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Abstract

A systematic chemical and spectroscopic approach to evaluation of the effect

of single-layer graphene (SLG) on Raman spectra of free-base phthalocyanine

(H2Pc) in glass/SLG/H2Pc hybrid systems has been developed. By a combi-

nation of electronic absorption spectra, Raman spectra at five excitation wave-

lengths (532, 633, 647, 785 and 830 nm) and excitation profiles of H2Pc Raman

spectral bands, the constitution of the three prepared hybrid sysems has been es-

tablished in the following manner: Hybrid system I comprises probably a bilayer

of H2Pc molecules, system VI approximately a monolayer of H2Pc, and system X

a slightly reorganized monolayer of H2Pc molecules. Micro-Raman spectral map-

ping of all three hybrid systems yielded H2Pc spectral bands (together with the

SLG spectral bands) at all five excitation wavelengths. By contrast, for all three

HOPG/H2Pc reference systems (HOPG = highly oriented pyrolytic graphite),

prepared by the same procedure as the corresponding samples, H2Pc signal was

detected only at 633 and 647 nm excitations. A selective increase of normalized

Raman intensities of H2Pc spectral bands for the glass/SLG/H2Pc monolayer

hybrid systems at 830 nm was revealed on the basis of a mutual comparison of

Raman excitation profiles of all three samples of glass/SLG/H2Pc hybrid systems.

This excitation was found to mach the calculated difference between the Fermi

level of SLG and lowest unoccupied molecular orbital (LUMO) of H2Pc, and the

intensity growth was attributed to the mechanism of GERS (graphene-enhanced

Raman scattering) based on a photo-induced charge transfer. Operation of the

second GERS enhancement mechanism at 647 and 633 nm excitations was re-

vealed and attributed to favorable changes in electronic absorption spectra of

H2Pc caused probably by a weak interaction between Fermi level of SLG and

highest occupied molecular orbital (HOMO) of H2Pc. The latter mechanism was

at least approximately quantitatively evaluated, yielding GERS enhancement fac-

tors 13-33 for 633 nm and 6-27 for 647 nm. Free-base phthalocyanine has proved

to be a very well suited molecule for the study of GERS, namely due to its planar

aromatic character and D2h symmetry, as well as because of the positions of its

HOMO and LUMO, that is, below and above the Fermi level of SLG, respectively.

Keywords: free-base phthalocyanine, single-layer graphene, Raman spectroscopy,

graphene-enhanced Raman scattering, H2Pc, SLG, GERS
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Abstrakt

Efekt monovrstevného grafénu (SLG) na Ramanova spektra ftalocyaninu volné

báze (H2Pc) v hybridńıch systémech sklo/SLG/H2Pc byl systematicky zkoumán

z chemického a spektroskopického pohledu. Kombinaćı elektronových absorpčńıch

spekter, Ramanových spekter na pěti excitačńıch vlnových délkách (532, 633,

647, 785 a 830 nm) a excitačńıch profil̊u Ramanových pás̊u H2Pc bylo stanoveno

pravděpodobné složeńı tř́ı studovaných systémů: hybridńı systém I sestává pa-

trně z dvojvrstvy molekul H2Pc, systém VI z monovrstvy a systém X z mı́rně

přeuspořádané monovrstvy zmı́něných molekul. Při micro-Ramanově spektrálńım

mapováńı všech tř́ı vzork̊u byly pozorovány pásy H2Pc (a SLG) na všech pěti ex-

citačńıch vlnových délkách. V př́ıpadě referenčńıch systémů HOPG/H2Pc (HOPG

= vysoce uspořádaný pyrolytický grafit), připravených shodným zp̊usobem jako

odpov́ıdaj́ıćı vzorky SLG/H2Pc, však byly pásy H2Pc pozorovány pouze při exci-

taćıch 633 a 647 nm. Vzájemné porovnáńı Ramanových excitačńıch profil̊u všech

tř́ı vzork̊u SLG/H2Pc vedlo k odhaleńı selektivńıho ześıleńı normalizovaných Ra-

manových intenzit v př́ıpadě excitace monovrstevných systémů vlnovou délkou

830 nm. Bylo zjǐstěno, že tato excitačńı vlnová délka odpov́ıdá vypočtenému ener-

getickém rozd́ılu mezi Fermiho hladinou SLG a nejnižš́ım neobsazeným moleku-

lovým orbitalem (LUMO) H2Pc. Intenzitńı nár̊ust byl připsán jevu známému pod

zkratkou GERS (grafénem ześılený Raman̊uv rozptyl), konkrétně mechanismu

založeném na foto-indukovaném přenosu náboje. Druhý mechanismus GERS byl

pozorován při excitaćıch 633 a 647 nm, kde taktéž docházelo k ześıleńı Ramanova

signálu H2Pc, což bylo přǐrazeno př́ıznivým změnám v elektronových absorpčńıch

spektrech H2Pc zp̊usobených pravděpodobně slabou interakćı mezi Fermiho hladi-

nou SLG a nejvýše obsazeným molekulovým orbitalem (HOMO) H2Pc. Tento me-

chanismus se dále podařilo alespoň přibližně kvantifikovat: GERS faktory ześıleńı

byly stanoveny na 13-33 v př́ıpadě excitace 633 nm a 6-33 pro 647 nm. Ftalocy-

anin volná báze byl shledán jako velmi vhodná molekula pro studium GERS, a

to předevš́ım d́ıky jeho planárńımu aromatickému charakteru, D2h symetrii mole-

kuly a vhodné poloze jeho HOMO a LUMO, které se nacházej́ı pod a nad Fermiho

hladinou SLG.

Kĺıčová slova: ftalocyanin volná báze, monovrstevný grafén, Ramanova spek-

troskopie, grafénem ześılený Raman̊uv roztpyl, H2Pc, SLG, GERS
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Introduction

Relatively recently, a growth of Raman signal for molecules in the vicinity of

graphene was observed, and firstly reported in 2010 by Dresselhaus et al. [1].

This effect has been dubbed graphene-enahnced Raman scattering (GERS) and

studied widely since. However, this field of research has been almost entirely

the domain of reasearch conducted by Dresselhaus et al. (e. g. [2, 3]), though

other investigations may be also found [4, 5, 6]. Of those, challenges of the

phenomenon of GERS have been reported in Ref. [6], since a decrease in Ra-

man cross-section for Rhodamine 6G (Rh6G) was observed upon adsorption onto

single-layer graphene (SLG). A GERS theory has been proposed by Barros and

Dresselhaus and GERS enhancement conditions have been formulated [7]. The

largest enhancement is to occur for planar aromatic molecules [3], thus free-base

phthalocyanine (H2Pc), chosen for the hereby presented work, stands as an ideal

candidate for the study of GERS.

A great variety of molecules has already been investigated in relation to GERS

and an extensive summary was presented in [3]. The enhancement factors (EFs)

were determined to depend on several factors, such as molecule orientation and

type, graphene-molecule distance, graphene thickness, and excitation wavelength

characteristics [2], and they were found to range from 1 to 40. The highest

EFs have been detected for copper(II) phthalocyanine, while the majority of the

studied molecules exhibited rather lower values of their respective EFs [3].

Despite the fact that the EFs provided by GERS do not reach very impres-

sive values in comparison e.g. to those achieved by surface-enhanced Raman

scattering (SERS), the phenomenon of GERS appears to be worth a further

detailed study. One of the reasons is that the theoretical treatment of this phe-

nomenon has been proposed only recently, hence the previously published papers

could not relate the observed GERS enhancement to one of the four theoretically

suggested mechanisms. Another challenge for utilization of GERS may be its

coupling to the electromagnetic mechanism of SERS in the plasmonic nanostruc-

tures/SLG/molecules hybrid systems.
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1. Theoretical Background

1.1 Raman Spectroscopy

The explanation of Raman and resonance Raman spectroscopy in this chapter

and its subchapters is based on Refs. [8] and [9].

Raman spectroscopy is a well-known and frequently used technique for exper-

imental investigation of molecular vibrations. It is based on inelastic scattering of

photons in ultraviolet (UV), visible (Vis) and near infrared (IR) spectral region;

this phenomenon being called Raman scattering (RS). When electromagnetic ra-

diation interacts with matter, molecules are excited from a ground into a virtual

energy state, and a fraction of them relaxes into an excited vibrational mode

(Stokes scattering). Inverse process, i.e. from an excited to the ground state, is

also possible (anti-Stokes scattering). The energy difference between the incident

and scattered photons in the Stokes process then corresponds to the amount of

energy required to excite a molecule into a higher vibrational state of a partic-

ular oscillator, i. e. the normal vibration. Raman spectroscopy predominantly

focuses on the Stokes process since the population of the individual states is

given by Boltzmann distribution, and thus Stokes scattering is a markedly more

probable process at ambient temperatures.

The incident radiation induces a dipole moment in the molecule:

P = αE0, (1.1)

where P stands for the induced dipole moment, α for the polarizability tensor,

and E0 for the electric field intensity. A selection rule for Raman activity of

normal vibrations of a molecule applies: the polarizability tensor, α, must change

at least one of its components in the course of the vibration. Otherwise, the

vibration is Raman inactive.

In Raman spectra, individual bands represent normal vibrations, i. e. pe-

riodic changes of respective normal coordinates. These coordinates (and their

changes) can be expressed as a linear combination of internal coordinates (or

their changes, respectively), i.e. bond lengths and angles (usually determined by

X-ray diffraction). The normal vibrations assignment may be achieved through

comparison with known spectra and band assignments of related molecules (such

as the one of free-base phthalocyanine molecule by Aroca [10]), or through the

theoretical approaches using normal coordinate analysis (NCA, a semi-empirical

method) or density functional theory (DFT).
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Moreover, Raman spectra of randomly oriented molecules (in liquid phase or

in a solution), measured in parallel and perpendicular polarization with respect

to the incident light, allow for symmetry assignment of individual vibrations.

Depolarization ratio, ρp, which characterizes symmetry properties of a particular

mode, is defined as:

ρp =
I⊥
I‖
, (1.2)

where I⊥ and I‖ represent intensity of a particular band in perpendicular and

parallel, respectively, polarization. In case the depolarization ratio equals 0.75,

the bands are depolarized (dp) and correspond to non-totally symmetric vibra-

tions. If the depolarization ratio falls within the open interval (0; 0.75), the bands

are polarized (p) and belong to totally symmetric modes. These measurements

are usually carried out at an off-resonance excitation to avoid anomalies.

1.1.1 Resonance Raman Spectroscopy

In case of normal (off-resonance) Raman spectroscopy, the energy of the exciting

radiation is markedly lower than that of the first allowed electronic transition

within a molecule. For resonance Raman scattering (RRS), the excitation energy

must approach the energy of an allowed electronic transition, i.e. the intermediate

state is located within the vibrational structure of an excited electronic state. The

process of RRS occurs by about 3 orders of magnitude faster than absorption

followed by emission. Fig. 1.1 schematically depicts the difference between RS

and RRS.

Figure 1.1: A schematic depiction (a) of Raman scattering and (b) resonance
Raman scattering. The bottom curves represent electronic ground states with
ground and first two excited vibrational states, the upper curves similarly show
first excited electronic state with vibrational levels. Green dashed line denotes
the intermediate state. Only Stokes processes are shown.
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The ”sum-over-state” model developed by Albrecht is outlined in Ref. [8]

Molecular polarizability tensor, α, is considered as a function of the excitation

wavelength. Each of the components of the molecular polarizability tensor rep-

resents a component of the transition moment ascribed to a two-photon pro-

cess of excitation and depopulation of the intermediate state. The constituents

of the molecular polarizability tensor are expressed in terms of eigenstates of

the vibronic Hamiltonian of a molecule (for Stokes process and invoking Born-

Oppenheimer approximation):

[αρσ]i,f =
1

hc

∑
v

(
〈f|[µρ]ge|v〉〈v|[µσ]eg|i〉

ν̃vi − ν̃0 − iΓv
+
〈f|[µσ]ge|v〉〈v|[µρ]eg|i〉

ν̃vf + ν̃0 − iΓv

)
(1.3)

where [αρσ]if stands for one of the components of the transition moment between

ground (i) and first excited (f) vibrational state of ground electronic state (g),

v for any vibrational state of excited electronic state (e), [µρ] and [µσ] for the

respective components of transition moment between e and g, ν̃0 for the excitation

wavenumber, ν̃vi and ν̃vf for wavenumbers of the corresponding transitions, Γv

for the damping factor (which is inversely proportional to the lifetime of the

intermediate state) and finally h and c for Planck constant and speed of light,

respectively.

Upon expansion of the transition moment into Taylor series and consideration

of only the first two terms, two contributors to the molecular polarizibility may be

recognized: A-term (Eq. 1.4) and B-term (Eq. 1.5). Enhancement via the former

is based on Franck-Condon mechanism, hence it is an imperative the overlap

integrals to be nonzero. The latter describes enhancement via Herzberg-Teller

mechanism, which originates from the vibronic coupling of two close-lying excited

states. However, the B-term contribution is usually much smaller in comparison

to the A-term.

