four excitation wavelengths spanning the 445—780
nm range. SERS spectral probing of the glass/SLG/AgNPs-ET
hybrid prepared by overdeposition of SLG on glass by the
array of ET-modified Ag NPs has shown that the chemisorbed ET acts as an efficient molecular spacer between SLG and Ag NPs
surface which, in turn, enabled to obtain SERS spectra of SLG unperturbed by doping or strain. TEM imaging and SERS spectral
probing of the second hybrid prepared by overdeposition of AgNPs-ET array on glass by SLG revealed removal of the adsorbed
ET molecules and annealing of Ag NPs during the SLG deposition. The characteristics of the resulting glass/AgNPs/SLG hybrid
system, namely (i) broad distribution of the annealed Ag NPs sizes and shapes, (ii) SPE curve covering the overall visible spectral
region, (iii) absence of the ET spectral bands in SERS spectra, and (iv) fairly uniform SERS enhancement of the G and 2D mode
of SLG in the 532—780 nm range in the straight sample geometry indicate that this hybrid can provide a suitable platform for
investigation of the excitation wavelength dependence of combined SERS/GERS (graphene-enhanced Raman scattering)
enhancement experienced by various molecular species brought into contact with SLG in this hybrid. Finally, weak optical effects
attributed to increased reflectivity of SLG in the near field of Ag NPs arrays have been observed in the excitation wavelength
dependence of the SERS spectra of both types of hybrid systems.

X, 5
SERS of pristine graphene

SPE covers overall visible region

H INTRODUCTION
Hybrid systems constituted by plasmonic metal nanoparticles

efficiency and an absence of the spectral selectivity. Never-
theless, these limitations have been overcome by integration of

(NPs) and graphene are currently the subject of considerable
interest stemming from the specific properties of the
components as well as new effects resulting from integrating
of these components. In particular, the ability of plasmonic NPs
to confine visible light into subwavelength dimensions by
resonance excitations of dipolar (localized) surface plasmons is
widely used in plasmonics, optoelectronics, and in surface-
enhanced Raman spectroscopy.' > Graphene, and particularly
single-layer graphene (SLG), is a highly desirable material for
optoelectronics due to its unique properties, such as a ultrathin
(atomic) thickness, high carrier mobility, and mechanical
flexibility." For example, the potential of SLG as a material
for construction of fast photodetectors has been been
considered, but found to be hampered by its very low quantum

7 ACS Publications @ 2017 American Chemical Society

14414

graphene with a thin layer of plasmonic nanostructures. In such
systems, the plasmonic nanostructures act as nanoantennas that
enhance the photoresponse selectively at their plasmon
resonance wavelength(s), and thus enable construction of
graphene-based photodetectors with the desired light wave-
length (color) selectivity.’ Subsequently, the wavelength-
dependent absorption induced by localization of SLG into
the near field optically excited in the vicinity of two-
dimensional (2-D) arrays of Ag and/or Au NPs has been
explored both by model calculations and experiments.*™"
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Figure 1. Preparation of arrays of ethanethiolate-modified Ag NPs, their deposition onto glass slides, and their transfer onto glass/SLG and/or glass/

Al foil supporting surfaces.

Furthermore, the effect of coupling of SLG with plasmonic
metal nanostructures, e.g., Ag or Au NPs arrays, on doping
and/or strain experienced by SLG in the plasmonic metal NPs/
SLG hybrid systems, has been successfully explored by surface
enhanced Raman scattering (SERS) spectroscopy.'' ¥ Inter-
pretation of the SERS studies of such hybrid systems takes
advantage of the previously published Raman spectral studies of
SLG under various, but well-defined conditions.””*' Further-
more, the SERS enhancement experienced by the SLG modes
has been attributed to the electromagnetic (i.e., the localized
plasmon resonance) mechanism of SERS."* SERS spectra of
SLG were obtained from hybrid systems constituted by SLG
and the overdeposited plasmonic NPs as well as from the
assemblies of plasmonic NPs overlaid by SLG.'"'™™ A
comparison of SERS of SLG from these two types of hybrid
systems has been addressed,'® however, a mutual comparison of
the SERS enhancement factors experienced by the SLG modes
in each of these two hybrid systems was somewhat hampered
by different morphology of the Ag NPs and of their assembly in
each of them. In addition to that, the hybrid systems
constituted by graphene and plasmonic NPs were employed
as platforms for SERS of graphene,”> SERS spectral sensing
platforms for molecules, ™" "'***** a5 well as for SERS spectral
monitoring of plasmon-driven reactions” and of specific
sensor—analyte interactions.”

In this work, we investigate the effect of ethanethiolate spacer
presence and/or removal on morphology and optical responses
of hybrid systems constituted by SLG and Ag nanoparticle
arrays. First, we explore the effect of a thin molecular spacer
separating SLG from a 2-D array of Ag NPs, on the SERS
spectra of SLG. Our aim is to reveal whether the presence of
the thin molecular spacer can eliminate the strain and/or
doping induced by a direct interaction between SLG and Ag
NPs. Our effort is targeted on (i) preservation of pristine SLG
structure, and (i) obtaining at least some SERS enhancement
of Raman modes of SLG. This approach has been partially
motivated by previous SERS spectral studies carried out by us
and others,”’ ™ in which SERS and/or SERRS spectra of
structurally unperturbed molecular species have been obtained
on substrates constituted by Ag NPs modified by molecular
spacers tailored specifically for the particular types of molecular
species investigated. For SERS of SLG on spacer-modified
plasmonic NPs, we selected Ag NPs modified by adsorption of
ethanethiol (ET) upon formation of Ag-ET surface species, as

reported previously.” ET that is chemisorbed on Ag NPs at the
interface between the aqueous and the dichloromethane phase
has been shown to play a dual role: (i) a hydrophobic spacer
enveloping the Ag NPs and (i) a mediator of the 2-D
assembling of ET-modified Ag NPs at the interface.”*’

In the first part of this paper, we report on assembling of
glass/SLG/AgNPs-ET hybrid system (constituted by SLG
deposited on a glass substrate and overdeposited by a 2-D array
of ET-modified Ag NPs) and on the results of its SERS spectral
probing at four excitation wavelengths in the 445-780 nm
range. As the reference systems for evaluation of the SLG and
the Ag-ET spectral bands positions and intensities, we employ
the glass/SLG and the glass/AgNPs-ET system, respectively.
Furthermore, we compare the morphology and surface plasmon
extinction (SPE) spectra of the hybrid system and of the
second reference system as a part of our effort to explain the
observed additional SERS enhancement experienced by the Ag-
ET surface species in the hybrid system with SLG.

In the second part of this paper, we provide SERS spectral
evidence of the complete removal of the ET spacer upon
deposition of SLG onto the glass-deposited 2-D array of ET-
modified Ag NPs by the chemical vapor deposition (CVD)
procedure,®’ namely, by the nitrocellulose (NC) method. This
method of SLG transfer involves a solvent exposure as well as a
moderate heating of the as prepared hybrid system.”> We
explore the effect of this procedure on the morphology and
SPE of Ag NPs in the resulting glass/AgNPs/SLG hybrid
system as well as on the SERS spectra of SLG. In particular, we
employ a novel strategy of SERS microRaman spectral
measurements of the glass/AgNPs/SLG hybrid system samples
in two different orientations with respect to the incident laser
excitation (further denoted as the straight and the inverted
sample geometry). Comparison of the SERS enhancement
experienced by the SLG spectral modes in each of the two
sample geometries allows us to address the question of whether
localization of the same plasmonic enhancer (i.e., a 2-D array of
Ag NPs) above or underneath SLG does actually affect the
experimentally determined SERS enhancement factors of the
SLG spectral modes.

B EXPERIMENTAL SECTION

Materials. Analytical-grade AgNO; and sodium borohydride as
well as spectral grade dichloromethane (UVASOL) were purchased
from Merck, and 1-ethanethiol (97%) from Sigma-Aldrich. Al foil was
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obtained from Scienceware. Distilled deionized water was used for all
sample preparations.

Preparation of Glass/SLG Hybrid System SLG was prepared
by the previously reported CVD procedure.”* The as-grown graphene
was transferred to the glass substrate using cellulose nitrate (NC).*
The majority of the NC layer was removed by methanol drops at room
temperature. The glass/SLG sample was then annealed at 160 °C for
30 min in order to remove the NC residuals from the SLG surface.
Raman spectral mapping of the sample showed no spectral features of
the NC residuals.

Preparation of Ag NP Hydrosol. Ag NP hydrosol was prepared
by reduction of silver nitrate by sodium borohydride according to the
previously published procedure.” A transmission electron microscopy
(TEM) image of the dried drop of the hydrosol deposited on a
carbon-coated grid for TEM and the distribution of the Ag NPs sizes
are shown in Figure SI in the Supporting Information (SI). The
average value of Ag NPs size is 7.5 nm.

Preparation and Deposition of Arrays of Ethanethiolate-
Modified Ag NPs. Arrays of Ag NPs modified by chemisorbed
ethanethiol (further denoted as AgNPs-ET arrays) were prepared
according to the procedure reported by Michl et al.** Briefly, a two-
phase system constituted by 2 mL of Ag NPs hydrosol and 2 mL ofa 1
X 107 M solution of ethanethiol in dichloromethane was vigorously
shaken until a lustrous nanoparticulate film appeared at the interface
between the aqueous and the organic phase (photographically
depicted in Figure S2). The interfacial film was then transferred by
a pipet onto a glass slide (scheme in Figure 1), and it was either
directly used for preparation of hybrid system I, of glass/Al foil/
AgNPs-ET reference system and/or samples for TEM by imprinting
on the particular supporting surface (glass/SLG, glass/Al foil, C-
coated grid for TEM or SLG covered, C-coated TEM grid,
respectively, Figure 1 and Figure S2 in the SI), or allowed to dry in
air and employed as the reference system for SERS spectral
measurements and/or as the component of the hybrid system IL By
differential electronic absorption and/or SPE spectral measurements,
the efficiency of the ET incorporation into interfacial films was
established to be ca. 2%, and the Ag NPs assembling efficiency was
found to be ca. 83%.

Preparation of Hybrid System I. The hybrid system constituted
by SLG overdeposited by the Ag NPs-ET array was prepared by
transfer of the Ag NPs-ET array from a glass slide by its imprinting
onto SLG deposited on a glass slide (Figure 1 and Figure 52 in the SI).

Preparation of Hybrid System Il. The hybrid system II was
prepared by overdeposition of the glass-deposited AgNPs-ET array by
SLG using the CVD procedure,®' in particular the NC method** of the

as prepared SLG transfer onto the Ag NPs-ET array on glass, The
ma;'ority of the NC layer from the resulting glass/AgNPs-ET/SLG/
NC hybrid was removed by methanol drops at room temperature.
Then the glass/AgNPs-ET/SLG sample was annealed at 160 °C for 30
min in order to remove the NC residuals from the SLG surface. SERS
spectral mapping of the sample (vide infra) showed no spectral
features of the NC residuals, which, in turn, demonstrates that an
advantage of this particular preparation procedure is obtaining of the
spectrally pure glass/AgNPs/SLG samples.

Preparation of Glass/Al Foil/AgNPs-ET Reference System.
This reference system was prepared by transfer of the AgNPs-ET array
from a glass slide by its imprinting onto an Al foil attached to a glass
slide (Figure 1).

Instrumentation. Raman and surface-enhanced Raman (SERS)
spectra were recorded on a DXR Raman spectrometer (Thermo
Scientific) interfaced to an Olympus microscope. An objective with
50X magnification was employed. The following excitation lines were
used: 445 nm (diode laser), 532 nm (diode-pumped solid-state laser),
633 nm (He—Ne laser), and 780 nm (diode laser). The laser power
ranged from 0.1 to 2 mW, and a full-range grating was used for all
measurements. Raman and/or SERS spectra mapping was performed
by measuring maps of 6 points X 6 points spanning the 60 ym X 60
pm sample area.

Surface plasmon extinction (SPE) spectra were measured on a
Shimadzu UV-2401 spectrometer. Transmission electron microscopy

images were obtained with a Tecnai G2 (FEI) transmission electron
microscope with the acceleration voltage 120 keV. Optical microscopy
images were obtained with a Leica DM6000 M (Leica Microsystems)
optical microscope.