A =
1

hc
[µρ]

0
ge [µσ]0eg

∑
v

〈f|v〉〈v|i〉
ν̃vi − ν̃0 − iΓv

, (1.4)

B =
1

hc

∑
s 6=v

[µρ]
0
gs [µσ]0eg

hkse
∆ν̃se

+
∑
v

〈f|Qk|v〉〈v|i〉
ν̃vi − ν̃0 − iΓv

+
1

hc

∑
s 6=v

[µρ]
0
ge [µσ]0sg

hkse
∆ν̃se

+
∑
v

〈f|v〉〈v|Qk|i〉
ν̃vi − ν̃0 − iΓv

(1.5)

where [µρ]
0 represents one of the components of the purely electronic transition

moment, s a close-lying excited state to the excited state e, ∆ν̃se energy difference

between the two excited states, and hkse the change of hamiltonian with respect

to normal coordinate Qk upon e-s coupling.
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1.2 Graphene and Raman Spectroscopy

1.2.1 Raman Spectra of Graphene

This section was written based on Refs. [11] and [12].

Raman spectroscopy is one of the principal tools used in the study of graphene

and other sp2 carbon materials, e. g. single-wall carbon nanotubes. It is a fast

and non-destructive method providing us with considerable amount of structural

and electronic information. For example, the positions, intensities and shapes

of the peaks are highly sensitive to the strain, doping, number of layers and the

presence of any defects, and thus can easily reveal any of those.

Raman spectrum of single-layer graphene comprises several distinct bands, as

shown in Fig. 1.2 (adopted from [12]). There are two always-present principal

modes: G and 2D 1, two defect modes: D and D’, and a few other modes: D+D’,

D+D” and 2D’.

(a)

(b)

Figure 1.2: Raman spectra of graphene. Spectrum (a) corresponds to pristine
graphene, spectrum (b) to graphene with disorder. Bands labeled as described
in the text. Adopted from [12].

The G-band appears at around 1585 cm−1 and arises from in-plane C-C bond

stretching. This band is sensitive to doping and especially to strain, the former

causing shifts (blue-shifts in case of weak doping, blue(red)-shifts for p(n) doping).

Under uniaxial stretching, the G peak splits into G− and G+, and both of them

are also red-shifted when the stretching is increased.

1Note that the 2D mode is sometimes called G’ in literature in order to stress that it is not
a defect mode and to avoid possible misreading as ”two-dimensional”.
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The D-band is observed as a peak in the range 1250 − 1400 cm−1, with

strong dispersion with the excitation energy (' 50 cm−1/eV), and corresponds

to the breathing of the six-atom rings. A defect is required for its activation,

hence the presence of the D-band in a spectrum is indicative of disorder and its

intensity can be used to quantify the disorder.

The D’-band serves as another indicator of the presence of a defect, since it

is necessary for its activation. This mode appears at around 1620 cm−1.

The 2D- and 2D’-band are overtones of the D- and D’-mode, respectively. The

former appears in the range 2500 − 2800 cm−1, the latter at around 3240 cm−1,

and no defects are required for their activation. The position of the 2D-mode

is strongly dependent on the excitation energy (' 100 cm−1/eV) as well as on

the number of graphene layers and the stacking order in case of few-layer graphene

or graphite.

The D+D” and D+D’ bands, visible at ' 2450 cm−1 and ' 2970 cm−1,

respectively, are combination bands of the respective modes. The name D” has

been assigned to a mode seen at ' 1100 cm−1 when a defected graphene sample

is measured with visible light.

1.2.2 Graphene-Enhanced Raman Spectroscopy

Graphene-enhanced Raman scattering is only a relatively recently observed phe-

nomenon, first reported in 2010 by Ling et al. [1]. It has been widely studied

in the past few years [2, 3] and a theory has been developed by Barros and

Dresselhaus [7]. The subsequent explanation of this effect is based on the above

mentioned references, i.e. [1, 2, 3, 7].

Graphene possesses the ability to enhance the resonance (and, in some cases,

also the normal) Raman scattering of molecules located in the vicinity of the

graphene surface. The extent to which the scattering is amplified depends on

several factors, such as the type of the molecule, molecular concentration and ori-

entation, molecule-graphene distance, graphene thickness, graphene Fermi level

energy, and laser wavelength and polarization. About 30 different molecules have

already been studied in relation to GERS with variable results. The best en-

hancement factors, calculated as the ratio of the GERS signal to a reference

signal, were observed for planar aromatic molecules, namely EF equal to 40 was

obtained for copper(II) phthalocyanine. However, EFs for other molecules were

substantially lower (below 10).

These findings corroborate the model proposed by Barros and Dresselhaus

[7], which puts the origin of GERS down to the charge transfer (CT) between

the Fermi level of graphene and the ground and/or excited electronic state of

10



the molecule. According to this approach, the larger enhancements occur for the

following conditions:

~ω0 = EL − EH or ~ω0 = EL − EH + ~ωq (1.6a)

EF = EH ± ~ωq or EF = EL ± ~ωq (1.6b)

~ω0 = EF − EH or ~ω0 = EF − EH + ~ωq (1.6c)

~ω0 = EL − EF or ~ω0 = EL − EF − ~ωq (1.6d)

where ~ω0 is the excitation energy, EL and EH the energies of the lowest unoccu-

pied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO)

states of the molecule, respectively, EF the energy of Fermi level of graphene,

and ~ωq the phonon energy.

Two molecular selectivity rules for GERS have been formed: Energy Level

Rule and Structure Rule. The former states that strong enhancement occurs

when the HOMO or LUMO energy differs from the Fermi level of graphene by the

phonon energy or when the excitation laser energy is close to the HOMO or LUMO

energy separation, or the excitation energy approaches the difference between the

Fermi level of graphene and HOMO or LUMO of the molecule. According to the

latter rule, Dnh symmetry is favored since it shows better compatibility with the

honey-comb structure of graphene.

However, as mentioned in the beginning of this section, GERS has been dis-

covered only a few years ago, and therefore it is yet to be generally accepted (or

disproved). Hence works challenging the idea of GERS exist, such as the report

on rhodamine 6G by Brus et al [6].
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1.3 Free-Base Phthalocyanine: Raman Spectra

and Electronic Structure

Free-base phthalocyanine, a member of the group of porphyrin analagues, consists

of four isoindol groups interconnected with nitrogen atoms. The two hydrogen

atoms are located in the center of the structure on diagonally opposite nitrogen

atoms (Fig. 1.3). As an aromatic planar centrosymmetric molecule (D2h symme-

try group), H2Pc stands as an ideal candidate for the study of GERS.

Figure 1.3: H2Pc molecule composed of 16 carbon and nitrogen atoms building
up the inner macrocycle and of four benzene rings linked to the macrocycle via
carbon atoms.

Phthalocyanines find applications in a variety of fields, e.g. they were tested

as photosensitizers in photodynamic terapy [13], incorporated into a polysiloxane

sol-gel materials which leads to promising utilization in optics and photonics [14],

used to functionalize single-walled nanotubes for ammonia vapor detection [15].

1.3.1 Electronic Absorption Spectra

The first few excitations of phthalocyanines involve π-π∗ transitions, and in a sim-

ple model featuring the construction of molecular orbitals as a linear combination

of atomic orbitals (MO LCAO) for porphyrines and considering only pz atomic

orbitals of carbons and nitrogens, the lowest lying singlet states are fourfold de-

generate. However, configuration interaction decreases this degeneracy to two

doubly degenerate states. H2Pc, Fig. 1.3, compared to metal phthalocyanines

with D4h symmetry (a single metal atom is bonded to the all four nitrogen atoms

in the center of the molecule), has a reduced symmetry, which breaks the equiva-
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lence of x and y directions. This results in a further removal of the degeneracy of

both the first (Q, transition in the visible range) and second (B or Soret, transi-

tion in the ultraviolet range) excited states, and Q splits into Qx and Qy. [16] It

has been also ascertained that the electron density involved in the Q-band tran-

sition is localized on the macrocycle, whereas B-band affects the benzene rings.

[17]

The nature of H2Pc and its physical state significantly influence its respective

absorption spectra, namely the position of the Q-band and even how many peaks

are visible. As an isolated molecule, H2Pc shows two absorption maxima at 661

and 632 nm corresponding to Qx and Qy, respectively. [16] When dissolved in

1-chloronaphtalene, two distinct sharp and intense bands appear at 697 and 662

nm for Qx and Qy
2 , respectively, accompanied with lower bands at 596 nm and

631 nm with a shoulder to 638 nm, as depicted in Fig. 1.5. [14] In a 61µm-thick

phthalocyanine-doped polyphenylsiloxane film, absorption maxima shift red to

702 nm (Qx) and 666 nm (Qy) and additional broad bands appear at 610 and

637 nm, Fig. 1.6. [14] Absorption spectrum of a 60-nm α-H2Pc film consists of

a broad band with a maximum at roughly 620 nm and a shoulder at around

720 nm, Fig. 1.4. [17] This observation is in agreement with two absorption

maxima at ca. 350 nm and 620 nm for a 100-nm-thick film of α-H2Pc mentioned

in Ref. [10].

Figure 1.4: Absorption spectra of a 60-nm α-H2Pc film on glass substrate.
Adapted from [17].

2In Ref. [16], the Qx and Qy bands were observed at 700 and 663 nm, respectively.
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Figure 1.5: Absorption spectra of H2Pc in chloronaphtalene. Adapted from [14].

Figure 1.6: Absorption spectra of H2Pc-doped polyphenylsiloxane film. Adapted
from [14].
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1.3.2 Fluorescence

H2Pc shows strong fluorescence, thus Raman spectra cannot be obtained at reso-

nance wavelengths unless the photoluminiscence is suppressed. In a chloronaphta-

lene solution, fluorescence spectrum exhibits one intense emission band at 702 nm

(Fig. 1.7). In a polyphenylsiloxane phthalocyanine-doped film, the fluorescence

maximum appears at 707 nm (Fig. 1.8). [14] Furthermore, strong fluorescence

background was reported for measurements of H2Pc in KBr discs at 633 nm ex-

citation. [18] However, no fluorescence has been mentioned when examining thin

phthalocyanine films. [10, 17, 19]

Figure 1.7: Fluorescence spectra of H2Pc in chloronaphtalene. Adapted from [14].

Figure 1.8: Fluorescence spectra of H2Pc-doped polyphenylsiloxane film (solid
line). The dotted line corresponds to excitation spectrum in the original in Ref.
[14], from which it was adapted.
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1.3.3 Raman Spectra

Raman spectra of H2Pc have been investigated several times in order to assign

vibrational frequencies by comparison with porphyrins, metallophthalocyanines

and other related structures [10, 17, 19, 20], and to ascertain the symmetry of the

particular vibrations [10, 17, 18]. A brief summary is presented in this chapter.

Vibrations of H2Pc may be divided into two main groups: those of the in-

ner macrocycle and those of the isoindole parts. The former includes chiefly

macrocycle breathing at 682 cm−1, macrocycle deformation at 796 cm−1 and

720 cm−1, and in-phase motion of four isoindole groups at 182 cm−1. The latter

comprises mainly isoindole and pyrrole stretching and breathing at 1450 cm−1

and 1428 cm−1, and 1534 cm−1, 1513 cm−1, 1337 cm−1 and 1140 cm−1, respec-

tively. Furthermore, benzene ring stretches have been assigned to 1618 cm−1 and

isoindole ring deformation to 480 cm−1. [10, 20] 3

A detailed list of H2Pc both observed and calculated peaks is presented in

Tab. 1.1 and complemented with respective spectra in Fig. 1.9 [18]. The measured

positions of the H2Pc peaks match those DFT calculated [18] and agree within

quoted literature. However, that is not the case of symmetry assignments [10, 17,

18]. Those based on theoretical approach in Ref. [18] differ from those proposed on

the basis of the analogy between the porphyrin and the phthalocyanine spectral

bands [10].

Figure 1.9: Calculated (in black) and observed (in blue) spectra of H2Pc. Adapted
from [18].

H2Pc exists in several forms, namely as α-H2Pc, β-H2Pc and x-H2Pc, how-

ever, Raman spectra of thin films of the respective polymorphs show only minor

variations. [10] Raman spectra of α-H2Pc thin films have been further studied at

different excitation wavelengths, Fig. 1.10. [10, 17, 19]

Three different types of intensity dependence on excitation wavelength may

3The given wavenumbers were adopted from Ref. [10], respective figures in Ref. [20] may
slightly differ.
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Table 1.1: Comparison of observed and DFT calculated peaks for H2Pc, and vi-
brational symmetry assignment. Relative intensities are indicated in parenthesis.
Scaling of the calculated values is by factor of 0.98. Adopted from [18].
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Figure 1.10: Spectra of 60-nm α-H2Pc film measured at four excitation wave-
lengths (488.0, 514.5, 568.2 and 647.1 nm). Adopted from [17].

be distinguished [10, 17], as illustrated by Fig. 1.11: 4

(i) Relative intensity profile exhibits a minimum at roughly 500 nm and climbs

steeply towards both higher and lower frequencies. These vibrations are

expected to be enhanced by both the B and Q-band, and include vibrations

at 480, 682, 720, 1104, 1181 and 1534 cm−1.

(ii) Relative intensity decreases as laser excitation wavelength increases, and

thus resonance with the B-band is the prevailing mechanism, such as for

230, 571, 796, 1406, 1513 and 1618 cm−1.

(iii) Relative intensity increases with the laser wavelength, and resonance with

the Q-band is predominant, e. g. for 182, 1080 and 1140 cm−1.