B RESULTS AND DISCUSSION

SERS Spectra, Morphology, and Surface Plasmon
Extinction of Glass/SLG/AgNPs-ET Hybrid System: The
Effects of the ET Spacer Presence. The glass/SLG/AgNPs-
ET hybrid system as a sample for SERS microRaman spectral
measurements is schematically depicted in Figure 2A. SERS
spectra obtained from this hybrid system at 445, 532, 633, and
780 nm excitations are shown in Figure 2B, spectra a—d. All
spectra in Figure 2B contain the characteristic spectral bands of
the Ag-ET surface species as well as those of the G and the 2D
modes of SLG, as follows from their comparison with the
spectra of the glass/SLG (Figure S3) and the glass/AgNPs-ET
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Figure 2. (A) Schematic depiction of glass/SLG/AgNPs-ET hybrid
system as a sample for SERS microRaman measurement. (B) SERS
microRaman spectra of glass/SLG/AgNPs-ET hybrid system meas-
ured at (a) 445, (b) 532, (¢) 633, and (d) 780 nm excitation. (C)
Comparison of SERS microRaman spectra of glass/SLG reference (a)
and of glass/SLG/AgNPs-ET hybrid (b) systems at 445 nm excitation.
Spectrum (a) was multiplied by a factor of .
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(Figure S4) reference systems. The assignment of the SERS
spectral bands of Ag-ET surface species as well as of Raman
spectral bands of the free ET is provided in Table S1. The most
pronounced differences between the spectra of ET and Ag-ET
is the absence of the 2570 ecm™ band of v(S—H) and the
presence of the 350 em™' band of v(Ag—S) in the latter
spectrum, in contrast to the former one.

The positions of the G and 2D mode spectral bands are most
clearly distinguished in the SERS spectrum of the glass/SLG/
Ag NPs-ET hybrid system excited at 445 nm (Figure 2B,
spectrum a), in which their relative intensities with respect to
those of the Ag-ET bands are the largest. The comparison of
the SERS spectra of SLG in the glass/SLG/Ag-ET hybrid and
of its Raman spectra in the glass/SLG reference system
obtained at the 445 nm excitation (Figure 2C, spectra a and b)
show that the wavenumbers of the G mode (1585 and 1586
em™) as well as of the 2D mode (2722 cm™) are the same (or
virtually the same within the experimental error) in both
systems. Moreover, the position of the G mode band at 1585
em™ is close to that of the undoped SLG.”**' These results
provide evidence of the presence of the unperturbed SLG in
the glass/SLG/AgNPs-ET hybrid system. In contrast to that, a
$ cm" upshift of the G mode and a slight upshift of the 2D
mode attributed to n-doping and compressive strain was
reported for the SLG/Ag NPs h}ib:id system in which SLG is in
direct contact with Ag NPs. ° Preservation of the native
structure of SLG is thus ascribed to the Ag-ET molecular spacer
enveloping Ag NPs and preventing the direct SLG-Ag NPs
contact.

SERS enhancement factors of the G and the 2D modes of
SLG in the glass/SLG/Ag-ET hybrid at each of the four
excitation wavelengths were determined as the integral intensity
ratios of the spectral bands of these modes in the SERS spectra
of the hybrid system and in Raman spectra of the glass/SLG
reference system., Their values are listed in the first two
columns of Table 1. The largest SERS enhancement by a factor

Table 1. SERS Enhancement Factors of the SLG Modes in
the Glass/SLG/AgNPs-ET Hybrid System and the Average
SERS Enhancement Factors of the Modes of the Ag-ET
Surface Species in (I) the Glass/SLG/AgNPs-ET Hybrid
System and (II) the Glass/Al Foil/AgNPs-ET Hybrid System

A SLG- ET-addit ET-final ET-addit ET-final
(nm) SLG-G 2D 1 (1) (1) (1)

445 3 2 1 5% 10° 4 2 x 1P
532 9 4 4 2108 12 6 x 10
633 9 6 4 8 x 10° 15 8 x 10°
780 2 2 1 1% 10° 1 5% 10°

of 9 was determined for the G mode of SLG at 532 and 633 nm
excitations. This result is, in general, consistent with the shape
of the SPE curve of the hybrid system (Figure 3, curve b).
Nevertheless, in addition to the SPE shape, contributions of
other factors have to be considered to explain the SERS
enhancement at a particular excitation wavelength, namely: (i)
an increase of the contribution of the light scattering to the
overall extinction (sum of absorption and scattering) of a
plasmonic nanoparticle array with the increasing excitation
wavelength,>* and (ii) the “second part of the electromagnetic
(EM) SERS enhancement”, which implies that not only the
incident, but also the Raman scattered radiation is enhanced by
the EM mechanism of SERS,> ie, by the elastic Mie
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Figure 3. Surface plasmon extinction spectra of (a) glass/AgNPs-ET

reference system, (b) glass/SLG/AgNPs-ET hybrid system, together
with the projections of SERS excitation wavelengths.

scattering.”” For example, the 633 nm excitation (which
provides the SERS spectra with the best enhancement factors
for both the G and the 2D mode, Table 1) is nearly coincident
with the SPE curve maximum. The wavelength of the SPE
maximum represents the wavelength at which the sum of
absorption and scattering of light by the hybrid system is the
largest.”” On the other hand, the wavelength of the photons
scattered by the G mode (at 1585 cm™) is 704 nm and that of
the 2D mode (2648 cm™") photons is 760 nm, respectively, and
the latter thus coincides with a lower extinction on the
declining slope of the SPE band than the former (Figure S5 in
the SI). Consequently, a slightly lower SERS enhancement
factor (Ef) is expected and actually observed for the 2D mode
(Ef = 6) than for the G mode (Ef = 9).

Importantly, the G mode enhancement (Ef = 9) at 5§32 and
633 nm excitation in SERS of our hybrid system with
unperturbed SLG and the hydrophobic Ag-ET spacer is
actually slightly higher than that experienced by the same
mode in SERS of the system with SLG underneath Ag NPs (Ef
= 7)."” In the latter system, SLG is affected by compressive
strain and n-doping, which, in turn, result from the direct
contact between SLG and Ag NPs. This comparison indicates
that the decrease of the SERS enhancement by the EM
mechanism induced by a thin spacer'® namely, in our case, by
the hydrophobic Ag-ET spacer (terminated by the CH, group)
of about 0.6 nm thickness has been compensated by (i) the 2-D
assembling of the closely spaced, ET modified Ag NPs (vide
infra and Figure 4B—D), i.e, by formation of a more efficient
plasmonic enhancer than the assembly of mostly isolated Ag
NPs'” reported in ref 19, and, (ii) by the proper selection of
excitation wavelength(s) with respect to the SPE of the AgNPs-
ET assembly (Figure 3b).

In summation, the results of our SERS study provide
evidence that employment of the thin hydrophobic spacer
enables an efficient localization of SLG unperturbed by strain
(affecting its mechanical properties'”**") and/or doping
(affecting its electronic properties””**') into the near field
resonantly optically excited in the spacer-modified Ag NPs
assembly.

In addition to that, a comparison of the optical images of the
glass/AgNPs-ET reference system (Figure 4A) and of the
glass/SLG/AgNPs-ET hybrid system (Figure 4B) obtained in
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Figure 4. (A) Optical microscopy image of glass/AgNPs-ET reference system obtained with the 20x magnification objective. (B) Optical microscopy
image of glass/SLG/AgNPs-ET hybrid system obtained with the 20x magnification objective. (C) Optical microscopy image of glass/SLG/AgNPs-
ET hybrid system obtained with the 50x magnification objective. (D) TEM image of SLG/AgNPs-ET hybrid system deposited on carbon-coated Au

grid.

Raman Intensity

A

Wavenumbercm '

Figure 5. Manifestation of the additional enhancement of SERS of ET in the AgNPs-ET array induced by the presence of SLG underneath the
AgNPs-ET array. (A) SERS microRaman sampling carried out at 633 nm excitation along the trajectory outlined in panel B, i.e,, in the optical image
of the sample; black line: the glass/AgNPs-ET part of the sample; red line: the glass/SLG/AgNPs-ET part of the sample.

the same magnification indicates that, while the hydrophobic
ET-modified Ag NPs in the former system tend to form
multilayers on the glass substrate (Figure 4A), the presence of
SLG in the latter system has promoted the 2-D assembling of
these hydrophobic Ag NPs (Figure 4B). The last mentioned
observation is further corroborated by the optical images of the
hybrid system in a higher magnification (Figure 4C) and by the
TEM image the assembly of ET-modified Ag NPs on a SLG-
covered, carbon-coated Au grid for TEM (Figure 4D).

In accord with the morphological characterization provided
above, the SPE spectrum of the glass/AgNPs-ET reference
system (Figure 3, curve a) shows a markedly higher extinction

than that of the glass/SLG/AgNPs-ET hybrid system (Figure 3,
curve b). The observed red-shift of SPE in the latter system
with respect to the former one (Figure 3, curves a and b) can
thus originate from the efficient SLG-Ag NPs coupling’
however, it can also be caused by the different morphologies of
the Ag NPs assembly in each of these systems.

Furthermore, the average values of SERS enhancement
factors of the spectral bands of the Ag-ET surface species have
been determined for both the glass/SLG/AgNPs-ET hybrid
and the glass/AgNPs-ET reference system from their SERS
spectra measured at 445, 532, 633, and 780 nm excitation
wavelengths (Table 1 and Table S2 in SI, respectively). Their

DOI: 10.1021/acs.langmuir. 7b03462
Langmuir 2017, 33, 1441414424



Langmuir

Article

mutual comparison has shown that at the 532 and 633 nm
excitations, the Ag-ET SERS spectral bands experience an
additional enhancement by an average factor of 4 due to the
presence of SLG in the hybrid system. By contrast, no such
enhancement has been encouma‘ed at the 445 and 780 nm
excitations (Table 1). This additional enhancement of SERS of
Ag-ET has been visualized by SERS microRaman sampling
experiment at 633 nm excitation in which the spectral sampling
trajectory was directed over an edge of the glass-deposited SLG
overdeposited by the ET-modified AgNPs array (Figure §).
The first part of the trajectory sampled ca. 1.5 ym® areas on the
glass/Ag NPs-ET part of the sample, while the second one
sampled areas of the same size on the glass/SLG/AgNPs/ET
part (Figure SB). The increase of the Ag-ET spectral bands
intensity observable after the sampling trajectory crossed the
SLG edge and entered the SLG-covered part of the sample is
clearly visible on the SERS spectra evolution presented in
Figure SA.

On the basis of the results obtained in this paper as well as
those published previously, several possibilities have been
considered to explain this additional enhancement and its
excitation wavelength dependence. First, (i) the graphene-
enhanced Raman scattering (GERS)“ ~7 and its coupling with
the EM mechanism of SERS® has been considered. However,
it has been recently concluded®**” that the GERS enhancement
is observed only for planar aromatic molecules which is the case
of neither the ET molecule, nor the Ag-ET surface species.
Futhermore, (i) the difference in the morphology (Figure
4AB) and SPE spectra between the glass/AgNPs-ET (Figure
3AB) and the glass/SLG/AgNPs-ET systems, ie,, measure-
ments from a multilayer versus a monolayed of ET-modified Ag
NPs can be also ruled out. The reason is that the SERS signal is
collected predominantly from the first Ag NP-ET layer, as
confirmed also by the same SERS enhancements of the Ag-ET
vibrational modes in both systems (ie,, regardless the actual Ag
NP layer thickness) observed at the 445 nm as well as at the
780 nm excitation. Furthermore, (iii) the vibrational mode
selectivity of the additional enhancement has been checked by
comparison of the enhancement factors of the individual Ag-ET
vibrational modes (Table S3 in the SI). The enhancement
factors of all these modes range from 3.3 to 4.3 at 532 nm
excitation and from 3.0 to 4.4 at 633 nm excitation, i.e,, there is
no strong preferential enhancement of a particular vibrational
mode of the Ag-ET surface species.

Finally, (iv) we consider the recently reported changes of the
optical characteristics of SLG localized in the o ?tlcal near field
resonantly excited in 2-D Ag or Au NPs arrays.”~'* It has been
demonstrated that light absorption of SLG can be manipulated
by integrating SLG with a thin layer of plasmonic
nanostructures (such as the 2-D Ag or Au NPs arrays with or
without a dielectric spacer between SLG and the plasmonic
NPs array) upon the conditions of the resonance surface
plasmon excitation.”” " In particular, the enhanced optical
field thus created in the plasmonic NPs array can effectively
enhance the total absorption of SLG.” Considering the Fresnel
equations for calculation of the reflectance R of a material from
its “optical constants”, i.e., the real (n-real refraction index) and
imaginary (k-index of absorption) part of its complex refraction
index (N),* the increase of the index of absorption of the
material leads to increase of its reflectance R. Therefore, we
suggest that the increased absorption of SLG coupled to AgNPs
results in the increase of its reflectance, and we speculate that it
is actually the increased reflectance of SLG (located undemeath

the ET-modified Ag NPs array) that leads to the increased
SERS signal intensity of the Ag-ET surface species. This
speculation is consistent with the selective observation of this
additional SERS enhancement at 532 and 633 nm excitations in
relation to the shape of the SPE curve of the glass/SLG/
AgNPs-ET hybrid, which reaches maximal extinctions at the
wavelengths corresponding to these excitations, but strongly
drops both at 445 and 780 nm wavelengths (Figure 3, curve b).
For testing the feasibility of the assumption that, at 532 and 633
nm excitations, SLG in the glass/SLG/AgNPs-ET hybrid
system actually acts as a reflecting surface, we have carried
out the following experiment: First, a new glass/Al foil/ AgNPs-
ET hybrid system, in which SLG was replaced by an Al foil
known as a strongly reflecting mirror, was prepared. Its SERS
microRaman spectra were measured at the same excitations as
those of the glass/SLG/AgNPs-ET hybrid and of the glass/
AgNPs-ET reference system, and the additional average SERS
enhancement experienced by the vibrational modes of the Ag-
ET surface species in the hybrid system with Ag foil (with
respect to the reference system without the Ag foil) has been
determined, yielding a factor of 12 and 15 at 532 and 633 nm
excitations, respectively (Table 1). These experiments demon-
strate the possibility to increase SERS signal of molecules and/
or surface complexes incorporated in 2-D arrays of Ag NPs and
measured by the microRaman technique by localization of the
array on the strongly reflecting surface, while the 3—4 times
higher enhancement produced by the Al foil than by SLG in the
near field of Ag NPs indicates that SLG acts as only a weakly
reflecting surface under these circumstances.

SERS Spectra, Morphology, and Surface Plasmon
Extinction of Glass/AgNPs/SLG Hybrid System Originat-
ing from the Parent Glass/AgNPs-ET System: The Effects
of the ET Spacer Removal during SLG Deposition. The
second hybrid system investigated in this paper was prepared
by overdeposition of the parent glass/AgNPs-ET system by
SLG. SERS spectra of the resulting system measured at 445,
$32, 633, and 780 nm wavelengths in the straight (ie, as
prepared) sample geometry (depicted in Figure 6A) and shown
in Figure 6B contain none of the characteristic spectral bands of
the Ag-ET species (assigned in Table S1 and observed in the
SERS spectra of the glass/SLG/AgNPs-ET hybrid, Figure 2B).

This result indicates that ET was completely removed from
the surface of the ET-modified Ag NPs during their
overdeposntmn by SLG using the NC method of SLG
transfer’ ~* (details in the Experimental Section). The hybrid
system is thus denoted as glass/AgNPs/SLG (Figure 6A).

The changes in the morphology of Ag NPs caused by the
moderate heating (160 °C) and the ET removal during
deposition of SLG have been inspected by comparison of the
TEM images of the parent AgNPs-ET array (deposited on the
TEM grid prior to the SLG deposition, Figure 7A) and of the
resulting AgNPs-SLG hybrid system (Figure 7B) obtained at
the same magnification. The morphology changes correspond
with annealing of Ag NPs (thermal and/or chemical after the
ET removal from the Ag NP surface). Furthermore, the fairly
uniform coverage of the glass surface by the annealed Ag NPs at
a longer range 4 ym X 4 pm scale is depicted in Figure S6 in
the SI, and the quite broad particle size distribution is
quantified in Figure 7C. Monomers as well as dimers and
trimers of Ag NPs can be distinguished in the TEM image of
the Ag NPs-SLG system in Figure 7B. The fraction of dimers
and trimers has been established to ca. 20% from of the
circularity diagram in Figure 7D,
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Figure 7. (A) TEM image of the parent Ag NPs-ET film deposited on
a C-coated Au grid. (B) TEM image of AgNPs/SLG hybrid system
deposited on a C-coated Au grid. (C) Particle size distribution in the
AgNPs/SLG hybrid system. (D) Distribution of the particles
circularity in the AgNPs/SLG hybrid system.

On the basis of the previously published studies,* we
reason that both the broad particle size distribution and the
presence of fused Ag NPs dimers and trimers contribute to
observation of the very broad and rather flat SPE curve of the
Ag NPs-SLG system, which spans the visible spectral region
and extends itself into the near IR (Figure 8).

The glass/AgNPs/SLG hybrid system thus differs from the
glass/SLG/AgNPs-ET hybrid addressed in the first part of this

NPs array and by the Ag NPs-SLG distance (due to the ET
spacer removal). Consequently, a mutual comparison of SERS
enhancement factors of the G and 2D modes of SLG in these
two hybrid systems is not particularly meaningful, since three
different factors simultaneously contribute to their mutual
difference. On the other hand, we have reasoned that SERS
microRaman sample setup can offer a possibility to measure the
same hybrid system in two different orientations with respect to
the laser beam excitation: the straight one (Figure 6A) and the
inverted one (Figure 9A). In that case, the SERS enhancement
will be affected only by the different mutual positions of the
same plasmonic enhancer (ie, the Ag NPs array) and SLG
(Figures 6A and 9A).

SERS spectra of the glass/AgNPs/SLG hybrid were
measured at 445, 532, 633, and 780 nm excitations in both
the straight (Figure 6A) and the inverted (Figure 9A) sample
geometry. The SERS spectra of SLG obtained from each of
them are shown in Figure 6B and Figure 9B, respectively. Since
both spectra originate from the same hybrid system, the
wavenumbers of the G and 2D modes have been expected, and
they are actually observed to be virtually the same in both
geometries at each of the four excitation wavelengths. In
particular, the nondispersive G mode is located at 1590 em™ in
both sets of the spectra at all four excitation wavelengths, Its
position is thus by § cm ™ higher than that of pristine SLG™”"
and of SLG in the glass/SLG reference sample (Figure 2C,
spectrum a, and Figure S3 in the SI). At 445 nm excitation, the
dispersive 2D mode is located at 2719 cm ™ in the spectrum
measured in the straight sample geometry (Figure 6B) and at
2717 em™ in the spectrum obtained in the inverted geometry
(Figure 9B). Its position is thus by 3 and § em™, respectively,
lower than that of SLG in the glass/SLG reference system
(Figure 2C). The small upshift of the G mode wavenumber
together with the small downshift of that of the 2D mode
suggests a weak n-doping of SLG by Ag NPs, as reported
previously.! SERS enhancement factors of the G and 2D
modes of SLG determined as the intensity ratios of these
modes in the SERS spectra of the glass/Ag NPs/SLG hybrid to
those in the Raman spectra of the glass/SLG reference system
(both measured in either the straight or the inverted sample
geometry) are listed in Table 2 and depicted in Figure 10
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Figure 9. (A) Schematic depiction of glass/AgNPs/SLG hybrid
system as a sample for SERS microRaman measurement in the
inverted geometry. (B) SERS microRaman spectra of glass/AgNPs/
SLG hybrid system measured at (a) 445, (b) 532, () 633, (d) 780 nm
excitation in the inverted sample geometry.

(together with the error bars representing the standard
deviations of band intensities resulting from evaluation of five
spectral maps).

Table 2. SERS Enhancement Factors of the SLG Modes in
the Glass/AgNPs/SLG Hybrid System

Ef
inverted geometry straight geometry
A (nm) SLG -G SLG — 2D SLG- G SLG - 2D
445 33 17 15 7
532 14 9 11 7
633 16 9 18 8
780 19 10 8 5

The SERS Ef values (Figure 10 and Table 2) demonstrate
that a significant SERS enhancement is experienced by the G
and the 2D mode of SLG at all excitations (445—780 nm) and
in both sample geometries. This result is attributed to the
morphology of the annealed Ag NPs array in the hybrid system,
namely, to the broad distribution of morphologies and sizes of
Ag NPs constituting this array (Figure 7), which in tumn,
manifests itself by the broad SPE curve of the hybrid (Figure
8). Nevertheless, one has to keep in mind that both absorption
and scattering contribute to the SPE of the Ag NPs array, while
the SERS enhancement by the EM mechanism stems only from
the scattering crossection. Therefore, the wavelength depend-
ence of the scattering crosssections of Ag NPs monomers and
dimers® is even more appropriate for correlation with the

excitation wavelength dependence of the SERS Efs of the SLG
modes in the two sample geometries than the SPE curve itself.

For both the G and the 2D mode of SLG, the differences
between their SERS Efs in the two samples geometries
(Figures 6A and 9A) show the same excitation wavelength
dependence (Figure 10 and Table 2). In particular, no
significant differences in the Efs are observed at 532 and 633
nm excitations, while at 445 and 780 nm excitations, the
enhancement factors are approximately 2 times larger in the
inverted (Figure 9A) than in the straight (Figure 6A) sample
geometry. The former observation is consistent with the
presence of the same plasmonic enhancer in the hybrid system
in the straight as well as inverted sample geometry (Figures 6A
and 9A), while the latter one indicates that some other,
excitation wavelength-dependent factor(s), affect the final SERS
Efs determined in each of the two sample geometries. We
propose that the most important factors are (i) absorption of
both the incident and the scattered light by the Ag NPs, and
(ii) increased absorption and reflectance of SLG in the optical
near field resonantly excited in Ag NPs. Their mutual interplay
at each excitation wavelength and in each sample geometry (in
which SERS spectra of SLG from the particular hybrid system
have been measured) can then positively and/or negatively
affect the actual values of the experimetally determined SERS
Efs of the SLG modes.

In the particular case of our hybrid system constituted by
SLG on the top of the Ag NPs array, the former effect (i) is
expected to affect negatively the SERS spectral intensities
preferentially in the inverted sample geometry (favoring thus
the straight sample geometry), while the latter effect (ii) favors
the inverted geometry (in which scattered light is partially
reflected back into the sample) over the straight one (in which
a small fraction of the incident light is reflected from the sample
surface). Since the magnitude of both effects is excitation
wavelength dependent, it is understandable that the result of
their interplay depends on the excitation wavelength as well,

Nevertheless, the exact values of the absorption and
scattering crosssections of our particular Ag NPs array at
each excitation wavelength are not available, and other factors,
such as the fraction of the SLG surface located in the near field
of Ag NPs at each of the excitation wavelengths, also play their
role. Therefore, we can only qualitatively and tentatively
address the experimentally observed excitation wavelength-
dependent differences between the Efs experienced by the SLG
in the straight (Figure 6A) and in the inverted (Figure 9A)
sample geometry (Figure 10 and Table 2). Apparently, the two
additional effects (i) and (ii) compensate each other at 532 and
633 nm excitations. By contrast, at 445 and 780 nm excitation,
the measurement in the inverted geometry is favored by the 2-
fold increase of the SERS Efs of both the G and 2D mode of
SLG, hence the contribution of the effect (ii) is larger that that
of the effect (i) at these wavelengths. We propose that this
observation can be related to the efficient localization of SLG in
the near field of Ag NPs resonantly excited at these excitation
wavelengths (resulting into the increased reflectivity of SLG),
in combination with the particular morphology of the annealed
Ag NPs array. In particular, at 445 nm, the optical fields are
resonantly excited preferentially in single Ag NPs: the optical
fields in the vicinity of the single NPs are relatively weak,***?
but the NPs are fairly abundant (Figure 7B,C,D), hence a
relatively large fraction of SLG area is localized in these optical
fields. At 780 nm excitation, stronger optical fields are excited in
large Ag NPs dimers and trimers, including the very strong
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Figure 10. Comparison of SERS enhancement factors of the G mode (A) and of the 2D mode (B) of SLG in the glass/AgNPs/SLG hybrid system
plotted as a function of excitation wavelength for two sample geometries: the straight one - black squares, the inverted one - red circles.

optical fields (hot spots) localized between the NPs in these
dimers and/or trimers.>”**** However, the dimers and trimers
are less abundant than the single NPs (Figure 7 B and D).
Therefore, at the 780 nm excitation, a smaller contact area
between SLG and the optical near fields excited in Ag NPs
dimers and trimers appears to be compensated by the larger
optical fields strength. The additional enhancement by a factor
of approximately 2 in the inverted sample geometry is thus
observed at both the 445 and 780 nm excitations (Figure 10
and Table 2).