Aroca et al. [10], in an analogy to porphyrins, concluded that the types (i) and

(ii) correspond to the totally symmetric vibrations which derive their intensity

4The subsequently given wavenumbers were adopted from Ref. [10], respective figures in
Ref. [17] may slightly differ.
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Figure 1.11: Relative intensity of Raman bands for 60-nm α-H2Pc films as a
function of laser wavelength (488.0, 514.5, 568.2 and 647.1 nm). Three different
trends are observed, represented by the vibrations at (a) 721 cm−1, (b) 1406 cm−1

and (c) 1140 cm−1. Adopted from [17].

from the B-band. The last type, on the other hand, would belong to non-totally

symmetric vibrations which may decrease and finally become negligible upon the

approach of the B-band.

However, Heutz et al. [17] argued that enhancement of non-totally symmetric

modes seems also possible via the B-term resonance. While totally symmetric

vibrations are amplified by the A-term (due to Franc-Condon overlap), the B-

term (and the consequent enhancement of non-totally symmetric modes) grows in

importance because of the close-lying electronic levels of the Q- or B-band and the

possibility of their coupling. Considering the transition symmetries, a conclusion

has been drawn that either Ag or B3g modes can be enhanced by excitation into

the Soret band, while both Ag and B1g modes are intensified through resonance

with the Q-band.

Murray et at. [18] conducted an extensive study of the H2Pc molecule, focus-

ing on both DFT calculated and experimental data. The ascertained vibrational

symmetries are summarized in Tab. 1.1.

H2Pc was also investigated in relation to GERS [1], namely on Si/SiO2 sub-

strate with H2Pc molecules deposited thereon by vacuum evaporation in two

thicknesses (1 and 2 Å). Raman spectra were obtained with the excitation wave-

lengths 458, 514.5 and 633 nm, and bands of H2Pc were found to reach signif-

icantly higher values for graphene-containing systems. EFs were ascertained to

range from 2 to 17, and overtones were observed for H2Pc on SLG upon 633 nm

excitation.
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2. Objectives

1. Preparation of SLG/H2Pc hybrid systems and their characterization by

UV-Vis electronic absorption microspectroscopy.

2. Micro-Raman spectral measurements of the SLG/H2Pc hybrid systems at

5 excitation wavelengths and assignment of SLG and H2Pc spectral bands.

3. Preparation and micro-Raman spectral measurements of a suitable selected

H2Pc-containing reference hybrid system at 5 excitation wavelengths.

4. Raman spectral measurements of H2Pc in solution and in the microcrys-

talline state as well as of pristine SLG at 5 excitation wavelengths, comple-

mented by UV-Vis electronic absorption measurements of H2Pc in solution

and by Raman depolarization measurements of H2Pc in solution at a se-

lected, off-resonance excitation wavelength.

5. Evaluation of changes in the Raman spectra of H2Pc and of SLG upon

the SLG/H2Pc hybrid system formation, and determination of graphene-

enhancement of Raman scattering of H2Pc in the particular SLG/H2Pc

hybrid system.
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3. Experimental Section

3.1 Materials

• 29,31H-Phthalocyanine, H2Pc (Sigma-Aldrich, β-form, 98%)

• 29,31H-Phthalocyanine-C,C,C,C-tetrasulfonate hydrate, H2PcTS (Sigma-

Aldrich)

• Toluene for spectroscopy (Merck, Uvasol)

• Single-layer graphene on glass, SLG

• Highly-ordered pyrolytic graphite, HOPG

Graphene samples (glass/SLG) were obtain from J. Heyrovský Institute of

Physical Chemistry, Academy of Sciences of the Czech Republic, where they had

been prepared by Dr. Martin Kalbáč according to a previously reported chemical

vapor deposition procedure [21].

3.2 Preparation of Samples

3.2.1 Preparation of H2Pc Solution

A saturated (< 10−5 M) phthalocyanine solution was prepared by dissolving

1.1 mg of H2Pc in 41 mL of toluene in 100mL Erlenmeyer flask. After thorough

manual shaking and dissolving in ultrasonic bath, the mixture was left standing

for a day. Afterwards, it was filtered through a 1-µm-filter into a new clean

100mL Erlenmeyer flask.

3.2.2 Preparation of Glass/SLG/H2Pc Systems

Three types of glass/SLG/H2Pc samples were prepared. Since they differ solely

in the extent of final toluene rinse, only one description follows with the difference

and sample notation presented at its end.

Toluene was poured into a weighting bottle so as its bottom side was covered

with approximately 5mm-thick layer of toluene. An 1-cm-long inverted cut-off

bottom of a vial was placed into the center of the weighting bottle with toluene,

and graphene on glass was then carefully laid onto a cover slip which had been

placed on the vial bottom. The weighting bottle was closed and left standing for

approximately 10 minutes. Then, the beforehand prepared solution of H2Pc in
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toluene was carefully poured using a pipette onto the sample until the sample was

covered with a layer of this solution. The weighting bottle was closed and sealed

with parafilm, and left standing for 24 hours. Then the sample was removed

from the weighting bottle and dried using a slip of filter paper. Similar procedure

as described above was carried out again, except for covering the sample with

pure (spectroscopic) toluene for 10 minutes instead of H2Pc/toluene solution for

24 hours. In case of the system denoted as glass/SLG/H2Pc-I, the final step was

performed only once (i. e. only one 10-minute toluene rinse). For systems labeled

as glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X, the final step was done six times

(6x10 minutes), and ten times (10x10 minutes), respectively.

3.2.3 Preparation of HOPG/H2Pc Systems

Top layers of HOPG were removed using a scotch tape. The tape was gently laid

on one of the sides (top) of the HOPG and slightly pushed towards the surface of

the HOPG. Then the tape, with a few carbon layers stuck on its bottom side, was

carefully removed, creating a clean and relatively smooth surface. These steps

were repeated one more time on the same side. Same procedure was applied to

the opposite (bottom) side of the HOPG.

Immediately after the above described procedure had been finished, the HOPG

was placed into a clean small weighting bottle and covered with solution of H2Pc

in toluene. The weighting bottle was closed and sealed with parafilm, and left

standing for 24 hours. Afterwards, the HOPG was removed from the solution

and dried with a slip of filter paper. Next, the HOPG was placed into another

weighting bottle partially filled with toluene and left there for 10 minutes. Finally,

the HOPG was removed from the weighting bottle and again dried with a slip of

filter paper, this sample being labeled as HOPG/H2Pc-I. The glass/SLG/H2Pc

samples alike, HOPG/H2Pc-VI was washed six times with toluene (6x10 minutes)

and HOPG/H2Pc-X ten times (10x10 minutes) in total.

3.2.4 Preparation of H2PcTS Solution

A 1.0 · 10−2 M solution of H2PcTS in water was prepared in a small vial by

dissolving 1.3 mg of H2PcTS in 160 µL of deionized water. To ensure complete

dissolution, the mixture was shaken for an hour.

This 1.0 · 10−2 M solution was used for polarized Raman measurements. For

UV-Vis absorption spectra, it was diluted by adding 990 µL of deionized water to

10.0 µL of the original solution, hence the new concentration was 1.0 · 10−4 mol ·
dm−3.
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3.3 Instrumentation

3.3.1 Raman Spectroscopy

Raman spectra as well as optical images were obtain using WITec alpha300 Ra-

man microspectrometer. An objective (Zeiss) with 100x magnification was used

for all measurements of solid samples. A long-working-distance (LWD) objective

(Zeiss) with 50x magnification was used for measurements of solutions in 1mm-

thick quartz cuvettes. Laser types, wavelengths and laser powers are listed in

Tab. 3.1 (laser powers measured at the sample). Parameters for all area scans

were 25µm-by-25µm with 50-by-50 points and integration time was set to 0.4 s.

In case of H2Pc in crystalline form, the laser power was set to 0.3 mW.

Table 3.1: Laser types, excitation wavelengths, and laser powers used for mea-
suring Raman spectra.

Laser type Excitation wavelength (nm) Power (mW)
SHG Nd:YVO4 531.994 2.3

He-Ne 632.847 2.5
Kr+ 647.125 5.0

Diode 784.793 50.0
Diode 830.042 11.0

Raman polarization measurements were carried out on LabRAM (Horiba) Ra-

man microspectrometer using a LWD objective with 50x magnification. Argon

laser was used, namely excitation wavelengths 488 and 514.5 nm. Spectra col-

lected at the former excitation are presented in the following chapter, while those

acquired at the latter excitation wavelength may be found in the Supplement.

3.3.2 Absorption Spectroscopy in UV-Vis

UV-Vis electronic absorption spectra of H2Pc in toluene and H2PcTS in water

solutions were obtained with Shimadzu UV-2401 PC UV-VIS (Shimadzu corpo-

ration) recording spectrometer. Quartz cuvettes with optical paths 1 cm (H2Pc

in toluene) and 1 mm (H2PcTS in water) were used.

UV-Vis absorption spectra of glass/SLG/H2Pc-I hybrid system were acquired

by professor George R. Rossman and professor Antońın Vlček at the Californian

Institute of Technology, Division of Geological and Planetary Sciences. The spec-

tra were measured at a home-assembled microspectrometer system consisting of

a 20-watt Oriel tungsten-halogen lamp coupled to a modified Nicolet Nicplan

microscope which in turn passes through an Acton spectrograph (resolution of

approximately 1.7 nm) and the light is finally detected by a Princeton Instruments

Si diode-array detector [22]. The measured area was 350-by-260 µm.
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3.4 Data Processing and Analysis

Program WITec Project FOUR was used first for spectra processing. Further

treatment of Raman spectra was carried out in a set of Matlab-based programs,

Origin and Omnic. Excitation profiles were constructed in Microsoft Excel, as

well as this software served for some calculations, e. g. of intensity correction

functions, enhancement factors and excitation profiles.

UV-Vis electronic absorption spectra were processed in UV Probe and Origin.

Optical images and schemes were processed in programs GIMP and Inkscape.

3.4.1 Wavenumber Calibration

Spectrographs of the WITec alpha300 apparatus were calibrated via a standard-

ized step sequence prescribed by the manufacturer (namely an automatic pro-

cedure employing a built-in Hg-Ar lamp) prior to the series of measurements.

Furthermore, an additional calibration was carried out in order to establish more

precise wavenumbers and to ensure accuracy of the Raman spectra measured

at different excitation wavelengths and on different days. The method is based

on complementing each acquired Raman spectrum with an emission spectrum of

the built-in Hg-Ar lamp. Emission lines of these two elements are well-known,

and therefore could be used for the purpose of relatively precise wavenumber

calibration.

The wavenumbers of the mercury and argon transitions of interest were taken

from [23] and their precise positions (Raman shifts) in the spectra for each exci-

tation wavelength were calculated, Tab. 3.3. Each pair comprising a Hg-Ar cali-

bration spectrum and a spectrum of interest (e.g. a spectrum of glass/SLG/H2Pc

system) was then horizontally shifted so as the measured and standardized Hg-Ar

emission lines matched each other. This horizontal shift usually did not exceed

1 cm−1.

3.4.2 Intensity Calibration

For measurements on WITec alpha300, two different spectrographs equipped with

charge-coupled device (CCD) detectors optimized for blue-green and red-NIR

(near infra-red) 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. Especially in the case of the latter,

the sensitivity of the detector decreases rapidly for longer excitation wavelengths.

For reliable comparison of relative intensities of Raman spectra obtained with

different excitations throughout broader wavenumber ranges, intensity correction
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functions have been determined.

Two approaches to the spectrograph response calibration were considered.

The first one employed measurements of a substance whose spectra are indepen-

dent of excitation wavelength. For this purpose, a mixture of water, deuterated

water, ethanol and acetone was chosen since the compounds contribute by Ra-

man bands which cover sufficiently densely the wavenumber range from 400 up

to 3700 cm−1. An equal amount (volume) of H2O and D2O was pipetted into a

1-mm-quartz cuvette and 50 µL of ethanol and acetone were subsequently added,

and finally the mixture was thoroughly shaken to ensure uniform composition

throughout the cuvette. Spectra of this mixture were then obtained at all five

excitations and under similar experimental conditions as the previously carried

out measurements. Spectrum acquired at 633 nm excitation was then selected as

a reference and correction functions for the other four excitations with respect

to the mentioned spectrum were calculated. Ratios of corresponding bands in

the spectrum at 633 nm excitation and in a spectrum of interest were determined

(Raman shifts of selected points are listed in Tab. 3.2), and the ascertained values

were subsequently fitted in the appropriate range with a suitable function (a sec-

ond order polynomial in case of 830 nm excitation, and forth-order polynomials

for 532, 647 and 785 nm). Graphs featuring the chosen points as well as the

fitting functions may be found in the Supplement, Fig. S5. The accuracy of the

calculated correction functions was tested on the spectra of the above mentioned

mixture as well as on spectra of polystyrene and toluene (all acquired under the

same conditions).

Table 3.2: Raman shifts of selected points in the spectra of the calibration mixture
for construction of correction functions.

Raman shift (cm−1)
532 nm 647 nm 785 nm 830 nm

547 546 547 547
801 801 801 801
879 879 879 879
1051 1052 1051 1051
1243 1243 1243 1243

1305 1365
1430 1430 1430 1430
1457 1457 1457 1457

1485
1701 1701 1701 1701
2510 2510 2500
2934 2934 2696

2981
3418 3418
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The other method for calculation of correction functions used certified spec-

troscopic standards which emit broadband fluorescence spectra when excited with

a specified laser wavelength. The fluorescence spectra of the standards have been

calibrated by National Institute of Standards and Technology (NIST) through

the use absolutely calibrated white-light source and described by mathematical

expressions [24, 25]. Spectra of the appropriate reference sample were repeat-

edly measured (under same experimental conditions as in the case of the studied

systems), and a correction function was calculated as a ratio of the acquired spec-

trum and the certified defined curve. However, only official standards for spectral

corrections for the excitation wavelengths 532, 633, 785 and 830 nm were avail-

able from NIST at present, of which only the first two were obtained at the time

of experiments. Therefore, corrections for the remaining excitations, i. e. 647,

785 and 830 nm, were carried out by employing the firstly outlined procedure

based on a mixture of water, deuterated water, ethanol and acetone. That is,

the spectra were firstly corrected to the 633 nm excitation, and then correction

to the certified standard for 633 nm was applied.

Original and corrected spectra of the calibration mixture of water, deuterated

water, ethanol and aceton are shown in Figs. 3.1 and 3.2, respectively. Final

correction factors for all excitation wavelengths may be found in the Supplement,

Fig. S6, as well as spectra of the certified fluorescence standards, Fig. S2, and

measured and corrected spectra of polystyrene, Figs. S9 and S10.

In addition, it shall be noted that the two remaining certified fluorescence

standards, i. e. those for excitation wavelengths 785 and 830 nm, were obtained

after the collection, treatment and interpretation of acquired data. Nevertheless,

their both measured and certified spectra (from Refs. [26] and [27]) are included

in the Supplement (Fig. S2), as well as graphs of the calculated correction func-

tions, Fig. S3. Corrected spectra of the calibration mixture of water, deuterated

water, ethanol and acetone are also included for comparison, Figs. S4, S7 and S8.

However, since calibration of the apparatus, though crucial for appropriate inter-

pretation of collected data, is not among the principal objectives of the hereby

presented study, this subject is not discussed here further.

Raman spectra acquired using WITec alpha300 presented hereafter were cor-

rected in terms of both wavenumber and intensity calibrations unless explicitly

stated otherwise.
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Table 3.3: Wavenumbers of Hg and Ar emission lines from [23], ν̃(NIST), and
their position in spectra measured at 531.994 nm, ∆ν̃(532), 632.847 nm, ∆ν̃(633),
647.125 nm, ∆ν̃(647), 784.793 nm, ∆ν̃(785), and 830.042 nm excitation, ∆ν̃(830).

ν̃(NIST) ∆ν̃(532) ∆ν̃(633) ∆ν̃(647) ∆ν̃(785) ∆ν̃(830)
(cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)
18307.4 489.8 - - - -
17327.3 1469.8 - - - -
17264.3 1532.8 - - - -
16909.8 1887.4 - - - -
16573.3 2223.9 - - - -
16348.9 2448.3 - - - -
14804.5 - 997.1 648.5 - -
14473.1 - 1328.5 979.9 - -
14352.7 - 1449.0 1100.3 - -
14220.3 - 1581.3 1232.6 - -
14145.9 - 1655.7 1307.0 - -
13987.9 - 1813.7 1465.0 - -
13745.8 - 2055.8 1707.1 - -
13560.9 - 2240.7 1892.1 - -
13539.1 - 2262.5 1913.9 - -
13322.8 - 2478.8 2130.2 - -
13303.7 - 2497.9 2149.3 - -
13093.8 - 2707.8 2359.2 - -
12942.8 - 2858.9 2510.2 - -
12578.0 - 3223.6 2874.9 - -
12487.0 - 3314.7 2966.0 - -
12473.5 - 3328.1 2979.5 - -
12336.7 - 3464.9 3116.3 405.6 -
12319.0 - 3482.6 3134.0 423.2 -
12096.6 - 3705.0 3356.4 645.6 -
11889.9 - 3911.7 3563.1 852.3 -
11866.7 - 3934.9 3586.3 875.5 -
11731.9 - - 3721.1 1010.3 -
11533.6 - - 3919.4 1208.6 514.0
10958.3 - - - 1783.9 1089.2
10837.7 - - - 1904.5 1209.9
10687.4 - - - 2054.8 1360.2
10351.5 - - - 2390.7 1696.1
10217.4 - - - 2524.8 1830.1
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Figure 3.1: Raman spectra of the calibration mixture at five excitation wave-
lengths prior to intensity correction. Normalized to unity at maximum and base-
line corrected. (a) 532 nm, (b) 633 nm, (c) 647 nm, (d) 785 nm, and (e) 830 nm.
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Figure 3.2: Raman spectra of the calibration mixture at five excitation wave-
lengths after intensity correction. Normalized to 1458 cm−1 and baseline cor-
rected. (a) 532 nm, (b) 633 nm, (c) 647 nm, (d) 785 nm, and (e) 830 nm.
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4. Results and Discussion

4.1 Electronic Absorption Spectra of H2Pc and

of Glass/SLG/H2Pc Hybrid System

Electronic absorption spectra in UV-Vis region were obtained for saturated so-

lution of H2Pc in toluene and for glass/SLG/H2Pc-I hybrid system, and are pre-

sented in Figs. 4.1 and 4.2, respectively. The former exhibits two maxima at 693

(Qx) and 656 nm (Qy) accompanied with two lower bands at 594 and 639 nm with

shoulder to 627 nm. In case of glass/SLG/H2Pc-I hybrid system, the two maxima

appear at 718 (Qx) and 693 nm (Qy) with a vibronic sideband at about 630 nm.

The absorption spectrum is red-shifted for both Q-bands when compared to those

of isolated molecules in toluene (by 25 and 37 nm for the respective Q-bands),

in chloronaphthalene (by 21 and 31 nm) [14], in a-supersonic free jet (by 57 and

94 nm) [28], in isolation matrices (by 48 and 66 nm, and 687 and 646 nm for

neon and xenon matrices, respectively) [29], and also to that of a H2Pc-doped

polyphenylsiloxane film (by 16 and 27 nm) [14]. In addition, it does not match

any of the electronic absorption spectra of various H2Pc crystalline forms which

are discussed in Ref. [30]. Furthermore, the width of the Qx and Qy splitting

decreases to only 25 nm in comparison to the splitting of the above mentioned

systems. On the other hand, Ref. [16] presents Raman scattering-excitation pro-

file spectra of H2Pc molecule adsorbed on silver surface, and the maxima appear

at 692 and 674 nm with only 18 nm splitting.

It was also attempted to collect electronic absorption spectra of glass/H2Pc

(as a part of the glass/SLG/H2Pc-I hybrid system). However, no bands were

observed, therefore it is reasonable to assume that no or too few H2Pc molecules

adsorbed directly on the glass substrate. Due to these reasons, the spectra are

not shown in this study.
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Figure 4.1: Electronic absorption spectrum of saturated solution of H2Pc in
toluene.

Figure 4.2: Electronic absorption spectrum of glass/SLG/H2Pc hybrid system
(baseline corrected), and projections of the excitation wavelengths for Raman
measurements.

31



4.2 Acquisition, Evaluation and Interpretation

of Excitation Wavelength-Dependent

Raman Spectra of Glass/SLG/H2Pc Hybrid

Systems and of Selected Reference Systems

4.2.1 Micro-Raman Spectral Mapping of Selected 2D Sys-

tems

Systems investigated in this study require special care due to their extraordinary

thinness. Especially in the case of SLG, the sample is as thick as one-carbon-

atom layer. Therefore, measurements were carried out in a micro-Raman setup

and areas of 25µm-by-25µm in size were mapped to acquire spectra with a better

signal-to-noise ratio, as described in the preceding chapter in detail. In addition,

scanning of an area allowed for inspecting the homogeneity of the samples.

Two sets of measurements of glass/SLG/H2Pc-I hybrid system will be pre-

sented shortly to underline the significance and illustrate the process of collecting

Raman spectra over a region, namely of those acquired at 633 and 830 nm excita-

tions. A map of a defected SLG on glass will follow to demonstrate the application

of spectral scanning, especially as a tool for scrutinizing the sample structure.

The 830 nm excitation wavelength was considered first, and its characteristics

apply also to other off-resonance spectra of glass/SLG/H2Pc systems (i. e. 532

and 785 nm), and resonance spectra of HOPG/H2Pc (i. e. 633 and 647 nm),

as well as to glass/SLG measurements. Fig. 4.3 shows a single spectrum from a

randomly selected point in the scanned area, a spectrum obtained as an average

of 9 single spectra, and eventually an average spectrum from the entire region.

These spectra clearly illustrate the rapidly increasing signal-to-noise ratio with

the increasing number of spectra. Figures displaying intensity distribution of

selected bands over the scanned area are not presented in case of this excitation

wavelength for little illustrativeness due to high noise.

In the case of 633 nm excitation wavelength, resonant for H2Pc, the summa-

tion of spectra was not as crucial as in the aforementioned instance since the

Raman signal reached intensity of about two orders of magnitude higher. Nev-

ertheless, mapping ensures enables elimination of some possible inhomogeneity

effects within the sample, and establishes identical conditions for analysis and

comparison of acquired spectra among each other. Fig. 4.5, as in the previous

paragraph, shows a random single spectrum, a spectrum created as an average

of 9 spectra, and an overall average. Fig. 4.4 illustrates the intensity distribution

for selected bands. The overall increasing intensity from upper left corner to the
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Figure 4.3: Raman spectra of glass/SLG/H2Pc hybrid system at 830 nm ex-
citation. Spectrum (a) represents a single spectrum from the map, (b) shows
an average of 9 spectra, and (c) displays a total average spectrum from the entire
scanned area.

bottom right is given by the sample being slightly slanted with respect to the

scanning plane. Aside from few defects in graphene which project themselves

into H2Pc spectra, the sample appears to be homogeneous.

Finally, a map of glass/SLG system at the excitation wavelength 647 nm is ex-

plored. This area features four different regions: a pristine single-layer graphene,

a graphene fold, a graphene multilayer and a region with no graphene. Fig. 4.7

presents Raman spectra from the respective areas, and Fig. 4.6 captures intensity

distribution of the G (1597 cm−1) and 2D (2647 cm−1) graphene modes as well as

a microscopic picture of the scanned area. It is worth noting that the displayed

maps superbly match the optical image of the scrutinized area. Therefore, it was

possible to employ the optical images for selection of areas with minimum defects

for the actual Raman mapping of the samples.

The above introduced measurement strategy was applied to glass/SLG/H2Pc-

VI and glass/SLG/H2Pc-X hybrid systems, as well as to HOPG/H2Pc reference

system and glass/SLG system at all excitation wavelengths. The further ana-

lyzed spectra of the enumerated systems were obtained as an average from the

respective entire mapped area unless otherwise stated.
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(a) (b) (c) (d)

Figure 4.4: Map of Raman intensity distribution of H2Pc modes at (a) 726 cm−1,
(b) 1143 cm−1 and (c) 1544 cm−1, and of (d) graphene G mode (1595 cm−1) at
the excitation wavelength 633 nm. The brighter parts indicated stronger signal,
however, the overall increasing intensity from the left upper corner towards the
opposite results from the sample being slanted with respect to the scanning plane.

Figure 4.5: Raman spectra of glass/SLG/H2Pc hybrid system at 633 nm ex-
citation. Spectrum (a) represents a single spectrum from the map, (b) shows
an average of 9 spectra, and (c) displays a total average spectrum from the entire
scanned area. (baseline corrected)
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(a) (b) (c)

Figure 4.6: A microscopic image of the scanned area (contrast has been modified
to highlight the different regions). Maps of Raman intensity distribution of (b) G
(1597 cm−1) and (c) 2D (2647 cm−1) graphene modes at the excitation wavelength
647 nm. The brighter areas correspond to multiple layers and folds of graphene,
while no graphene is present where black.

Figure 4.7: Raman spectra from a mapped area of (a) pristine SLG, (b) multilayer
graphene, (c) a graphene fold, and (d) an area with no graphene. (single spectra,
baseline corrected)
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4.2.2 Selected Reference Systems

HOPG/H2Pc Systems

HOPG was selected as a reference for calculations of GERS enhancement fac-

tors owing to its similarity to SLG. It is constituted of an immense number of

stacked graphene layers which ensures same adsorption characteristics as SLG

and simultaneously, it takes advantage of the fact that the enhancement caused

by graphene diminishes with increasing number of graphene layers [1]. However,

the surface of HOPG is more flat than that of the glass substrate, features of

which SLG copies, and therefore a correction is essential prior to calculations

of GERS enhancement factors. This coefficient has been ascertained to equal

1.34 [31]. The preparation of HOPG/H2Pc systems and measurements of Raman

spectra were carried out the other samples alike, as described in the Experimental

Chapter. Acquired spectra are presented later in Chapter 4.2.8, Figs. 4.33 and

4.34, and in the Supplement, Figs. S11 and S12.

Polystyrene

Raman spectrum of polystyrene features numerous distinct bands, intensity and

position of which are independent of the excitation wavelength (except for the ν4-

dependence of scattered radiation intensity common to all Raman spectra). On

that account, it was chosen as an external standard for intensity normalization

of phthalocyanine bands. Spectra of polystyrene measured at the five excitation

wavelengths of interest, i. e. 532, 633, 647, 785 and 830 nm, may be found in the

Supplement, Figs. S9 and S10.