Furthermore, standard deviations of the SERS Efs experi-
enced by the G and the 2D mode of SLG in both sample
geometries and at all excitations have been determined for each
of these 16 spectral measurements from five spectral maps, and
they are depicted as error bars in Figure 10A,B. Their values are
fairly low for the 2D mode at all excitations and in both sample
geometries (Figure 10 B). For the G mode, low values of the
error bars have been obtained at 532 and 633 nm excitations in
both sample geometries and at 780 nm excitation in the straight
sample geometry, while relatively large error bars have been
determined at 445 nm excitation in both sample geometries
and at 780 nm excitation in the straight geometry (Figure 10A).
The large standard deviations at 445 nm excitation have their
origin in fluctuations of the spectral background in the 1500—
1650 cm™" region encountered at this particular excitation. At
780 nm excitation, the large signal fluctuations in the same
spectral region have been observed only in the inverted sample
geometry (ie, for the measurement “through glass“, Figure
9A), and they are attributed to fluorescence from the glass
slide.” In summation, these results indicate that the glass/
AgNPs/SLG hybrid sample is fairly homogenoues on the large
scale of the SERS spectral mapping, since the large standard
deviations are limited to 3 of 16 spectral mapping measure-
ments, and they have been explained by extrinsic spectral effects
unrelated to the sample morphology.

B CONCLUSIONS

Two approaches to coassembling of SLG and 2D-arrays of
ethanethiol (ET) modified Ag NPs were adopted, and each of
them resulted into a different hybrid SERS active system: (i)
with and (ii) without ET chemisorbed to Ag NPs, i.e,, with and
without the molecular spacer between the Ag NPs surface and
SLG. Comparison of their morphological, structural and optical
characteristics enabled us to address the specific advantages of
the spacer presence and/or removal.

The system with the ET spacer resulted from overlaying SLG
on a glass slide by ET-modified, hydrophobic Ag NPs, which

assembled on the hydrophobic SLG surface into a 2-D array.
The efliciency of the ET molecular spacer was proved by
observation of the SERS spectral bands of the G and 2D mode
of SLG unaffected by doping and/or strain. Preservation of the
native structure of SLG, the consistence of the excitation
wavelength dependence of the SERS enhancement of the G
and 2D mode of SLG at excitations in the 445—780 nm range
with the SPE of the AgNPs-ET array as well as the
manifestations of the second part of the EM SERS enhance-
ment experienced by the G and the 2D modes of SLG,
respectively, have provided evidence of the EM mechanism
origin of the SERS enhancement of the SLG modes in this
hybrid system. Overlaying of SLG by the ET-modified Ag NPs
can thus be viewed as a prospective pathway to SERS spectral
probing of “real life” SLG samples deposited on various
substrates and exposed to various conditions that induce
doping and/or strain.

Furthermore, the excitation wavelength selective additional
enhancement of SERS of the Ag-ET modes observed at 633
and 532 nm excitations (falling into the region of the largest
SPE of the hybrid) by a factor of 4 has been tentatively
attributed to the increased reflectance of SLG in the near field
resonantly excited in the Ag NPs-ET array. This explanation is
in accord with the earlier observations that optical properties of
SLG can be modified by the near field of Ag NPs array even in
the case when SLG is distanced from the AgNPs surface by a
spacer,

Preparation of the second hybrid system by deposition of the
components in the reverse order, i.e., by overdeposition of the
Ag NPs-ET array on glass by SLG, resulted in the removal of
the chemisorbed ET and annealing of Ag NPs, ie, into
formation of the glass/AgNPs/SLG hybrid, The direct contact
between the Ag NPs and SLG manifests itself in the SERS
spectra of SLG by the wavenumber positions of the G mode
and the 2D mode consistent with a weak n-doping of SLG by
Ag NPs. Annealing of the Ag NPs causes their merging into
larger monomers with a broad distribution of sizes as well as
into dimers and trimers of fused NPs, and results in a very
broad SPE curve of the hybrid, which extends over the overall
visible spectral region.

Exploration of the effect of localization of the same
plasmonic enhancer (namely of the array of the annealed Ag
NPs) on the top and/or underneath SLG by SERS spectral
mapping of the glass/Ag NPs/SLG in two different sample
orientations with respect to the exciting laser beam, i, in the
straight and in the inverted sample geometry, respectively, (at
four excitations in the 445—780 nm range) revealed that for
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both SLG modes, the Efs are the same at 532 and 633 nm
excitations, and by a factor of 2 higher in the inverted sample
geometry than in the straight one at 445 and 780 nm. These
excitation wavelength dependent differences have been
tentatively explained by the interplay of two factors: absorption
of both the incident and the scattered light by the Ag NPs, and
increased absorption and reflectance of SLG in the optical near
field resonantly excited in Ag NPs, in relation to our hybrid
system preparation (SLG on the top of Ag NPs array) and the
actual morphology of the Ag NPs array in the hybrid. We
propose that, owing to its morphological characteristics and
optical properties, this particular glass/annealed-AgNPs-array/
SLG hybrid system could provide a suitable platform for
GERS/SERS of aromatic molecules. In more general terms, we
have found that localization of the same plasmonic enhancer
underneath or above SLG can affect the optical properties of
the hybrid system; however, the magnitude and the excitation
wavelength dependence of this effect will depend on the actual
morphology of the plasmonic enhancer.
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Fig S1: Left: TEM image of a dried drop of parent Ag NP hydrosol prepared according to the ref.
S1 (identical with the ref. 23 in the main paper). Right: Particle size distribution determined from
the TEM image of the depositd Ag NPs hydrosol.

Assembled 2D AgNPs-ET film at
aquecus phase

Imprinted AgNPs-ET fllm

2 phase systam: CH,Cl, sclutlon AgNPs-ET Interfaclal film
of 1x10* M ethanethlol/Ag
NPs hydrosol

Fig S2: Photographic depiction of the Ag NPs-ET interfacial nanoparticulate film preparation and

of its transfer on a glass slide by imprinting.
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Fig S3: SERS spectra of SLG obtained from glass/SLG reference system at (a) 445 nm (b) 532

nm (c) 633 nm (d) 780 nm excitations.
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Table S1: Assignment of Raman spectral bands of ethanethiol and SERS spectral bands of Ag-

ET species in Ag NPs-ET array based on refs S1-S4.

Average wavenumbers/cm” Wa‘;‘eal:lug?ber Type of vibration
Ethanethiol AgNPs-ET
array
- 350 600 — 700 -AgS
659 632 580 — 1000 C — S stretching
— 964 850 — 1000 -CHj; rocking
1090 1045 1000 — 1150 C — C stretching
1272 1238 1200 — 1400 CH; rocking
— 1368 1330 — 1385 | -CH;3 symmetric deformation (bending)
— 1426 1385 — 1445 CH, scissoring deformation (bending)
1448 1446 1400 — 1480 CH; antisymmetliic deformation
(bending)
2570 — 2520 — 2600 -SH
2737 2716 — Overtone of 1368 cm™
— 2858 2840 — 2870 Symmetric -CH, stretching
2870 — 2885 — 2865 Symmetric -CHj stretching
2927 2913 2915 — 2940 Antisymmetric -CH; stretching
2960 2964 2950 — 2975 Antisymmetric -CHj stretching




Table S2: The average SERS enhancement factors of the modes of the Ag-ET surface species in

glass/ AgNPs-ET reference system

Aexe/NIM E;
445 5x10°
532 5x10°
633 2x10°
780 1x10°

Table S3: Enhancement factors of ethanethiol bands in glass/SLG/Ag-NPs-ethanethihol film in
comparison to glass/Ag-NPs-ethanethiol film

Aexe = 445 nm Aexe =532 nm
Position | Intensity | Intensity Ef Position | Intensity | Intensity Ef
633 354 75 [ ee=532| 633 TT046 | 40230 3
965 80 42 1 965 1518 5490 4
1047 34 34 1 1047 1813 7360 3
1238 34 37 1 1238 1576 6160 3
1426 4 4 1 1426 489 2110 4
1448 7 14 2 1448 579 1930 4
2859 187 199 1 2859 8173 27000 4
2914 799 864 1 2914 17627 97720 4
2957 251 257 1 2957 8991 30500 4
Aexe= 633 nm Aexe= 780 nm
Position | Intensity | Intensity Ef Position | Intensity | Intensity Ef
633 12525 5405d2 4 633 17238 190(;1 1
965 1219 4936 4 965 1233 1374 1




1047 2898 8630 4 1047 2728 3137 1
1238 1021 3647 3 1238 788 864 1
1426 462 1398 3 1426 948 964 1
1448 695 2360 4 1448 1478 1524 1
2859 2022 8817 3 2859 3958 4296 1
2914 7050 29747 4 2914 7699 8661 1
2957 1994 8528 4 2957 1975 2026 1
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ABSTRACT: Hybrid systems constituted by plasmonic
nanostructures and single-layer graphene (SLG) as well as
their employment as platforms for surface-enhanced Raman
scattering (SERS) of the molecular species have recently
become a subject of interest. By contrast, only a few studies
were targeted specifically on the combination of SERS with
graphene-enhanced Raman scattering (GERS) of aromatic
molecules. In this paper, we have investigated the mechanisms
of combined SERS + GERS by micro-Raman spectral
mapping of the hybrid system constituted by annealed Ag
nanoparticles (NPs) on the glass substrate overdeposited first
by SLG and, subsequently, by a monolayer (ML) of free-base
phthalocyanine (H,Pc) molecules, as well as of glass/SLG/
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H,Pc(ML) and of graphite/H,Pc(ML) reference systems. Raman mapping was performed at multiple excitation wavelengths
spanning the 532—830 nm range and was complemented by surface plasmon extinction and transmission electron microscopy
images of the Ag NP platform. Observation of SERS + GERS in the aforementioned hybrid system was established by the
determination of GERS, SERS, and SERS + GERS enhancement factors. By construction and the mutual comparison of GERS
+ SERS and GERS excitation profiles of H,Pc¢ vibrational modes, operation of two mechanisms of GERS additively with the
electromagnetic SERS enhancement in SERS + GERS of H,Pc in the glass/Ag NPs/SLG/H,Pc(ML) hybrid system has been
ascertained. Finally, achievement of the same level of the weak negative doping of SLG by Ag NPs in the probed hybrid system
and by glass in the reference system has been established as a necessary condition for the proper evaluation of mechanisms of
combined SERS and GERS, and evidence for the fulfillment of this condition in the hybrid systems reported here was provided.

1. INTRODUCTION

One of the primary as well as persistent stimuli for design,
preparation, and applications of hybrid systems constituted by
plasmonic metal nanostructures (NSs) and chromophoric
molecules is a possibility to combine the molecular resonance
enhancement of Raman scattering of the chromophores with
the enhancement of both the incident and the Raman scattered
radiation by the resonance excitation of surface plasmons
localized on the NSs, followed by the resulting dipole emission,
that is, with the electromagnetic (EM) mechanism of surface-
enhanced Raman scattering (SERS), giving rise to surface-
enhanced resonance Raman scattering (SERRS).'”” The
design of such hybrid systems has been targeted on the most
efficient coupling of the two enhancement mechanisms upon

v ACS Publications  © 2018 American Chemical Society

20850

preservation of the native structure of the chromophores,
which, in some cases, can be perturbed by the direct
chromophore—metal NS interaction.”” It has been demon-
strated that separation of the chromophore from the metal NS
by insertion of a thin molecular spacer into the hybrid system
can lead to the fulfillment of both goals: preservation of the
native structure of the chromophore without a loss in the
overall SERRS enhancement by a molecular resonance
damping.?'_?
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Single-layer graphene (SLG), an ultrathin (0.3 nm) array of
hexagonally packed carbon atoms, was proposed as a
prospective alternative to molecular spacers.*” " In particular,
it has been demonstrated that the EM mechanism enhance-
ment experienced by the second layer of isotopically labeled
SLG deposited over the first layer of SLG (mimicking thus
localization of planar aromatic molecules on a SLG spacer) is
lower only by a factor of 0.7 than that in the first SLG layer."*
In addition to that, the SLG spacer was shown to induce, under
appropriate resonance conditions, an additional enhancement
of Raman scattering of planar aromatic molecules, denoted as
graphene-enhanced Raman scattering (GERS).”” Four mech-
anisms of GERS have been theoretically predicted,”’ and the
factors affecting the observation of GERS and the magnitude of
GERS enhancement factors (EFs) were reviewed and
summarized.”””* Recently, we have reported on the evidence
for the operation of two mechanisms of GERS in the spectra of
the glass/SLG/H,Pc monolayer (ML) hybrid system (H,Pc =
free-base phthalocyanine) measured at excitations in the 532—
830 nm range: (i) broadening of the Q,(0—0) absorption band
of H,Pc accompanied by a modification of localization of this
resonant electronic transition within the H,Pc molecule
induced by the SLG—H,Pc interaction and (i) a charge
transfer (CT) from the Fermi level of SLG to the lowest
unoccupied molecular orbital (LUMO) of H,Pc.**

The idea of combining the GERS and the EM SERS
enhancement of Raman or RRS of a particular molecular
species leads to design, preparation, and probing of several
types of hybrid systems constituted by plasmonic NSs, SLG,
and planar aromatic molecules.” ™" In particular, regular Au
NSs constituted by Au nanoparticles (NPs) and/or nanohole
arrays were employed for a comparison of SERS + GERS
spectra of methylene blue (MB) dye obtained from the Au
NS/SLG/MB hybrid system with its SERS spectra from the Au
NS/MB hybrid at 647 nm excitation.”> A threefold and/or
ninefold additional average GERS enhancement of MB
vibrational modes was established in the former system with
the nanoholes and the NPs, respectively.'®

In this work, we employ a strategy alternative to that
employed previously in ref 15 and more elaborated owing to
the employment of multiple excitation wavelengths covering
the 532—830 nm range for comparison of the GERS and the
EM SERS + GERS spectra of a particular molecular species.
Our first goal has been obtaining the evidence of the GERS
enhancement as well as of an additional enhancement of GERS
of an aromatic molecule, namely, the free-base phthalocyanine
(H,Pc), by the EM mechanism of SERS induced by the
localization of a plasmonic enhancer platform underneath the
SLG/H,Pc hybrid system. We demonstrate that both types of
enhancement have been encountered for our plasmonic
enhancer/SLG/H,Pc hybrid system at all excitation wave-
lengths in the $32—830 nm range (vide infra), hence
observation of combined SERS + GERS has been unequiv-
ocally confirmed, and employment of this term throughout this
paper is fully justified. Our second goal, and in fact the most
important aim, is to establish whether the mechanisms of
GERS and the resonance conditions of their operation remain
preserved upon combination of GERS with SERS for this
particular aromatic molecule. In addition to that, we attempt to
ascertain whether the EM SERS and the GERS enhancements
experienced by H,Pc in the above-mentioned hybrid system
are simply additive, that is, whether their combined EFs are
simply multiplicative.

For fulfillment of these goals, we have designed, prepared,
and probed spectrally the appropriate testing as well as
reference hybrid systems. In particular, we considered that the
selected plasmonic enhancer in the plasmonic enhancer/SLG/
molecule hybrid system has to provide the EM SERS
enhancement throughout the overall range of excitation
wavelengths, that is, 532—830 nm. The array of Ag NPs
annealed upon SLG deposition and recently reported by us™
was expected and found to be suitable for the fulfillment of this
condition. Furthermore, the selection of H,Pc as the
appropriate molecular species was motivated by the results of
our aforementioned study of GERS of H,Pc,* as well as by the
interesting electronic structure of this molecule,”*™>* leading to
its prospective applications in molecular photonics and
optoelectronics,” in gas sensor development,” and as a
sensitizer in the photodynamic therapy of cancer.” In
particular, H,Pc is a chromophoric aromatic molecule of D,
symmetry, showing the Q, and the Q, electronic absorption
bands in the visible spectral region, namely, in the 620—720
nm range. The actual positions of these bands’ maxima were
found to be strongly dependent on the molecular environment
(e.g., a solvent and/or inert matrix element employed for the
isolation matrix preparation).”™° As an example, the
electronic absorption spectrum of a saturated solution of
H,Pc in toluene is provided in Figure S1 of the Supporting
Information. In the case of the SLG/H,Pc hybrid system, the
positions of the Q, and the Q, electronic absorption bands
depend on the bilayer and/or ML coverage of SLG by H,Pc
molecules, as revealed by GERS excitation profiles (EPs).**

In addition to that, on the basis of the previously reported
dependence of the GERS mechanism operation on the actual
position of the Fermi level of SLG,”**" we have speculated that
the difference in doping of SLG by Ag in the Ag NPs/SLG/
H,Pc hybrid system and by a substrate in the substrate/SLG/
H,Pc reference hybrid system could actually induce differences
in the operation of GERS in each of the two hybrids, which
would not be related specifically to the SERS + GERS
combination, We address this issue in the first part (section
3.1) of Results and Discussion, and we have used these results
for selection of the appropriate glass substrate (denoted as
glassI) for assembling the glassl/SLG/H,Pc reference system
newly reported and employed in this paper. Finally, as tools for
achievement of our goals, we employ the determination of
GERS, SERS, and SERS + GERS EFs of selected Raman active
modes of H,Pc (section 3.2) as well as the construction of
SERS + GERS and GERS EPs of Raman spectral bands of
H,Pc from the excitation wavelength-dependent spectra of the
tested and the reference hybrid systems, respectively (section
3.3). Finally, we specify the two mechanisms of GERS, which
operate in the SERS + GERS of the glassI/Ag NPs/SLG/H,Pc
hybrid system and their resonance conditions (section 3.4).

2. EXPERIMENTAL SECTION

2.1. Materials. 29,31H-Phthalocyanine, H,Pc (f-form,
98%), l-ethanethiol (97%), and cellulose nitrate were
purchased from Sigma-Aldrich. Analytical grade AgNO, and
sodium borohydride as well as spectral grade dichloromethane
and toluene (UVASOL) were purchased from Merck. Distilled
deionized water was also used as a solvent where appropriate.
Special glass slides different from those employed in ref 24,
namely, the microscope glass cover slides (Glaswarenfabrik
Karl Hecht GmbH & Co KG), were employed as substrates,
and they are denoted as glassl throughout this paper.
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2.2. Preparation Procedures. 2.2.1. Ag NP Hydrosol. Ag
NP hydrosol was prepared by reduction of AgNO; by sodium
boml:zrdride according to the previously published proce-
dure.™

2.2.2. Glassl/AgNPs/SLG and Glassl/SLG Systems. First,
the arrays of Ag NPs modified by chemisorbed ethanethiol
(Ag:ET NPs) were prepared according to the procedure
reported by Michl et al.*® Briefly, a two-phase system
constituted by 2 mL of Ag NP hydrosol and 2 mL of a 1 X
107° M solution of ethanethiol in dichloromethane was
vigorously shaken until a lustrous nanoparticulate film
appeared at the interface between the aqueous and the organic
phase. The interfacial film was then transferred by a pipette
into the central part of a special glass slide for optical
microscopy and was let to dry in air, Both the central part of
the slide containing the array of the Ag-ET NPs and the
exteriors of the Ag NPs-free glass slide were then over-
deposited by SLG prepared by using the chemical vapor
deposition procedure,’® in particular, the nitrocellulose (NC)
method®” of the as-prepared SLG transfer. The majority of the
NC layer from the resulting glassI/Ag NPs-ET/SLG/NC
hybrid was removed by methanol drops at room temperature,
The sample was then annealed at 160 °C for 30 min in order
to remove the NC residuals from the SLG surface. SERS
spectral evidence of removal of not only the NC residuals but
also of the adsorbed ET from the Ag NP surfaces has been
provided, and morphological characterization of the sample
showed annealing of Ag NPs.>

2.2.3. Glassl/Ag NPs/SLG/H>Pc(ML) and Glassl/SLG/H,Pc-
(ML) Hybrid Systems. The hybrid systems were prepared by
adapting the procedure employed for the preparation of the
glass/SLG/H,Pc(ML-X) systems.”* The adapted procedure is
graphically depicted in Figure S2 in the Supporting
Information. Briefly, the parent glassl/Ag NPs/SLG hybrid
system (in which the areas not covered by Ag NPs were
distinguished by optical microscopy) was overlaid by a thin
layer of a saturated (<5 X 107° M) solution of H,Pc in toluene
(which was filtered by the 1 ym filter prior to use), and it was
kept in the toluene-saturated atmosphere in a sealed weighing
bottle for 24 h to accomplish the adsorption of H,Pc onto the
SLG surface. The sample was then extracted from the weighing
bottle, and the solution layer was removed by soaking into a
slip of filter paper. In the second step, the excess H,Pc
molecules were removed by overlaying the as-prepared sample
by a thin layer of pure toluene and by keeping it in the same
setup as described above for 10 min. The solvent layer was
then removed by the filter paper, and the overall second step
procedure was repeated 10 times.

22.4. Graphite/H,Pc(ML) Reference System. The graphite/
H,Pc(ML) reference system was prepared by the procedure
analogous to that described above for the hybrid systems, The
graphite substrate preparation and the specifically developed
strategy of Raman spectral mapping of the graphite/H,Pc-
(ML) system were adopted from ref 24.

2.3. Instrumentation. Raman (RRS, GERS, and GERS +
SERS) spectra as well as optical images of all hybrid samples
and reference hybrid samples were obtained using a WITec
alpha300 Raman micro-spectrometer. An objective (Zeiss)
with 100X magnification was used for all the above-mentioned
Raman spectral measurements performed at 532, 633, 647,
785, and 830 nm excitations. For measurements on WITec
alpha300, two spectrographs equipped with charge-coupled
device detectors optimized for the blue-green and the red-NIR

(near-infrared) spectral ranges have been used, the first one for
the collection of spectra at 532 nm excitation and the second
one for the other four excitation wavelengths, that is, 633, 647,
785, and 830 nm. The following lasers, excitation wavelengths,
and laser power values (at the sample) were employed: SHG
Nd:YVO,, 532 nm (2.3 mW); He—Ne, 633 nm (2.5 mW); Kr*
ion, 647 nm (5.0 mW), diode, 785 nm {50.0 mW), diode, 830
nm (11.0 mW). Raman spectral mapping was performed by
using the 25 pm X 25 pm area scans with 50 X 50 points. Two
types of the areas were selected for the Raman spectral
mapping of the combined glassI/AgNPs/SLG/H,Pc(ML) and
glassl/SLG/H,Pc(ML) samples: (i) the areas of the sample
showing the presence of both SLG and Ag NPs on the optical
images corresponding to the glassl/AgNPs/SLG/H,Pc(ML)
hybrids probed for GERS + SERS and (ii) the areas with SLG,
but without Ag NPs, representing the glassl/SLG/H,Pc(ML)
reference system (probed for GERS). The graphite/H,Pc(ML)
hybrid was employed as the second reference system for
Raman and resonance Raman spectral probing of a ML of
H,Pc. Surface plasmon extinction (SPE) (UV/vis) spectra
were measured on a Shimadzu UV-2401 spectrometer.
Transmission electron microscopy {TEM) images were
obtained with a Tecnai G2 (FEI) transmission electron
microscope with an acceleration voltage of 120 keV,

2.4. GERS, SERS, and SERS + GERS EFs. GERS EFs of
selected H,Pc modes were determined as the intensity ratios of
the corresponding Raman bands in the average spectra of the
glassl/SLG/H,Pc(ML) area of the hybrid sample and in those
of the graphite/H,Pc(ML) reference sample. SERS EFs of
GERS of H,Pc were ascertained as the intensity ratios of the
corresponding Raman bands in the average spectra of the
glassl/AgNPs/SLG/H,Pc(ML) area of the hybrid sample and
in those of the glassl/SLG/H,Pc(ML) area of the reference
sample. SERS + GERS EFs represent the intensity ratios of the
corresponding Raman bands in the average spectra of the
glassI/AgNPs /SLG/H,Pc(ML) area of the hybrid sample and
in those of the graphite/H,Pc(ML) reference sample. While
the SERS enhancement of GERS of H,Pc has been evaluated
at all five excitation wavelengths, the GERS and the SERS +
GERS EFs could be exactly determined only at 633 and 647
nm excitations, at which the resonance Raman spectra of H,Pc
have been obtained from the graphite/H,Pc(ML) reference
sample. All the intensity ratios were determined in terms of the
integrated band areas, and all spectra were baseline-corrected.
The procedure of determination of the standard deviations of
the EFs is described in Text S1 in the Supporting Information.