Glass/SLG System

Apart from the above described reference systems, Raman spectra of glass/SLG

system were also obtained for evaluation of changes upon formation of the hybrid

systems, and are presented in Fig. 4.21 (Chapter 4.2.4).

Glass/H2Pc System

Glass/H2Pc system, as a part of the glass/SLG/H2Pc samples and hence undergo-

ing the very same procedure as the main system of interest, was also considered as

a reference. However, neither Raman nor electronic absorption spectra indicated

the presence of a detectable amount of H2Pc on glass.
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H2Pc in Crystalline Form

Raman spectra of crystalline H2Pc (β-form) were attempted to be acquired at

all five excitation wavelengths. However, due to the strong fluorescence of H2Pc

at 633, 647, 785, and 830 nm excitations, spectrum was collected only at the

off-resonance 532 nm excitation. Fig. 4.8 presents the Raman spectrum which,

however, rather resembles that of the α-polymorph than that of the β-form pre-

sented in Ref. [32], although β-H2Pc had been purchased. Gradual conversion of

the original β- to the α-form may have occurred due to higher stability of the

latter [33].

Figure 4.8: Raman spectrum of H2Pc in crystalline form at 532 nm excitation.
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4.2.3 Excitation-Wavelength Dependence and Mutual

Comparison of Raman Spectra of Glass/SLG/H2Pc

Hybrid Systems

Raman spectra of all three glass/SLG/H2Pc hybrid systems were obtained under

identical experimental conditions as stated earlier, and are presented in Figs. 4.10-

4.20. Figs. 4.10-4.14 show entire spectra of the three discussed systems at individ-

ual excitation wavelengths, while Figs. 4.15-4.20 offer closer views of the relevant

regions at lower wavenumbers of each system, as well as contain a more detailed

labeling of observed bands.

According electronic absorption spectra of both H2Pc and glass/SLG/H2Pc

(Fig. 4.2), the excitation wavelength 532 nm is non-resonant, and hence could

serve for determination of the ratios of the number of H2Pc molecules in the

respective systems. Selected H2Pc Raman spectral bands for comparison are

presented in Tab. 4.1, as well as the corresponding intensity ratios. 1 Both

Raman spectra (Fig. 4.10) and numerical data (Tab. 4.1) indicate that the sys-

tem glass/SLG/H2Pc comprises rather a multilayer (probably a bilayer) of H2Pc

molecules on SLG, and its electronic absorption spectrum (Fig. 4.2) supports this

idea. Formation of a partial bilayer of H2Pc molecules on HOPG was observed

by scanning tunneling microscopy [34], and the possibility of formation of slightly

slipped H2Pc molecules (Fig. 4.9, in case of porhyrins, this ordering is known as

J-type dimers and exhibits a red shift in their electronic absorption bands with

respect to those of monomers) was considered. The slipped dimer geometry was

found to be the most stable one in Ref. [35], and the red-shift of the Q absorp-

tion band was observed also upon aggregation of zinc-phthalocyanine molecules

during argon matrix preparation [36].

Table 4.1: Intensity ratios of selected H2Pc bands of glass/SLG/H2Pc hy-
brid systems at the excitation wavelength 532 nm. Intensity ratios, R, of the
glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X to the glass/SLG/H2Pc-I bands are
distinguished with the appropriate roman numeral in parenthesis.

Raman shift (cm−1) R(VI) R(X)
685 3.0 2.0
727 2.4 2.4
800 2.6 2.9
1145 1.8 1.3
1453 1.9 1.9

1Unfortunately, the mode at around 1344 cm−1, though of relatively high intensity, could
not be chosen for numerical evaluation due to the contribution of the close-lying dispersive SLG
G-mode.
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Figure 4.9: A scheme illustrating the mutual position of two porphyrin molecules
upon creation of a J-type dimer. Adopted from Ref. [35]

On the other hand, the samples glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X

appear to be constituted by a monolayer of H2Pc as the respective Raman intensi-

ties are lower in comparison to those of the glass/SLG/H2Pc-I hybrid system but

do not differ significantly when contrasted with each other. Furthermore, individ-

ual bands vary in their relative intensities and some of them are visible much more

distinctively particularly in comparison to the glass/SLG/H2Pc-I hybrid system,

especially those at 752, 958, 1219 and 1534 cm−1. These new bands were com-

pared to those of toluene, benzylalcohol (which may arise via a reaction occuring

upon prolonged exposure of graphene to toluene [37]), and polymethylmetacrylate

(used for transferring of graphene during the SLG preparation), however, none

yielded a positive result. The observation could be explained by reorganization

of the H2Pc molecules on the SLG surface upon extended washing with toluene

so as the individual molecules adopt more favorable positions and intensify their

interaction with SLG. Especially the two bands at 1534 and 1545 cm−1 appear to

be highly sensitive to the form of H2Pc and to its surrounding environment, and

are yet to be fully understood. As of now, their origin in the glass/SLG/H2Pc

hybrid systems may be only ascribed to the probable interaction with graphene.
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Figure 4.10: Raman spectra glass/SLG/H2Pc hybrid systems at excitation wave-
length 532 nm (baseline corrected): (a) glass/SLG/H2Pc-I, (b) glass/SLG/H2Pc-
VI, and (c) glass/SLG/H2Pc-X. Graphene bands are marked (G).
*The band at 1344 cm−1 is an overlap of H2Pc and graphene bands.
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Figure 4.11: Raman spectra glass/SLG/H2Pc hybrid systems at excitation wave-
length 633 nm (baseline corrected): (a) glass/SLG/H2Pc-I, (b) glass/SLG/H2Pc-
VI, and (c) glass/SLG/H2Pc-X. Graphene bands are marked (G).
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Figure 4.12: Raman spectra glass/SLG/H2Pc hybrid systems at excitation wave-
length 647 nm (baseline corrected): (a) glass/SLG/H2Pc-I, (b) glass/SLG/H2Pc-
VI, and (c) glass/SLG/H2Pc-X. Graphene bands are marked (G).
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Figure 4.13: Raman spectra glass/SLG/H2Pc hybrid systems at excitation wave-
length 785 nm (baseline corrected): (a) glass/SLG/H2Pc-I, (b) glass/SLG/H2Pc-
VI, and (c) glass/SLG/H2Pc-X. Graphene bands are marked (G).
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Figure 4.14: Raman spectra glass/SLG/H2Pc hybrid systems at excitation wave-
length 830 nm (baseline corrected): (a) glass/SLG/H2Pc-I, (b) glass/SLG/H2Pc-
VI, and (c) glass/SLG/H2Pc-X. Graphene bands are marked (G).
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Figure 4.15: Enlarged regions of Raman spectra of glass/SLG/H2Pc-I hybrid
system at excitation wavelengths (a) 633 and (b) 647 nm (baseline corrected).
Graphene bands are marked (G).
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Figure 4.16: Enlarged regions of Raman spectra of glass/SLG/H2Pc-VI hybrid
system at excitation wavelengths (a) 633 and (b) 647 nm (baseline corrected).
Graphene bands are marked (G).
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Figure 4.17: Enlarged regions of Raman spectra of glass/SLG/H2Pc-X hybrid
system at excitation wavelengths (a) 633 and (b) 647 nm (baseline corrected).
Graphene bands are marked (G).
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Figure 4.18: Enlarged regions of Raman spectra of glass/SLG/H2Pc-I hybrid
system at excitation wavelengths (a) 532, (b) 785 and (c) 830 nm (baseline cor-
rected). Graphene bands are marked (G).
*The H2Pc and graphene bands coincide.
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Figure 4.19: Enlarged regions of Raman spectra of glass/SLG/H2Pc-VI hybrid
system at excitation wavelengths (a) 532, (b) 785 and (c) 830 nm (baseline cor-
rected). Graphene bands are marked (G).
*The H2Pc and graphene bands coincide.
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Figure 4.20: Enlarged regions of Raman spectra of glass/SLG/H2Pc-X hybrid
system at excitation wavelengths (a) 532, (b) 785 and (c) 830 nm (baseline cor-
rected). Graphene bands are marked (G).
*The H2Pc and graphene bands coincide.
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4.2.4 Comparison of Raman Spectra of SLG in Glass/SLG

and Glass/SLG/H2Pc Hybrid Systems

Graphene is very sensitive towards its surrounding environment, and doping of

graphene may easily take place. Specifically in this study, doping by toluene and

glass is of concern. The former may occur upon prolonged exposure to toluene

(more than 1 hour) via a reaction yielding benzylalcohol [37], however, bands of

neither toluene nor benzylalcohol were observed in any of the spectra. Doping by

glass, on the other hand, appears more probable and would explain the relatively

high wavenumbers of graphene G-band at 1598-1602 cm−1 [38]. Raman spectra

of glass/SLG acquired prior to any manipulation with the same are shown in

Fig. 4.21.

Tabs. 4.2 and 4.3 summarize Raman shifts of graphene bands in glass/SLG

and glass/SLG/H2Pc systems, respectively. Especially the positions of the G and

2D modes moved to slightly higher values in the latter, though it is question-

able whether this minor shift results from interaction between SLG and H2Pc or

falls within experimental error. Tab. 4.4 presents calculated and observed Ra-

man shifts of the dispersive D and 2D modes in glass/SLG system The starting

theoretical values were adopted from Refs. [11] and [12], namely Raman shift

1350 cm−1 at 2.4 eV (514.5 nm) excitation with dispersion ' 50 cm−1/eV for D

mode, and Raman shift 2700 cm−1 at 2.4 eV (514.5 nm) excitation with disper-

sion ' 100 cm−1/eV for 2D mode. The calculated and observed values differ by

7-8 cm−1 for D mode while relatively match for the 2D mode.
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Table 4.2: Positions of graphene modes in glass/SLG system at each excitation
wavelength.
* G mode was observed at lower values due to glass reflection.

Excitation Raman shifts of modes (cm−1)
Wavelength (nm) D G D+D” 2D 2D’

532 1354 1598 2462 2692 3255
633 1336 1599 2470 2655 3245
647 1333 1597 2469 2647 3238
785 1317 ∗ 2600
830 1314 1598

Table 4.3: Positions of graphene modes in glass/SLG/H2Pc system at each exci-
tation wavelength.
* G mode was observed at lower values due to glass reflection.
** D mode coincides with H2Pc bands.

Excitation Raman shifts of modes (cm−1)
Wavelength (nm) D G D+D” 2D 2D’

532 ∗∗ 1600 2466 2694 3257
633 ∗∗ 1600 2484 2658 3243
647 ∗∗ 1598 2482 2651 3238
785 ∗∗ ∗ 2595
830 ∗∗ 1598

Table 4.4: Positions of graphene D and 2D modes in glass/SLG system at each
excitation wavelength, calculated and observed values as described in the text.

Excitation Raman shift (cm−1)
Wavelength (nm) Energy (eV) D(calc.) D(obs.) 2D(calc.) 2D(obs.)

532 2.33 1347 1354 2693 2692
633 1.96 1328 1336 2656 2655
647 1.92 1326 1333 2652 2647
785 1.58 1309 1317 2618
830 1.49 1305 1313 2609
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Figure 4.21: Raman spectra glass/SLG system at five excitation wavelengths: (a)
532 nm, (b) 633 nm, (c) 647 nm, (d) 785 nm, and (e) 830 nm.
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4.2.5 Symmetry of Selected H2Pc Vibrations: Raman De-

polarization Ratios of H2PcTS Spectral Bands in

Aqueous Solution

As discussed in the Theoretical Chapter, symmetry assignment of free-base ph-

thalocyanine normal vibrations varies within literature [10, 17, 18]. To address

this problem, an attempt was made to ascertain depolarization ratios of H2Pc

bands of interest. Unfortunately, H2Pc shows little (if any at all) solubility in the

majority of common solvents, namely toluene and 1-chloronaphthalene 2 were

considered for these measurements. However, neither of the concentrations was

sufficient for Raman spectra at an off-resonance excitation.

A sulfonated derivative of H2Pc, namely 29,31H-phthalocyanine-C,C,C,C-

tetrasulfonate hydrate (H2PcTS), was opted for instead. This substance dis-

solves easily in polar solvents due to the four polar HSO3-substituents, therefore

a 1.0·10−2 M water solution was prepared for the further-described measurements.

A UV-Vis electronic absorption spectrum of a 1.0 · 10−4 M water solution of

H2PcTS (Fig. 4.22) was measured to determine an appropriate off-resonance ex-

citation wavelength to avoid anomalies present when at resonance. Specifically,

wavelength 488 was selected since it falls within the minimum of the two absorp-

tion bands, as illustrated in the figure. Polarized spectra were also acquired for

514.5 nm excitation, and may be found in the Supplement, Fig. S1.