2.5. SERS + GERS and GERS EPs. EPs of the H,Pc bands
in the SERS + GERS spectra obtained from the glassI/AgNPs/
SLG/H,Pc hybrid samples at 532, 633, 647, 785, and 830 nm
excitations as well as GERS EPs of H,Pc bands in the glassl/
SLG/H,Pc(ML) reference system were constructed as plots of
their normalized band intensities as a function of the excitation
wavelength, Raman spectra of polystyrene acquired under the
very same experimental conditions as those of the samples
were employed as the external intensity standards. At each
excitation wavelength, the intensities of the H,Pc Raman bands
(in terms of the integrated band areas) in the spectrum of the
hybrid and/or the reference sample were normalized to the
intensity of the 1004 cm™ Raman band of polystyrene. The
procedure of determination of the standard deviations of the
normalized band intensities is described in Text S1 in the
Supporting Information. The same procedures of the wave-
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Figure 1. (A) Schematic depiction of the glassI/AgNPs/SLG/H,Pc(ML) hybrid system used for micro-Raman measurements of SERS + GERS of
the H,Pc (B) molecular structure of H,Pc; (C) TEM image of the array of annealed Ag NPs employed as the plasmonic enhancer in the glassI/Ag

NPs/SLG/H,Pc hybrid system.

number and intensity calibration of the Raman micro-
spectrometer as those described in ref 24 have been employed.

3. RESULTS AND DISCUSSION

3.1. Characterization and Spectral Probing of the
Glass(l)/AgNPs/SLG/H,Pc(ML) Hybrid System and of the
Reference System. The glassl/AgNPs/SLG/H,Pc(ML)
hybrid system used for SERS + GERS micro-Raman spectral
probing is schematically depicted in Figure 1A. The molecular
structure of H,Pc is shown in Figure 1B, and the TEM image
of the annealed Ag NPs employed as the plasmonic enhancer
in the hybrid system (Figure 1A) is presented in Figure 1C. A
closer inspection of the TEM image in Figure 1C reveals the
presence of monomers as well as dimers and trimers of
annealed Ag NPs. The rather broad range of Ag NP shapes and
sizes is expected (in accord with ref 25) to cause extension of
the SPE of this plasmonic enhancer over the visible and the
onset of the NIR spectral region.

The SPE spectra of the glassI/AgNPs/SLG system before
and after deposition of H,Pc are compared in Figure 2. The
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Figure 2. SPE spectra of the glass/Ag NPs/SLG hybrid system:
before (a) and after (b) deposition of the H,Pc ML.

major feature, that is, the extension of SPE over the visible and
NIR spectral region, remains preserved upon the H,Pc
deposition, and the differences between the two SPE curves
(Figure 2, spectra a and b) are evaluated as minor.

An optical image showing (i) the glassI/AgNPs/SLG/
H,Pc(ML) and (ii) the glassl/SLG/H,Pc(ML) parts of the
same sample and the boundary between these two parts is
presented in Figure 3A. The SERS + GERS and the GERS
parts of the spectral map of the 683 cm™ mode of H,Pc
measured at 785 nm excitation and spanning the same sample
area as that in Figure 3A are shown in Figure 3B. The spectral

Figure 3. (A) Optical image of the hybrid sample employed for GERS
and SERS + GERS spectral measurements (mapping) of H,Pc with
the clearly distinguished boundary between the (i) glass/AgNPs/
SLG/H,Pc part of the sample used for SERS + GERS measurements
and (ii) glass/SLG/H,Pc part of the sample utilized for GERS
measurements, (B) Spectral map of the 683 em™ band of H,Pc
acquired at 785 nm excitation from the same area of the sample as the
optical image (A). The spectral map (B) shows the markedly higher
intensity of the Raman signal from the (i) glass/AgNPs/SLG/H,Pc
part of the sample (SERS + GERS) than from the (ii) glass/SLG/
H,Pc part of the sample (GERS).

map (Figure 3B) shows the markedly higher intensity of the
Raman signal of the 683 cm™ mode of H,Pc from the (i)
glassl/AgNPs/SLG/H,Pc(ML) part of the sample than from
the (ii) glassI/SLG/H,Pc part of the sample, which, in tum,
provides a qualitative evidence of observation of SERS + GERS
of H,Pc in the former case and of GERS of H,Pc in the latter
one.

For the actual spectral mapping by which the average spectra
were acquired at all five excitation wavelengths, the maps
spanning entirely the glassl/AgNPs/SLG/H,Pc(ML) area of
the sample (fully covered by a single layer of Ag NPs) were
used for the SERS + GERS measurements, and those spanning
the glassI/SLG/H,Pc(ML) area were employed for GERS. As
an example, an optical image of the glassI/AgNPs/SLG/
H,Pc(ML) area of the sample and the SERS spectral maps of
the G mode (1590 em™) and 2D (2595 cm™!) mode of SLG
as well as the SERS + GERS spectral maps of the 683 and 1540
em™' modes of H,Pc acquired from this area at 785 nm
excitation are shown in Figure S3A—E, respectively, in
the Supporting Information.

SERS spectra of SLG and SERS + GERS spectra of H,Pc
obtained from the glassl/Ag NPs/SLG/H,Pc(ML) hybrid
system at 532, 633, 647, 785, and 830 nm excitations are
shown in Figure 4A (full range spectra) and Figure 4B (details
in the 400—1800 cm™' range). The average wavenumber of the
G mode band in the spectra of the glassI/AgNPs/SLG/H,Pc is
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Figure 4. (A) Full range (400—3000 cm™") and (B) detailed (400—
1800 cm™') SERS + GERS spectra of H,Pc measured from the glassl/
AgNPs/SLG/H,Pc(ML) hybrid system at (a) 532, (b) 633, (c) 647,
(d) 785, and (e) 830 nm excitations. The SERS spectral band of the
G mode is marked by *, and the SERS spectral bands of the dispersive
2D mode are marked by #.

1590 cm™', that is, exactly the same as reported for the glass/
Ag NPs/ SLG system.”® This result indicates that deposition of
a ML of H,Pc molecules onto the glassI/Ag NPs/SLG
platform has not caused any additional doping of SLG by H,Pc
molecules. The 1590 cm™ position of the G band is 5 em™
higher than in the pristine SLG>”* and, in accord with refs 25
and 38, indicates a weak n-doping of SLG by Ag.
Furthermore, the G band in the Raman spectra of the glassl/
SLG/H,Pc(ML) reference system is located at 1592 cm™", and
its position is thus comparable (within the experimental error)
with that in the glassI/AgNPs/SLG/H,Pc(ML) system. This
comparison indicates that the magnitude of the weak n-doping
of SLG by glass in the former system is analogous to the weak
n-doping of SLG by Ag in the latter system. Consequently, the
positions of the Fermi level of SLG are nearly identical in both
systems, and they were estimated to be ca. —4.4 eV (ie,
upshifted by ca. 0.2 eV from the Fermi level of pristine SLG at
—4.6 eV™") on the basis of the graph in Figure 8.5 in ref 39.
Therefore, the fundamental conditions of operation of the
mechanisms of GERS are virtually identical in the glassI/
AgNPs/SLG/H,Pc(ML) hybrid system employed for SERS +
GERS spectral probing and in the glassI/SLG/H,Pc(ML)
system used as the reference system for GERS in this paper.
Furthermore, we have noticed that the position of the G
band of SLG in our glassI/SLG/H,_Pc(ML) reference system
(1592 cm™) is lower by 7 cm™ than that reported for the
glass/SLG/H,Pc(ML) system in ref 24 (1599 cm™). This
comparison indicates that the n-doping by glass (in particular,
by surface groups and/or water entrapped between glass and
SLG) is markedly weaker than that by the glass slides used in
ref 24. Such differences in n-doping by glass have been
reported previously, and they have been attributed to a
different content of Na in the particular sample of glass.*' The
comparison of the positions of the Fermi level of SLG (i) at

—4.4. eV in the glassI/SLG/H,Pc(ML) reference system and
(ii) at —4.3 eV in the GERS sample in ref 24 (further referred
to as the glassII/SLG/H,Pc(ML) system in this paper)
demonstrates the importance of doping of SLG by the
substrates. On the other hand, once this important factor is
properly evaluated, it can be employed for adjusting the Fermi
level position of SLG.

The average wavenumbers of the H,Pc bands in SERS +
GERS spectra of the glassI/AgNPs/SLG/H,Pc(ML) hybrid
system as well as in the GERS spectra of the glassI/SLG/
H,Pc(ML) reference system, together with their assignment
based on refs 27 and 42, are listed in Table 1. The
wavenumbers of SERS + GERS and the GERS spectral
bands show a reasonably good mutual agreement (within 3

em™Y),

Table 1. Average Wavenumbers of the H,Pc Bands in SERS
+ GERS Spectra of the GlassI/AgNPs/SLG/H,Pc(ML)
Hybrid System and in GERS Spectra of the GlassI/SLG/
H,Pc(ML) Reference System Complemented by Their
Assignment Based on Refs 24, 27, 42

GERS of GERS + SERS mode

H,Pc of H,Pc symmetry maode description

486 484 By, benzene ring rocking & central ring
deformation

683 683 Ay bridging C—N—C sym. def. and
benzene ring deformation

728 726 A! pyrrole deformation and C—N—-C
rocking

800 799 Ay pyrrole and benzene ring C—C str.

952 955 IR act C—H out-of-plane deformation

1086 1085 By, N-H in-plane deformation

1143 1143 Ay benzene ring C—C str. and C—H
deformation

1343 1343 Ay benzene ring C—C str. and pyrrole
C—C stretch

1453 1452 Ay C—H def.

1543 1540 Ay budgmlg Cy—N,,—C, asym. str, and

C sym. str.

3.2. GERS, SERS, and SERS + GERS EFs of Selected
Spectral Bands of H,Pc Localized in the Glassl/SLG/
H,Pc Reference Hybrid System and in the Glassl/
AgNPs/SLG/H,Pc Hybrid System, Respectively. Raman
spectra of H,Pc were obtained from the glassl/AgNPs/SLG/
H,Pc(ML) probed hybrid system (Figure 4) as well as from
the glassI/SLG/H,Pc(ML) reference system at all five
excitation wavelengths. By contrast, the graphite/H,Pc second
reference system yielded Raman spectra of H,Pc only upon
resonance with the Q,(0—0) electronic transition, that is, at
633 and 647 nm excitations, in accord with ref 24. Therefore,
the EFs evaluating the SERS enhancement of GERS of H,P¢ in
the probed hybrid system (denoted as SERS + GERS/GERS
EFs and abbreviated as SERS EFs) could be determined at all
five excitation wavelengths (details in section 2.4 of the
Experimental Section), and their average values as a function of
excitation wavelength are listed in Table 2. The average EFs
are of comparable values in the 633—830 nm range. The
slightly larger EFs at 633 and 830 nm are attributed to plasmon
resonances with the more abundant large spherical or slightly
ellipsoidal Ag NPs and with less abundant dimers or trimers of
Ag NPs upon generation of strong optical fields, respectively.

On the other hand, GERS EFs (details in section 2.4) could
be numerically evaluated only at 633 and 647 nm excitations
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Table 2. Average SERS EFs of the Vibrational Modes of
H,Pc at Five Excitation Wavelengths in the 532—830 nm
Range”

wavelength 532 633 647 785 830

EFs 5+£2 14+ 5 9+3 10 +3 1314
“The EFs were determined as the ratios of the normalized intensities
of the H,Pc spectral bands in SERS + GERS spectra of the glassI/
AgNPs/SLG/H,Pc(ML) hybrid system and in GERS spectra of the
glassI/SLG/H,Pc(ML) reference system.