Fig. 4.23 presents Raman spectra of a 1.0 · 10−2 M solution of H2PcTS in wa-

ter acquired at the excitation wavelength 488 nm. Tab. 4.5 summarizes observed

Raman shifts of the H2PcTS bands and whether they are polarized (p) or depo-

larized (dp), as well as the positions of the corresponding H2Pc bands (specifically

those of glass/SLG/H2Pc-X hybrid system observed at 647 excitation) and their

DFT calculated symmetries in Ref. [18]. The table has been completed with the

help of polarized spectra collected at 514.5 nm excitation which may be found

in the Supplement, Fig. S1. An excellent match has been achieved between in

assignment of both totally symmetric Ag and non-totally symmetric B1g modes

of H2Pc by (a) determination based on Raman depolarization ratios for H2PcTS

in aqueous solution, and (b) on the basis of DFT calculations [18]. Of the total

of 22 bands, for which the comparison has been carried out, discrepancy has been

observed in only three instances, namely at 1010, 1145, 1532/1544 cm−1 for H2Pc.

2Ref. [14] claims to have prepared a H2Pc solution in chloronaphthalene of concentration
equal to 10−2 mol ·dm−3. However, even after lengthy shaking and heating, the suspension did
not turn into a solution.
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Figure 4.22: Electronic absorption spectrum of a 1.0 · 10−4 M H2PcTS in water.

Figure 4.23: Raman spectra of 1.0 ·10−4 M H2PcTS in water at 488 nm excitation
with parallel (black) and perpendicular (red) polarization with respect to the
incident radiation. (baseline corrected)
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Table 4.5: H2PcTS bands and their symmetries (p = polarized, dp = depolar-
ized), and H2Pc vibrations in glass/SLG/H2Pc-X hybrid system and symmetry
assignment from DFT calculations by Murray et al. [18]. Similar experimental
analogy has been drawn between iron phthalocynine and its sulfonated analogue
[39], where the band observed at 1276 cm−1 (marked *) was ascribed to the
sulfonate group.

Raman shift of H2PcTS Polarization Raman shift of H2Pc Symmetry
(cm−1) (cm−1)

576 p 545 Ag

588 p 597 Ag

688 p 684 Ag

727 p 726 Ag

805 p 798 Ag

1020 dp 1010 Ag

1035 dp 1029 B1g

1071 dp 1085 B1g

1103 dp 1111 B1g

1128 dp 1145 Ag

1180 p 1185 Ag

1190 dp 1197 B1g

1228 dp 1219 B1g

1276 * −
1312 dp 1311 B1g

1337 p 1343 Ag

1394 p 1408 Ag

1431 dp 1431 B1g

1463 p 1453 Ag

1518 p 1512 Ag

1535 dp 1532 -
1544 Ag

1578 p − Ag

1614 dp 1620 B1g
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4.2.6 Assignment of H2Pc Raman Spectral Bands in Hy-

brid Systems to Normal Vibrations and of Those to

the Symmetry Species of D2h Point Group

Tabs. 4.7, 4.8 and 4.9 summarize observed Raman shifts for individual H2Pc

normal vibrations in glass/SLG/H2Pc-I and glass/SLG/H2Pc-X hybrid systems

at the five excitation wavelengths. Furthermore, these tables present assign-

ment of the observed modes to normal vibrations and of those to the symmetry

species of D2h point group based on thorough examination of available literature

[10, 16, 18, 29, 39, 40, 41, 42]. Normal coordinate analysis of iron phthalocyanine

(FePc) performed by Melendres and Maroai [39] indicates that vibrations of the

phthalocyanine molecule are strongly coupled and changes of many internal co-

ordinates are involved in a particular vibration. This, in turn, hampers the band

assignment for H2Pc molecule for which NCA has not been performed. Hence

the approach of Aroca et al. [10] who assumed selectivity of individual H2Pc

vibrations and compared the observed modes bands to those of related molecules

(e. g. benzene and pyrrole) appears not to be as accurate as may have originally

seemed. Therefore, the assignment was mostly based on Ref. [29], Tabs. 4.7-4.9.

It shall be noted that both Ag and B1g vibrations were observed, which points

to the participation of both Franck-Condon and Herzberg-Teller mechanism,

where the latter results from Qx and Qy coupling, as concluded in Ref. [17]. The

weak spectral bands stepping out in the Raman spectra of glass/SLG/H2Pc-VI

and glass/SLG/H2Pc-X hybrid systems were observed also in the above enumer-

ated studies, and some of them are found to belong to the infra-red active modes

which become Raman activated in the hybrid systems, as reported previously in

Ref. [1] for 633 nm excitation. In addition, overtones and combination bands were

observed at excitation wavelengths 633 and 647 nm, and are listed in Tab. 4.6.

Observation of overtones at 633 nm was also reported in Ref. [1].

Table 4.6: Observed overtones and combination bands of H2Pc and their assign-
ment to fundamental modes.

Raman shift (cm−1) Assignment
1824 combination band of 684 and 1144
1866 combination band of 727 and 1144
2023 combination band of 684 and 1343
2224 combination band of 684 and 1544
2267 overtone of 1144
2481 combination band of 1144 and 1343
2878 combination band of 1343 and 1544
2990 combination band of 1453 and 1544
3080 overtone of 1544
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4.2.7 Excitation Profiles of Selected Raman Spectral

Bands of Glass/SLG/H2Pc Hybrid Systems

Excitation profiles (EP) of H2Pc Raman spectral bands were constructed from

Raman spectra of glass/SLG/H2Pc-I, glass/SLG/H2Pc-VI and glass/SLG/H2Pc-

X hybrid systems collected at the five excitation wavelengths. Raman spectra of

polystyrene acquired under the very same experimental conditions were employed

as external standards, and may be found in the Supplement, Fig. S10. At each

excitation wavelength, intensity of the particular H2Pc band was normalized to

the intensity of the polystyrene mode observed at 1005 cm−1. The EPs are

presented in Figs. 4.24-4.32, of which Figs. 4.24, 4.27 and 4.29 show an overview

of EPs of all selected H2Pc spectral bands, Figs. 4.25, 4.28 and 4.30 display the

detail of the close-lying less enhanced bands, and finally Figs. 4.26, 4.31 and 4.32

offer a closer view on the EPs at higher excitation wavelengths (785 and 830 nm).

In case of all three samples, the EPs of the selected spectral bands exhibit

a maximum for the excitation wavelength 647 nm. In addition, while the EP

of glass/SLG/H2Pc-I appears rather flat for higher excitation wavelengths (with

some of the bands slightly declining and some slowly increasing, Fig. 4.26), the

EPs of glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X hybrid systems show a pro-

nounced growth from 785 to 830 nm for at least half of the spectral bands

(Figs. 4.31 and 4.32). Furthermore, the EP of the glass/SLG/H2Pc-I hybrid

system (Fig. 4.24) may be related to its electronic absorption spectrum (Fig. 4.2,

with projections of the five excitation wavelengths). Unfortunately, the EP of

the three hybrid systems could not be compared with that of H2Pc in solution or

in crystalline state due to strong fluorescence which prevents acquisition of Ra-

man spectra. On the other hand, this observation demonstrates the significance

of the fluorescence quenching upon formation of glass/SLG/H2Pc hybrid system

which in turn allows for collecting Raman spectra of a decent quality and for

constructing appropriate EPs. Similar advantage of fluorescence quenching was

also exploited in a SERRS (surface-enahnced resonance Raman scattering) spec-

tral study of H2Pc adsorbed on silver islands, which presents very detailed EPs

in the 660− 700 nm region of low wavenumber bands (namely of those observed

at 545− 797 cm−1) [16].

A more detailed analysis of the H2Pc Raman bands EPs follows hereafter.

In particular, sequences of relative band intensities for individual bands (from

highest to lowest) were determined for all three hybrid systems at the excitation

wavelengths 633 and 647 nm, and for glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X

also at the excitation 830 nm. The series were analyzed in terms of the symme-

tries of the corresponding normal vibrations (indicated in parenthesis after the
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respective band Raman shift given in cm−1) and localization within the H2Pc

molecule (where appropriate). This approach was based on a previously reported

method in Ref. [43] which was applied to analysis of SERRS EP.

Excitation Profiles of Glass/SLG/H2Pc-I

The sequence at the excitation wavelength 647 nm (Fig. 4.24, spectrum (b) in

Fig. 4.15) was ascertained as follows: 1543 (Ag) > 1341 (Ag) > 1143 (Ag) >

726 (Ag) > 1451 (Ag) > 683 (Ag) ≈ 1184 (Ag) ≈ 1314 (B1g) > 1367 > 798 (Ag) >

1110 (B1g) > 1085 (B1g) > 484 (B1g) > 544 (Ag) > 768 (Ag) > 1009 (B1g) ≈
1162 (Ag) > 1029 (B1g) > 750. The mostly enhanced modes belong to Ag sym-

metry and comprise both stretching and bending (deformation) vibrations of the

macrocycle (or its parts). The B1g modes, the Ag vibrations localized also (or

preferentially) on the benzene, 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 Qx (or Qy) purely electronic (0-0) transi-

tion which is localized predominantly on the tetrapyrrole macrocycle [10, 16, 29].

The series at 633 nm excitation (Fig. 4.24, spectrum (a) in Fig. 4.15) was

found to be: 1543 (Ag) > 1341 (Ag) > 1143 (Ag) > 1451 (Ag) > 1314 (B1g) >

1184 (Ag) ≈ 1367 > 726 (Ag) > 1110 (B1g) > 1085 (B1g) > 683 (Ag) >

484 (B1g) > 798 (Ag) > 1162 (Ag) ≈ 1009 (B1g) ≈ 1029 (B1g) ≈ 768 (Ag) >

544 (Ag) > 750. Although the relative intensities of the three most enhanced

bands (1543, 1344 and 1144 cm−1) are comparable at the excitation wavelengths

633 and 647 nm, there is a substantial difference in case of the macrocycle de-

formation (685 cm−1) and breathing (726 cm−1) modes. While they are to be

found among the more enhanced bands at 647 nm, they fall into the category of

weakly enhanced for the 633 nm excitation. It may be overall stated that stronger

enhancement occurs for higher frequency bands only.

This rather minor though significant difference may be tentatively explained

by consideration of the electronic absorption spectrum of glass/SLG/H2Pc-I hy-

brid system (Fig. 4.2). The excitation wavelength 647 nm appears to fall within

the main electronic transition belonging to Qx, which shows to be consistent with

the observed relative intensities of the individual bands at 647 nm and their Ra-

man activation by excitation into this Q(0-0) band. The excitation wavelength

633 nm, on the other hand, seems to coincide with the shoulder located at about

the same position. This shoulder may be tentatively attributed to the vibronic

sideband of the split Q-band arising from the coupling of the Q and B electronic

states by vibrations of both Ag and B1g symmetry [29]. Its wavenumber position

equals approximately 1368 cm−1 (ascertained as the difference between the Q-

band maximum at 693 nm and the shoulder at ≈ 633 nm), i. e. it falls within the
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Figure 4.24: Excitation profile of glass/SLG/H2Pc-I Raman spectral bands.

Figure 4.25: Excitation profile of glass/SLG/H2Pc-I Raman spectral bands -
detail of less enhanced bands.

63



higher wavenumber region. This reasoning, once again, agrees with the preferen-

tial enhancement of higher wavenumber modes of both Ag and B1g symmetries

at the excitation wavelength 633 nm.

The previously outlined explanation of the difference between the sequences

at 647 and 633 nm, specifically the excitation into the main Qy band at 647 nm,

is further corroborated by evaluation of the sequence of the most enhanced bands

at 785 nm for this system. Fig. 4.2 shows that this particular excitation wave-

length falls into the very onset of the Qx band with its maximum appearing at

718 nm. This implies that the enhancement of Raman spectral bands at the men-

tioned excitation wavelength may originate in the resonance with the Qx (0-0)

electronic transition. The series was ascertained to follow (Fig. 4.26, spectrum

(b) in Fig. 4.18): 1543 (Ag) > 1341 (Ag) > 1143 (Ag) ≈ 726 (Ag) > 683 (Ag) >

1314 (B1g) > 1451 (Ag) > 1184 (Ag) > 484 (B1g) ≈ 1110 (B1g) > 798 (Ag) ≈
750 ≈ 1367 > 1009 (B1g) ≈ 1085 (B1g) ≈ 544 (Ag) ≈ 1162 (Ag) ≈≈ 1029 (B1g) ≈
768 (Ag). The sequence of the most enhanced bands bears resemblance to that

at 647 nm, and in particular the macrocycle deformation and breathing modes

at 684 and 726 cm−1 appear among the most enhanced bands.

Figure 4.26: Excitation profile of glass/SLG/H2Pc-I Raman spectral bands -
detail at 785 and 830 nm.
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Excitation Profiles of Glass/SLG/H2Pc-VI

The sequence for the glass/SLG/H2Pc-VI at 647-nm excitation (Fig. 4.27, spec-

trum (b) in Fig. 4.16) was found to be: 1545 (Ag) > 1343 (Ag) > 1534 ≈
1144 (Ag) > 1453 (Ag) > 1314 (B1g) > 727 (Ag) > 684 (Ag) > 1186 (Ag) >

1111 (B1g) > 1369 > 799 (Ag) > 1086 (B1g) > 486 (B1g) > 1163 (Ag) > 546 (Ag).

For the excitation 633 nm, the band order is following (Fig. 4.27, spectrum

(a) in Fig. 4.16): 1545 (Ag) > 1343 (Ag) > 1534 ≈ 1144 (Ag) > 1453 (Ag) >

1314 (B1g) > 1186 (Ag) > 727 (Ag) ≈ 1369 > 1111 (B1g) ≈ 684 (Ag) >

1086 (B1g) > 486 (B1g) > 799 (Ag) > 1163 (Ag) > 546 (Ag).

These two sequences match each other well, as in both cases, the most en-

hanced are higher wavenumber modes of Ag symmetry while the non-totally sym-

metric vibrations appear rather at the end of the respective series. The EP of

glass/SLG/H2Pc-I alike, the macrocycle deformation (684 cm−1) and breathing

(727 cm−1) modes differ in the extent to which they are enhanced at the two

discussed excitations, though the difference is not as remarkable as in case of the

former sample.

Excitation Profiles of Glass/SLG/H2Pc-X

The relative intensity sequence for glass/SLG/H2Pc-X at 647 nm was ascertained

to be (Fig. 4.29, spectrum (b) in Fig. 4.17): 1343 (Ag) ≈ 1533 > 1544 (Ag) >

1144 (Ag) > 1453 (Ag) > 1311 (B1g) > 685 (Ag) > 727 (Ag) > 1185 (Ag) >

1112 (B1g) > 752 ≈ 799 (Ag) > 1086 (B1g) > 486 (B1g) > 1164 (Ag) > 546 (Ag).

This order follows similar pattern as in the case of glass/SLG/H2Pc-VI at 647

and 633 nm, i. e. the highest enhancement occurs for totally symmetric high

wavenumber bands. The difference, as observed before, lies in the macrocycle de-

formation (685 cm−1) and breathing (727 cm−1) modes. For the glass/SLG/H2Pc-

X hybrid system, the relative intensity of the two mentioned bands interchanges

in comparison to the sequences of the two other samples. This observation holds

also for the relative intensity sequence at 633 nm excitation, which was deter-

mined as (Fig. 4.29, spectrum (a) in Fig. 4.17): 1533 > 1343 (Ag) > 1544 (Ag) >

1453 (Ag) > 1144 (Ag) > 1311 (B1g) > 1185 (Ag) > 1112 (B1g) > 727 (Ag) ≈
685 (Ag) > 486 (B1g) ≈ 1086 (B1g) > 799 (Ag) > 752 ≈ 1164 (Ag) > 546 (Ag).

The above outlined comment to the series at 647 nm applies for this excitation

as well. In addition, the behavior of the band at 1453 cm−1 shall be pointed out

as it meets higher enhancement than in the previous instances. Overall, the EPs

bear a considerable resemblance, yet are somewhat different.
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Figure 4.27: Excitation profile of glass/SLG/H2Pc-VI Raman spectral bands.

Figure 4.28: Excitation profile of glass/SLG/H2Pc-VI Raman spectral bands -
detail of less enhanced bands.
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Figure 4.29: Excitation profile of glass/SLG/H2Pc-X Raman spectral bands.

Figure 4.30: Excitation profile of glass/SLG/H2Pc-X Raman spectral bands -
detail of less enhanced bands.
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Excitation Profiles in the 785 - 830 nm Region

For samples glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X, the relative intensity

of all spectral bands striking plummets at 785 nm, as depicted in Figs. 4.27 and

4.29. The majority of the bands, on the other hand, then exhibits a pronounced

increase at 830 nm in case of both samples (Figs. 4.31 and 4.32). Since the

glass/SLG/H2Pc-I system features no such distinctive intensity rise, the appear-

ance of the intensity growth may be attributed to the interaction of a mono-

layer of H2Pc molecules with SLG. While the most enhanced band at 1545 cm−1

reaches only a slightly higher values for the system glass/SLG/H2Pc-X than for

glass/SLG/H2Pc-VI, the sequences of relative intensities of the individual bands

vary for the two samples.

The series of the glass/SLG/H2Pc-VI system was determined as: 1545 (Ag) >

1343 (Ag) > 1144 (Ag) ≈ 727 (Ag) ≈ 684 (Ag) ≈ 1534 ≈ 486 (B1g) > 1453 (Ag) >

799 (Ag) > 1111 (B1g) > 1369 > 546 (Ag)

In case of the glass/SLG/H2Pc-X sample, the order follows: 1544 (Ag) >

1343 (Ag) > 1533 ≈ 1144 (Ag) > 685 (Ag) > 486 (B1g) ≈ 1185 (Ag) > 727 (Ag) >

752 > 1453 (Ag) ≈ 799 (Ag) ≈ 1086 (B1g) > 546 (Ag)

Common features of the two series include the bands at 1545 and 1343 cm−1

being the most enhanced, as well as the totally symmetric bands at 684 and

727 cm−1 surprisingly together with 486 cm−1 of B1g symmetry falling among

the strongly enhanced ones. It shall be noted that all these bands belong to

the macrocycle breathing and deformation modes. On the other hand, the two

discussed sequences differ in many aspects. Noticeably, the relative intensity

of the newly appearing band at 1534 cm−1 reaches markedly higher values for

the glass/SLG/H2Pc-X sample. Furthermore, while the macrocycle breathing

at 684 cm−1 and deformation at 486 cm−1 exhibit virtually the same relative

intensities for both samples, the relative intensity of the macrocycle deformation

at 727 cm−1 substantially decreases for glass/SLG/H2Pc-X. Moreover, the band

at 1453 cm−1 grows in intensity for glass/SLG/H2Pc-VI sample but decreases in

case of glass/SLG/H2Pc-X.

In summary, the sequences of relative band intensities of glass/SLG/H2Pc-VI

and glass/SLG/H2Pc-X hybrid systems at 830 nm are mutually somewhat differ-

ent and they do not resemble those obtained for these samples at 633 and 647 nm

excitation. On the other hand, they share two common characteristics with the

relative intensity sequences of glass/SLG/H2Pc-I system at 647 and 785 nm exci-

tation, i. e. upon excitation into the Qx and Qy (0-0) electronic absorption band.

That is, (a) the most enhanced bands are the 1545 and 1343 cm−1, and (b) the

684 and 727 cm−1 bands fall into the category of the strongly enhanced modes.
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These observations may be tentatively interpreted as follows:

(a) The substantial and vibrational mode-selective growth of relative band in-

tensities of the majority of spectral bands at 830 nm excitation is ascribed to

generation of the photo-induced charge transfer transition from Fermi level

of SLG to LUMO of H2Pc (discussed more in detail in the Chapter 4.1.9),

(b) The differences in the realtive band intensities of some of the spectral bands

between glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X hybrid systems are at-

tributed to reorganization of H2Pc molecules constituting a monolayer on

SLG upon repetitive soaking of the sample in toluene, which is presumed to

lead to a more favorable orientation in terms of H2Pc and SLG interaction.
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Figure 4.31: Excitation profile of glass/SLG/H2Pc-VI Raman spectral bands -
detail at 785 and 830 nm.

Figure 4.32: Excitation profile of glass/SLG/H2Pc-X Raman spectral bands -
detail at 785 and 830 nm.
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4.2.8 Excitation-Wavelength Dependence of Raman Spec-

tra of HOPG/H2Pc Hybrid Reference Systems

HOPG/H2Pc-I, HOPG/H2Pc-VI and HOPG/H2Pc-X reference systems were pre-

pared the corresponding glass/SLG/H2Pc samples alike, and their Raman spectra

were obtained under identical experimental conditions (in particular with same

laser powers, Tab. 3.1 in Chapter 3, and mapping procedures, Chapter 4.2.1)

at five excitation wavelengths. However, detectable Raman signal of H2Pc was

obtainen only for resonance excitations, i. e. 633 and 647 nm, Figs. 4.33 and

4.34 (spectra of HOPG/H2Pc-VI may be found in the Supplement, Figs. S11

and S12). Therefore, unlike glass/SLG/H2Pc hybrid systems, the amount of

present H2Pc molecules could not be determined by signal in off-resonance spec-

tra. Furthermore, intensity of H2Pc bands increased with the amount of washing,

namely up to threefold when samples HOPG/H2Pc-I and HOPG/H2Pc-X com-

pared, as demonstrated for selected modes in Tab. 4.10. This behavior could be

explained by progressive degradation of the stacked structure of HOPG due to

prolonged soaking in toluene leading to separation of individual HOPG layers or

layer groups. This explanation is supported by the previously reported study of

the H2Pc Raman signal dependence on the number of graphene layers: while no

enhancement of Raman signal of H2Pc has been observed for HOPG, the enhance-

ment increases with decreasing number of graphene layers reaching its maxima

for single and few-layer graphene [1, 4]. Therefore, while toluene appears to be

an optimal solvent for removal of the second and further layers of H2Pc (in ac-

cord with Ref. [35]), its ability to mutually separate layers of aromatic molecules

brings also drawbacks in case of preparation of HOPG/H2Pc samples.

Nevertheless, this reference system maintains its in importance since (a) it

allows for calculation of minimal enhancement factors at resonance excitation

wavelengths, and (b) unlike glass/SLG/H2Pc hybrid systems, no signal of H2Pc

was observed for off-resonance excitations, and therefore the presence of those in

case of the former samples arises probably from a specific interaction with SLG

(and not a multilayer).

Table 4.10: Intensity ratios of selected H2Pc bands in HOPG/H2Pc-X to
HOPG/H2Pc-I systems at excitation wavelengths 633 and 647 nm.

Raman shift (cm−1) R(633 nm) R(647 nm)
685 2.0 2.8
1111 2.8 2.3
1145 2.5 2.5
1312 2.9 3.1
1344 2.5 2.6
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Figure 4.33: Raman spectra of HOPG/H2Pc-X and HOPG/H2Pc-I systems at
633 and 647 nm excitation. (a) HOPG/H2Pc-X at 633 nm, (b) HOPG/H2Pc-X
at 647 nm, (c) HOPG/H2Pc-I at 633 nm, and (d) HOPG/H2Pc-I at 647 nm.
(baseline corrected)
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Figure 4.34: Enlarged regions of interest of Raman spectra of HOPG/H2Pc-X
and HOPG/H2Pc-I systems at 633 and 647 nm excitation. (a) HOPG/H2Pc-X
at 633 nm, (b) HOPG/H2Pc-X at 647 nm, (c) HOPG/H2Pc-I at 633 nm, and (d)
HOPG/H2Pc-I at 647 nm. (baseline corrected)
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4.2.9 Determination of GERS Enhancement Factor for

Glass/SLG/H2Pc-X Hybrid System

In Chapter 4.2.3, the glass/SLG/H2Pc-VI and glass/SLG/H2Pc samples were

established to contain most probably a monolayer of H2Pc molecules, and Ra-

man spectra were acquired for both samples at all five excitation wavelengths.

Unfortunately, HOPG eventually did not prove be as an ideal reference system

as had been originally thought due to its unexpected behavior during repetitive

washing with toluene, as discussed in Chapter 4.2.8Nonetheless, calculation of

minimal enhancement factors remains feasible since in both cases, i. e. samples

HOPG/H2Pc-I and HOPG/H2Pc-X, the collected spectral intensities were over-

estimated in comparison to the intensities of presumably a H2Pc monolayer on

HOPG.

Tab. 4.11 summarizes calculated enhancement factors of glass/SLG/H2Pc-X

to HOPG/H2Pc-I and HOPG/H2Pc-X systems. Intensities of H2Pc bands in

the glass/SLG/H2Pc-X sample were corrected by factor of 1.34 due to the glass

roughness [31].

Table 4.11: Minimal values of EFs for selected H2Pc modes of glass/SLG/H2Pc-X
hybrid system with respect to the systems HOPG/H2Pc-I and HOPG/H2Pc-X
at 633 and 647 nm excitation.

Raman shift EF(I) EF(X)
(cm−1) 633 nm 647 nm 633 nm 647 nm

685 24 15 8 6
727 20 8 8 6
753 20 6 7 7
799 − − 8 6
1086 13 7 8 6
1111 22 18 8 8
1145 19 18 8 7
1312 22 25 8 8
1344 19 20 7 7
1410 − − 8 7
1454 33 27 7 8
1534 − − 7 8
1545 − − 7 7
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4.2.10 Mechanism of GERS Enhancement of Raman Sig-

nal of H2Pc in Glass/SLG/H2Pc Hybrid Systems

The vibrational-mode specific relative intensity increase of the majority of Ra-

man spectral bands of H2Pc in glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X hy-

brid systems at the excitation wavelength 830 nm was tentatively attributed to

the charge-transfer resonance enhancement stemming from the excitation of the

photo-induced charge transfer between Fermi level of SLG and LUMO of H2Pc.

This explanation agrees with one of the four GERS enhancement conditions for-

mulated in Refs. [3, 7], namely Eq. 1.6d is of interest:

~ω0 = EL − EF or ~ω0 = EL − EF − ~ωq (1.6d)

In addition, the reasoning is supported by the actual values of SLG Fermi

level energy [44, 45] and of the HOMO and LUMO energies of H2Pc ascertained

by DFT calculations [42, 46, 47]. Fig. 4.35 presents a scheme depicting the sit-

uation. Furthermore, one shall bear in mind that no Raman signal of H2Pc was

detected for any of the HOPG/H2Pc reference systems at the excitation wave-

length 830 nm. Moreover, only very weak enhancement (as illustrated by the

respective EP in Fig. 4.26) was observed in case of glass/SLG/H2Pc-I hybrid

system which is assumed to comprise a multilayer (probably a bilayer) of H2Pc.

That implies the GERS enhancement to be specific for glass/SLG/H2Pc mono-

layer hybrid systems.