(Table 3); however, the aforementioned observation of the
GERS signal of H,Pc from the glassl/SLG/H,Pc(ML) system

Table 3. Average Values of GERS EFs (GERS vs RRS
Normalized Band Intensity Ratios), SERS EFs (SERS +
GERS vs GERS Normalized Intensity Ratios), SERS +
GERS EFs (SERS + GERS vs RRS Normalized Intensity
Ratios) and Multiplications of SERS EFs with GERS EFs of
H,Pc Vibrational Modes at 633 and 647 nm Excitations

633 nm 647 nm
average GERS EFs E f o i 4+1
average SERS EFs 14 +5 913
average SERS + GERS EFs 4317 41+ 7
average SERS + GERS EFs (determined as 2+9 367

SERS x GERS EFs)

at all five excitation wavelengths, in contrast to the absence of
any Raman signal of H,Pc from the graphite/H,Pc(ML)
second reference system at 532, 785, and 830 nm, indicates
that the GERS enhancement of H,Pc modes occurs at these
wavelengths as well.

These results confirm the observation of combined SERS +
GERS of H,Pc from the glassl/AgNPs/SLG/H,Pc(ML)
hybrid system and of GERS of H,Pc from the glassI/SLG/
H,Pc(ML) reference system. Furthermore, the average SERS +
GERS EFs at 633 and 647 nm excitations (Table 3) were
determined in a dual way: (i) directly from the SERS + GERS
spectra (shown in Figure 4) in relation to the RRS spectra of
H,Pc localized in the graphite/H,Pc(ML) system (details for
individual bands in Table S1 in the Supporting Information)
and (ii) as products of the SERS and GERS FFs listed in the
first and second row of Table 3. Their values (Table 3) are
nearly identical at 633 nm excitation and mutually very close
(within the experimental error) at 647 nm excitation. This

comparison indicates that the SERS and GERS EFs are simply
multiplicative, that is, that the two enhancement mechanisms
are combined without any additional enhancement or
damping. It should be noted that in our hybrid system, we
can observe only the EM SERS enhancement because H,Pc is
isolated from the Ag NP surface by the SLG spacer. The
ordering of the components in our hybrid system is thus
different from the case of CuPc molecules sandwiched between
a flat Au(111) surface and SLG, for which a coupling of GERS
with the chemical mechanism of SERS, namely, a CT from the
Fermi level of Au to the LUMO of CuPc, has been reported.*’

3.3. SERS + GERS EPs of Selected Spectral Bands of
H,Pc Localized in the Glassl/AgNPs/SLG/H,Pc(ML)
Hybrid System. EPs of the selected spectral bands of H,Pc
were constructed from the SERS + GERS spectra of the glassI/
Ag NPs/SLG/H,Pc(ML) hybrid system measured at $32, 633,
647, 785, and 830 nm excitations by the procedure described
in section 2.5. The complete EPs are presented in Figure 5A,
their details in the 750—850 nm region are depicted in Figure
5B, and the selected profiles with error bars are shown in
Figure 6A. For the sake of comparison, the GERS EPs of the
selected spectral bands of H,Pc determined from the GERS
spectra of the glassl/SLG/H,Pc(ML) reference system
measured at the same five excitation wavelengths as the
SERS + GERS spectra are presented in Figure 6B. Both the
SERS + GERS EPs (Figures SA and 6A) and the GERS EPs
(Figure 6B) of all H,Pc spectral bands maximize at 633 nm
excitation. Furthermore, the average value of the normalized
intensities of the H,Pc spectral bands (depicted in Figure §), and
its average standard deviation at 633 nm excitation (EPs
maximum) have been determined by the procedure described
in Text S1 in the Supporting Information, yielding a value of 4
+ 0.3.

For a mutual comparison of SERS + GERS EPs and GERS
EPs in Figure 6, the profiles of the 683,1143, and 1540 cm ™
totally symmetric (A;) vibrational modes of H,Pc (assigned in
Table 1) have been selected from the complete set of SERS +
GERS EPs in Figure 5A and complemented by error bars
depicting the experimental error of the spectral mapping
(Figure 6A). The GERS EPs of the same bands have been
constructed from the GERS spectra of the glassI/SLG/
H,Pc(ML) reference system measured at the same five
excitations and complemented by error bars (Figure 6B).
Both the SERS + GERS EPs (Figure 6A) and the GERS EPs
(Figure 6B) show a common maximum at 633 nm excitation
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Figure 5. SERS + GERS EPs of spectral bands of H,Pc localized in the glassI/AgNPs/SLG/H,Pc(ML) hybrid system: (A) complete EPs in the
532—830 nm range of excitation wavelengths and (B) details of the EPs in the 750—830 nm range.
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Figure 6. (A) SERS + GERS EPs of selected spectral bands of H,Pc measured from the glassI/AgNPs/SLG/H;Pc(ML) hybrid system. (B) GERS
EPs of the same bands of H,Pc as in (A) measured from the glassl/SLG/H,Pc(ML) reference system. Both EPs are depicted with error bars.

and a normalized band intensity increase at 830 nm. This
comparison demonstrates that the shapes of the GERS EPs of
all the three spectral bands, namely, the two distinct resonance
features at 633 and 830 nm, remain preserved upon the
combination of SERS with GERS of H,Pc.

The other common features of the selected SERS + GERS
EPs in Figure 6A and the GERS EPs in Figure 6B are the
sequences of the normalized band intensities of the three
selected H,Pc spectral bands at 633, 647, and 830 nm
excitations, in particular, the 683 > 1143 > 1540 cm™
sequences determined at both 633 and 647 nm excitations
and the reverse 683 > 1143 > 1540 cm™ sequence at 830 nm
excitation. This result indicates that (i) each of the two
resonance features (ie., the maximum at 633 nm and the
normalized intensity increase at 830 nm) observed in both the
GERS EPs (Figure 6B) and SERS + GERS EPs (Figure 6A)
belongs to a different resonance electronic transition, each
showing a different localization within the H,Pc molecule, and
(ii) for both these resonant electronic transitions, their
localization within the H,Pc molecules remains unchanged
upon the combination of SERS with GERS. In summation, the
only observed difference between the SERS + GERS and
GERS EPs (Figure 6A,B) is the magnitude of the normalized
intensity increase at 830 nm excitation, which is markedly
higher in the latter case than in the former one. Such
“smearing” of the SERS + GERS EP shape emerges as the only
consequence of the SERS enhancement contribution to the
combined SERS + GERS profiles, and it can be tentatively
explained by the similar values of the EM SERS mechanism
enhancement of GERS of H,Pc at 785 and 830 nm excitation
(Table 2). At this point, we find appropriate to emphasize that
both in the glassl/AgNPs/SLG/H,Pc(ML) hybrid system
used for SERS + GERS spectral measurements and
construction of SERS + GERS EPs and in the glassI/SLG/
H,Pc(ML) reference system employed for GERS and GERS
EPs construction, nearly the same level of doping of SLG by
Ag NPs in the former system and by the glassI substrate in the
latter one was established (section 3.1). There were thus no
differences in the position of the Fermi level of SLG in the
probed system and in the reference hybrid system, which could
possibly hamper the comparison of SERS + GERS and GERS
EPs.

3.4, Specification of the Mechanisms of GERS and of
Their Operation in GERS and SERS + GERS of H,Pc in
the 532-830 nm Range. In this section, we focus on the
assignment of two resonance electronic transitions modulating
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the shapes of both SERS + GERS and GERS EPs presented in
section 3.3, determination of their localization within the H,Pc
molecule (on the basis of the sequences of the normalized
band intensities of the resonantly enhanced totally symmetric
A and their localization within the H;Pc molecule mode by
using the approach first reported in ref 44 for RRS) and on
specification of the mechanisms of GERS operating in both
SERS + GERS and GERS of H,Pc in the 532—830 nm range,

First, the electronic absorption band giving rise to the 633
nm maximum on both SERS + GERS and GERS EPs of H,Pc
(Figures SA and 6A,B) is attributed to the Q,(0—0) electronic
transition of H,Pc on the basis of the previously reported
electronic absorption spectra and EPs.”***™*" Furthermore,
the same sequences of the normalized band intensities in the
SERS + GERS and GERS EPs of the three selected H,Pc
bands (Figure 6 and section 3.3) encountered at the 633 and
647 nm excitations indicate that the 647 nm excitation also
falls into the contour of the Q,(O—O) electronic absorption
band. The markedly larger normalized band intensities at 633
than at 647 nm excitation (Figures SA and 6), together with
the ~10 nm value of the Q,(0—0) band half-width determined
by detailed SERRS EPs of this electronic transition in Ag NSs/
H,Pc hybrid system™ (as the largest reported half-width of this
electronic transition), indicate that the maximum of this
electronic transition in both the glassI/AgNPs/SLG/H,Pc-
(ML) and the glassl/SLG/H,Pc(ML) systems is located
between the 633 and 647 nm excitations (mutually distanced
by 14 nm), but closer to the 633 nm excitation, that is, within
ca. 633—639 nm interval. In contrast to the normalized band
intensities in GERS of H,P¢, which maximize at 633 nm
excitation (Figure GA), the GERS EFs (Table 3) were
determined to be larger at 647 nm (average EF = 4) than at
633 nm excitation (average EF = 3). This observation is
consistent with broadening and a small blue shift (vide infra)
of this electronic absorption band in both the glassI/AgNPs/
SLG/H,Pc(ML) hybrid system and the glassI/SLG/H,Pc-
(ML) reference system, in comparison to the graphite/
H,Pc(ML) second reference system. These changes in the
position and half-width of the Q,(0—0) electronic absorption
band are attributed to the SLG—H,Pc(ML) interaction, and
they are responsible for the GERS enhancement experienced
by H,Pc spectral modes in both the probed hybrid system and
the reference system at 633 and 647 nm excitations,
respectively (Table 3).

Furthermore, the 1540 > 1143 > 683 cm ' sequence of the
normalized band intensities established in both SERS + GERS
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Figure 7. Schematic depiction of two mechanisms of GERS identified in SERS + GERS of H,Pc measured from the glassI/AgNPs/SLG/
H,Pc(ML) hybrid system as well as in GERS of H,Pc obtained from the glassI/SLG/H,P¢(ML) system at excitations in the $32—830 nm range.
The energy of the Fermi level of SLG was determined to be ca. —44 eV in both systems.

and GERS of H,Pc at 633 and 647 nm together with the
assignment of the H,Pc vibrational modes in Table 1 and the
detailed analysis of the complete GERS + SERS EPs
(presented as Text 52 in the Supporting Information) indicate
a preferential enhancement of the higher wavenumber modes,
mainly the C—C stretching vibrations localized on benzene
and pyrrole rings, the combined C—N—C stretch known as the
cavity size marker,”® and the C—H deformation modes
localized on the outer benzene rings. By contrast, this
electronic transition has been reported to be localized
preferentially on the tetrapyrrole macrocycle for a free H,Pc
molecule owing to the preferential enhancement of macrocycle
breathing and deformation modes.*® The change in local-
ization of the Q,(0—0) resonant electronic transition within
the H,Pc molecule represents another manifestation of GERS
in SERS + GERS of H,Pc in the glassI/Ag NPs/SLG/
H,Pc(ML) system as well as in GERS of H,Pc in the glassl/
SLG/H,Pc(ML) reference system at 633 and 647 nm
excitations, and it is also attributed to the SLG—H,Pc(ML)
interaction (Figure 7).

The second resonance which manifests itself by the relative
intensity increase at 830 nm excitation has no analogue in the
previously reported electronic absorption spectra of H,Pc in
solutions and matrices.”**" On the other hand, the energy
difference between the Fermi level of SLG (positioned at ca.
—4.4 V) and LUMO of H,Pc (at —2.87 eV””) is 1.53 eV, that
is, 810 nm. This calculated value of the maximum of a CT from
the Fermi level of SLG to the LUMO of H,Pc at 810 nm
suggests that the 830 nm excitation is in resonance with this
CT electronic transition (Figure 7). Such a CT transition has
been theoretically predicted as one of the four possible
mechanisms of GERS.”

Finally, to evaluate the importance of the same doping, that
is, of the same position of Fermi level of SLG in the hybrid
system probed for SERS + GERS and in the reference system
providing GERS of H,Pc, we have investigated the effect of the
ca, 0.1 eV difference in the position of Fermi level of SLG on
the operation and manifestations of the mechanisms of GERS
of H,Pc¢ by comparing GERS EFs and EPs of H,Pc vibrational
modes in two glass/SLG/H,Pc(ML) hybrid systems: the
glassl/SLG/H,Pc(ML) system reported in this work with the
Fermi level of SLG at ca. —4.4. eV (further denoted as system
I) and the glassll/SLG/H,Pc(ML-X) system reported
previously in ref 24 in which the Fermi level of SLG is at ca.
—4.3 eV (system II). The distinct features common to both
systems are manifestation of two resonances on the EPs of
H,Pc vibrational modes and nearly the same localization of
each of the two resonant electronic transitions within the H,Pc
molecule, which, in turn, indicates that the same mechanisms
of GERS operate in both systems in the 532—830 nm range.