Figure 4.35: A scheme depicting the suggested charge-transfer mechanism of
GERS. It features HOMO and LUMO of the H2Pc molecule (with their energies
from Ref. [46]), Fermi level of SLG (energy adopted from Ref. [45]), as well as
both the Qx and Qy and the assumed CT transitions.

Nonetheless, one shall bear in mind that on the basis of the experimental

results of this study (and predominantly due to the lack of electronic absorption

spectra of glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X hybrid systems) another

explanation cannot be fully excluded. Namely of concern is the possibility that

the interaction of SLG with a monolayer of H2Pc molecules could induce such
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dramatic changes into the electronic absorption spectra of H2Pc which would

result in shift of the Qx absorption band towards much higher wavelengths. That

is, its maximum would appear above 830 nm or between 785 and 830 nm, hence

the excitation wavelength 785 nm would hit the minimum between the two split

Q bands while the 830 nm excitation would fall into the Qx absorption band.

This alternative would likewise represent observation of GERS (for the reasons

provided above, namely the lack of Raman signal of H2Pc from HOPG/H2Pc

reference systems at 830 nm). Nevertheless, the relatively large energy difference

between Fermi level of SLG and HOMO of H2Pc, which amounts to 0.46 eV,

indicates a weak (rather than a very strong) interaction of these energy levels.

This fact in turn makes the previously outlined charge-transfer mechanism of

GERS much more plausible.

Enhancement of Raman scattering of H2Pc at the excitation wavelengths 647

and 633 nm in all glass/SLG/H2Pc hybrid systems was observed, namely in com-

parison to HOPG/H2Pc samples. Unfortunately, proper enhancement factors

could not be determined due to reasons discussed in Chapter 4.2.8. The enhance-

ment appears to be vibrational mode specific and values of EFs range from 6 to

27 for 647 nm and from 33 to 13 in case of 633 nm excitation, the average values

equaling 16 and 21, respectively. More detailed analysis of these particular refer-

ence system as well as determination of the EFs for individual H2Pc bands may

be found in Chapters 4.2.8 and 4.2.9. The actual enhancement mechanism can

most probably be related to the GERS enhancement condition (i) in Refs. [3, 7],

i. e. Eq. 1.6a:

~ω0 = EL − EH or ~ω0 = EL − EH + ~ωq (1.6a)

This condition appears to be somewhat disconcerting as the equation in fact

describes the resonance enhancement condition for chromophoric molecules, and

the role of SLG itself does not seem obvious. Nevertheless, one may envisage the

situation that the interaction of the chromophore with SLG shifts the electronic

absorption band so as a larger resonance enhancement occurs for the particular

excitation wavelength. In fact, it is quite the reverse situation to that reported

Brus in Ref. [6]: the Raman cross-section of Rhodamine 6G was found to be lower

in SLG/Rh6G hybrid system than in solution. Therefore, the GERS enhancement

is tentatively ascribed to the increase of the resonance Raman scattering cross-

section of the H2Pc in glass/SLG/H2Pc hybrid systems at 633 and 647 nm.
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Summary

• Three types of glass/SLG/H2Pc hybrid systems were prepared by soaking

of glass/SLG system in saturated H2Pc solution in toluene (for 24 hours)

followed by soaking in pure toluene solution. The sample preparations

mutually differed by the multiplicity of 10-minute exposures to pure toluene,

and the samples were denoted I (1x soaking), VI (6x soaking) and X (10x

soaking). Reference HOPG/H2Pc systems were prepared by the very same

procedure. The systems were investigated by the means of Raman micro-

spectroscopy at five excitation wavelengths (532, 633, 647, 785 and 830 nm).

• Raman spectral mapping was employed, namely areas 25µm-by-25µm with

50-by-50 points were investigated. Each overall spectrum from the scanned

area was thoroughly corrected both in terms of wavenumber and intensity

calibration in the first step, and then analyzed and interpreted.

• Raman signal of H2Pc was obtained from all three samples glass/SLG/H2Pc.

By contrast, the HOPG/H2Pc reference systems yielded Raman signal of

H2Pc only at 633 and 647 nm.

• The sample glass/SLG/H2Pc-I was also characterized by UV-Vis electronic

absorption micro-spectroscopic measurements. The spectrum features red

shift with respect to that of an isolated molecule (and several other systems),

as well as decreased Qx-Qy splitting. The redshift of Qx and Qy absorption

bands was attributed to bi- or multilayer of H2Pc slipped geometry (J-dimer

or aggregate).

• Additional systems were also investigated: crystalline H2Pc and solution

of H2Pc in toluene. Both systems exhibited strong fluorescence unless the

off-resonance 532 nm excitation was used, for which, unfortunately, the

concentration of H2Pc in toluene was insufficient to obtain Raman spectra.

Glass/H2Pc was also measured, but brought no results.

• Mutual comparison of SLG in glass/SLG and glass/SLG/H2Pc systems fea-

tured no principal difference between the two systems.

• Mutual comparison of H2Pc Raman spectral bands in the three studied

SLG/H2Pc hybrid systems showed distinctive differences. In particular,

on the basis of comparison of Raman intensities at 532 nm excitation,

glass/SLG/H2Pc-I was determined to comprise most probably a bilayer of

H2Pc molecules, and the glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X sys-

tems appear to be constituted by a monolayer. Several bands are stepping
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out more distinctively in Raman spectra of especially the latter, and appear

to be IR active modes, e. g. 752, 958 and 1534 cm−1. This may result from

a more favorable position of the H2Pc molecules with respect to SLG, hence

a more profound interaction.

• Symmetry of H2Pc normal vibrations has been investigated by employing

a solution of its derivative, namely H2PcTS. Raman depolarization ra-

tios obtained for H2PcTS/water solution at 488 and 514.5 nm excitations

matched DFT calculated symmetry assignment of normal vibrations bands

to Ag and/or B1g symmetry species presented in literature (in 19 of 22

cases).

• Raman spectral bands of H2Pc were assigned to normal vibrations on the

basis of available literature data. Overtones and combination bands were

also observed (at 633 and 647 nm) and assigned.

• Excitation profiles for all three glass/SLG/H2Pc hybrid systems were con-

structed on the basis of normalization of H2Pc spectral band intensities to

that of the polystyrene band 1005 cm−1. Sequences of enhancement of the

individual bands were determined and analyzed in terms of symmetry and

localization of the corresponding vibration within the molecule.

For glass/SLG/H2Pc-I, sequences at 647 and 785 nm resemble each other

which agrees with excitation into the Qy and Qx (0 → 0) electronic tran-

sitions, respectively (both high and low wavenumber band are to be found

among the strongly enhanced bands). The 633 nm excitation, on the other

hand, falls into the vibronic sideband of Q band which leads to preferential

enhancement of high wavenumber bands at around 1368 cm−1.

In case of glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X, there are no pro-

nounced differences in the relative band intensity sequences at 647 and

633 nm, unlike glass/SLG/H2Pc-I. In addition, these two systems feature

an apparent intensity growth from towards 830 nm after a profound drop at

785 nm, and new spectral bands appear (1534 cm−1). These differences in-

dicate changes in electronic absorption spectra, which corroborates the idea

of reorganization of H2Pc monolayer on SLG surface. The intensity increase

at 830 nm in EPs of both glass/SLG/H2Pc-VI and glass/SLG/H2Pc-X with

both low and high wavenumber bands enhanced suggests population of H2Pc

LUMO by photo-induced charge-transfer from Fermi level of SLG. That is,

by the mechanism (iv) outlined by Barros and Dresselhaus [7].

• The HOPG/H2Pc sample eventually did not serve as an ideal reference sys-

tem due to its degradation upon repetitive soaking in toluene. Nevertheless,
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the minimal GERS EFs were calculated for the glass/SLG/H2Pc-X sample,

namely values 13− 33 for 633 nm excitation and 6− 27 for 647 nm. GERS

enhancement at these excitation wavelengths is attributed to changes in

electronic absorption spectra of H2Pc inducing a weak interaction of HOMO

of H2Pc with Fermi level of SLG, i. e. by the mechanism (i) outlined in [7].
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Conclusions

H2Pc has proved to be a very well suited molecule for the study of GERS, namely

due to its planar aromatic character and D2h symmetry, as well as because of the

positions of its HOMO and LUMO, that is, below and above the Fermi level of

SLG, respectively.

GERS of H2Pc in glass/SLG/H2Pc hybrid systems has been investigated with

a variety of excitation wavelengths (532, 633, 647, 785 and 830 nm) which al-

lowed for construction of excitation profiles. Especially then measurements at

the two highest excitation wavelengths, i. e. 785 and 830 nm, were crucial. For

chromophores with the HOMO to LUMO transition in the visible range, charge-

transfer transitions from the Fermi level of SLG to LUMO or from HOMO to

Fermi level of SLG may be expected to lie on the border of Vis/NIR or in NIR

spectral region.

Furthermore, acquisition of electronic absorption spectra has been essential for

the interpretation of excitation profiles. Collection of the spectra has been quite

a difficult task due to extremely low values of absorbance of a H2Pc monolayer

(hence, for glass/SLG/H2Pc hybrid systems, only absorption spectra for a H2Pc

bilayer were collected). Excitation profiles may, to some extent, substitute for

the electronic absorption spectra. However, for a reliable reconstruction of the

electronic absorption spectrum, numerous closely-spaced excitation wavelengths

would be required in order to obtain more detailed EPs.

Unfortunately, a suitable reference system for accurate quantification of the

GERS enhancement is yet to be found. HOPG could be such if the strategy of

soaking is changed. Alternatively, a thin layer of sputtered carbon on glass may

be tested for this purpose.

Due to the specific values of H2Pc HOMO and LUMO energies with respect to

the Fermi level of SLG, that is HOMO lying closer to Fermi level of SLG (0.47 eV)

than LUMO (1.66 eV), manifestations of two mechanisms of GERS (outlined pre-

viously by Barros and Dresselhaus) have been observed for glass/SLG/monolayer

H2Pc hybrid system: photo-induced CT from Fermi level of SLG to LUMO of

H2Pc (at 830 nm) and a weak interaction between Fermi level of SLG and HOMO

of H2Pc which induces changes in the electronic absorption spectra of H2Pc mono-

layer favorable for enhancement of resonance Raman scattering.
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Supplement

Figure S1: Raman spectra of 1.0 ·10−2 M H2PcTS in water at 514.5 nm excitation
with parallel (black) and perpendicular (red) polarization with respect to the
incident radiation. (baseline corrected)
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Figure S2: Acquired (blue) and theoretical (red) emission spectra of available
certified fluorescence standards for four excitation wavelengths. Spectra are nor-
malized to unity at their respective maxima. (a) 532, (b) 633, (c) 785 and (d)
830 nm.
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Figure S3: Intensity correction functions based on the available certified fluores-
cence standards. Functions are normalized to unity at 1500 cm−1. (a) 532, (b)
633, (c) 785 and (d) 830 nm.
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Figure S4: Raman spectra of the calibration mixture after correction based on
the certified standards. Normalized to unity at 1458 cm−1. (a) 532, (b) 633, (c)
785 and (d) 830 nm. (baseline corrected)
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Figure S5: Selected points and their intensity ratios to those at 633 nm excitation
and the fitting functions. (a) 532, (b) 647, (c) 785 and (d) 830 nm.
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Figure S6: Final intensity correction functions for individual excitation wave-
lengths: (a) 532, (b) 633, (c) 647, (d) 785 and (e) 830 nm. These correction func-
tions were applied to all discussed spectra acquired at WITec alpha300. Functions
are normalized to unity at 1500 cm−1.
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Figure S7: Raman spectra of the calibration mixture after final employed intensity
correction, spectral region 600 − 2000 cm−1 in detail. Normalized to unity at
1458 cm−1 and baseline corrected. (a) 532, (b) 633, (c) 647, (d) 785 and (e)
830 nm. Although the intensity of the lower wavenumber bands in spectra at
532 and 785 nm reaches slightly lower values than for the other three excitation
wavelengths, the correction functions overall balance very well the plummeting
CCD detector response.

Figure S8: Raman spectra of the calibration mixture after intensity correction
based on the certified standards, spectral region 600− 2000 cm−1 in detail. Nor-
malized to unity at 1458 cm−1 and baseline corrected. (a) 532, (b) 633, (c) 785
and (d) 830 nm. While the spectra for higher excitation wavelengths match each
other well, the correction for 532 nm excitation appears to slightly differ at lower
wavenumbers, and further investigation is in place to resolve this minor discrep-
ancy. Nevertheless, the correction functions overall compensate very well for the
decreasing CCD detector response.
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Figure S9: Raman spectra of polystyrene at five excitation wavelengths prior to
intensity correction. Spectra are normalized to their respective maxima. (a) 532,
(b) 633, (c) 647, (d) 785 and (e) 830 nm.
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Figure S10: Raman spectra of polystyrene at five excitation wavelengths after
intensity correction. Spectra are normalized to their respective maxima. (a) 532,
(b) 633, (c) 647, (d) 785 and (e) 830 nm.
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Figure S11: Raman spectra of HOPG/H2Pc-VI system at excitation wavelengths
(a) 633 and (b) 647 nm.

Figure S12: Enlarged region of Raman spectra of HOPG/H2Pc-VI system at
excitation wavelengths (a) 633 and (b) 647 nm.
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