On the other hand, the following differences between the two
systems were found. First, the maxima of EPs in the visible
spectral region have been encountered at different excitation
wavelengths, namely, at 633 nm for system I and at 647 nm for
system II. Furthermore, the average GERS EFs of H,Pc
vibrational modes are markedly lower for system I than for
system II at both 633 and 647 nm excitations, namely, 3 and 4,
respectively, for system I (this paper) and 9 and 8, respectively,
for system IL** We have also noticed that the average GERS
EF is slightly higher at 647 nm excitation for system I and at
633 nm excitation for system II. These differences are
consistent with a slight blue shift of the maximum of the
electronic absorption band for system I reported in this paper
(but not encountered for system I1°*), This shift is tentatively
attributed to a closer proximity of the Fermi level of SLG to
the highest occupied molecular orbital of H,Pc (calculated as
—4.99 eV*?) in system I than in system II, which, in turn, can
allow a weak interaction of these two energy levels in the
former system. The second difference between the two systems
is a more pronounced increase of the normalized band
intensities of H,Pc vibrational modes at 830 nm excitation
encountered for system I in comparison to system IL This
difference is explained by a closer proximity of the 830 nm
excitation wavelength to the maximum of the CT electronic
transition from the Fermi level of SLG to the LUMO of H,Pc
in the former case (the calculated max. at 810 nm) than in the
latter one (the calculated max. at 867 nm). Although all the
above-mentioned differences between systems I and II could
possibly be viewed as minor, their importance largely increases
in the case when they are employed as reference systems for
combined SERS + GERS. For example, should the system II
have been used as the reference system in this study instead of
system I, these differences could be erroneously attributed to
the combination of SERS with GERS of H,Pec.

4, CONCLUSIONS

Evidence for a simultaneous operation of GERS and SERS
experienced by the free-base phthalocyanine (H,Pc) molecular
ML localized on the top of SLG deposited over an array of
annealed Ag NPs has been obtained. Preparation and
characterization of the glassI/AgNPs/SLG/H,Pc(ML) hybrid
systems together with the glassl/SLG/H,Pc(ML) and graph-
ite/H,Pc(ML) reference systems and their micro-Raman
spectral mapping at five excitations in the 532—830 nm
range, followed by the determination of SERS, GERS, and
SERS + GERS EFs and construction of SERS + GERS and
GERS EPs of H,Pc vibrational modes, have emerged as an
appropriate strategy for a detailed elucidation of the combined
mechanism of SERS + GERS. Importantly, the same positions
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of Fermi level of SLG (at —4.4 eV) were obtained in the
glassI/Ag NPs/SLG/H,Pc(ML) hybrid system probed for
SERS + GERS and in the glassI/SLG/H,Pc(ML) reference
system probed for GERS. This was achieved by employment of
the appropriate glass substrate, which induces a small negative
doping of SLG comparable to the doping of SLG by Ag,

GERS, SERS, and GERS + SERS EF values have provided
evidence that the combined SERS + GERS of H,Pc is observed
at all excitations in the 532—830 nm range. This observation is
attributed to a proper selection of the array of annealed Ag
NPs as the plasmonic enhancer operating in the broad
wavelength range. In addition to that, the mechanisms of SERS
and GERS in combined SERS + GERS were found to operate
additively (i.e., their EFs are simply multiplicative) at 633 and
647 nm excitations. Furthermore, the comparison of SERS +
GERS and GERS EPs of H,Pc vibrational modes has revealed
that the two distinct resonance features, that is, the maximum
at 633 nm and the normalized intensity increase from 785 to
830 nm excitation encountered in GERS EPs, remain
preserved in the SERS + GERS EPs as well, In this respect,
the SERS + GERS EPs resemble the SERRS EPs, the shapes of
which are modulated by RRS of chromophoric molecules.

The particular mechanisms of GERS operating in both SERS
+ GERS and GERS of HyPc in our probed and reference
hybrid systems, respectively, at different excitation wavelengths
have been identified and found to be consistent with two of the
four theoretically predicted mechanisms of GERS.*' In
particular, modification of localization of the resonant Q,(0—
0) electronic transition (with maximum at ca. 633—639 nm)
within the H,Pc molecule together with broadening and a
small blue shift of its spectral band has been ascertained and
ascribed to the SLG—H,Pc(ML) interaction. The resonance
observed at 830 nm excitation is attributed to the CT
electronic transition from the Fermi level of SLG to the
LUMO of H,Pc with the calculated maximum at ca. 810 nm. A
slightly less pronounced (but still clearly detectable)
manifestation of this CT transition in the SERS + GERS EPs
in comparison to GERS EPs is the only difference between the
SERS + GERS and GERS EPs of H,Pc encountered under the
conditions of our experiment, that is, upon the same position
of Fermi level of SLG in the probed and reference systems,
respectively.

The importance of the last mentioned experimental
condition was further demonstrated by the comparison of
GERS EPs and EFs of two glass/SLG/H,Pc hybrid systems
(system I in this work and system II in ref 24), for which the
mutual difference in the position of Fermi level was established
to be ~0.1 eV. Distinct differences in the GERS EP shapes and
GERS EF values were found between the two systems.
Therefore, provided that system II would have been taken as
the reference system instead of system I, these differences
could be incorrectly ascribed to the mutual coupling of SERS
with GERS.

In summation, observation of the combined SERS + GERS
in a plasmonic NS/SLG/aromatic molecules hybrid system is
conditioned by the overlap between the wavelength range of
the plasmon resonance of the particular plasmonic NS and the
range of wavelengths in which one of the mechanisms of GERS
operates for a particular molecule. Another important aspect of
SERS + GERS combination stems from the (now well
established) fact that the GERS mechanism operation is, for
any molecule, strongly dependent on the actual position of the
Fermi level of SLG, which, in turn, is set to a particular value

by doping of SLG by the plasmonic metal in the plasmonic
NS/SLG/molecules hybrid system. This aspect has to be taken
into account upon designing and probing hybrid systems for
SERS + GERS of aromatic molecules as well as upon selection
of an appropriate substrate/SLG/molecule reference system
for the evaluation of the GERS mechanism contribution to
combined SERS + GERS.
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Figure S2 Schematic depiction of the final step of the glassl/AgNPs/SLG/H,Pc(ML) hybrid
system preparation: overdeposition of the glassl/AgNPs/SLG hybrid system by a monolayer
(ML) of H,Pc molecules.

Text S1

A generally known formula for calculation of the standard deviation for a function u of two

variables (x,y), each of which suffers from random errors:

u=u(x,y)
ou\> ou\ 2
Sy = \/(ﬁ) SJ% + (@) S;

has been adapted for calculations of the average standard deviations of the average values of

enhancement factors (EFs) and of the normalized band intensities. As an example, the formula

for calculation of the average standard deviations of the average values of SERS EFs is provided:

St 2 St 2
s — E ( SERS) + ( RRS)
Er F\/ Isgrs Iggs

where

sgr = average standard deviation of the average value of SERS EF
Er= average value of SERS EF

Isgrs = average value of SERS spectral bands intensity

Irrs = average value of RRS spectral bands intensity

Sigers — average standard deviation of the average SERS spectral bands intensity

Sizrs— average standard deviation of the average RRS spectral bands intensity

The average spectral band intensity was calculated as an average of spectral band intensities at
each of the 50 x 50 points of a 25 um x 25 um microRaman spectral map, and the average
standard deviations were calculated as the average values of differences between the particular

spectral band intensity at each point of the map and the average spectral band intensity. The



values of the average standard deviations thus reflect the degree of heterogeneity of the

microRaman spectral maps on um scale.

Figure S3 (A) - an optical image of the glassI/AgNPs/SLG/H,Pc(ML) area of the sample; (B)
and (C) - SERS spectral maps of the G mode (1590 cm™) and 2D (2595 cm™) mode of SLG; (D)
and (E) - SERS+GERS spectral maps of the 683 cm™ and 1540 cm™ modes of HyPc. The spectral

maps (B)-(D) were acquired from the same area as the optical image (A) at 785 nm excitation.

Table S1 SERS+GERS enhancement factors experienced by Raman modes of the H,Pc molecule
localized in the glassI/AgNPs/SLG/H,Pc(ML) hybrid system.

Peak position [cm™] EFs GERS + SERS vs RR

633 nm 647 nm
484 2616 254
683 34+7 25+6
726 14 +5 203
798 22+5 28+5
1085 32+ 8 27+5
1143 46 +7 53+12
1343 395 33+8




1452 6716 72+9

1540 107 £15 88+13

Text S2
Detailed analysis of the sequences of normalized band intensities in SERS+GERS EPs of the
spectral bands of H,Pc localized in glassI/AgNPs/SLG/H;Pc¢(ML) hybrid systems

The sequences of the normalized band intensities in SERS+GERS excitation profiles (EPs) of
the spectral bands of H,Pc localized in glassl/AgNPs/SLG/H,Pc(ML) were determined at 633
and 647 nm excitations from the complete EPs presented in Figure 5A and at 830 nm excitation
from the detailed EPs depicted in Figure 5B. The sequences of the normalized band intensities
were analyzed in terms of the symmetry of the corresponding vibrations and their localization
within the H,Pc molecule. For the totally symmetric normal vibrations (A,), their normalized
relative band intensities are proportional to the magnitude of changes of their normal coordinates
upon the resonant electronic transition. Their evaluation thus allows for determination of the

. . . .. cy . 24.44
localization of the resonant electronic transitions within a molecule. <"

The sequence of the
most intense bands (maxima in cm™) in EM SERS+GERS of H,Pc at 633 nm excitation was
determined as follows: 1540 (Ay) > 1343 (A,) > 1143 (Ap) > 1452 (Ay) > 799 (A,) ~ 726 (A,) >
683 (Ag) > 1085 (Biy) ~ 484 (Biy). At 647 nm excitation, the sequence of the most intense bands
was found to be: 1540 (Ay)> 1343 (Ag) > 1143 (A,) > 726 (A,) ~1452 (Ag) ~ 683 (Ag) ~ 799 (A,)
> 1085 (Big) > 484 (Biy). The common feature of both sequences of the spectral bands is a
preferential enhancement of the totally symmetric A, modes over the Bj, modes, and a
preferential enhancement of higher wavenumber A, modes of localized on the pyrrole and on the
benzene rings over the low wavenumber A, macrocycle modes (the latter aspect being more
pronounced at 633 than at 647 nm excitation). Importantly, the sequences of the most enhanced
bands are similar to those reported for GERS of H,Pc in ref.”* and they indicate that both the 633
and the 647 nm excitations fall into the electronic absorption band of the Q, 0-0 electronic
transition within the H,Pc molecules assembled into a monolayer on the surface of SLG, i.e. upon
the conditions of the SLG-H,Pc (ML) interaction.

The sequence of the most intense bands at 830 nm excitation was established as: 683 (A,) >
726 (Ag) > 1343 (Ap) ~484 (Big) > 1143 (Ap) ~ 1540 (A,) > 1452 (Ag) > 799 (Ag) > 1086 (Byy).

In contrast to the previously established sequences of the most enhanced bands at 633 and 647



nm excitation, the low wavenumber bands of the H,Pc macrocycle are among the most enhanced
bands in SERS-GERS of H,Pc. This effect is analogous to that observed for GERS of H,Pc in
ref.24, however, the preferential enhancement of the low wavenumber bands of the H,Pc
macrocycle is even more pronounced in the SERS-GERS EPs presented in this paper (Figure 5B)
than in the GERS ones >, since the low wavenumber 684 and 726 cm™ bands show the largest
normalized band intensities of all bands at 830 nm excitation. This observation thus provides a
clearcut evidence that the LUMO of H,Pc is populated by a different electronic transitions at 830
nm excitation than at 633 and 647 nm excitations (as depicted in Figure 7). The former electronic
transition is attributed to the charge transfer (CT) electronic transition from the Fermi level of
SLG to LUMO of H,Pc (first reported in ref.** for GERS of H,Pc).

24,44
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