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I Raman Spectroscopy

Probing the Effect of Molecular Orientation on the
Intensity of Chemical Enhancement Using Graphene-
Enhanced Raman Spectroscopy

Xi Ling, Juanxia Wu, Weigao Xu, and Jin Zhang*

A rational approach to investigate the effect of molecular orientation on the intensity
of chemical enhancement using graphene-enhanced Raman spectroscopy (GERS)
is developed. A planar molecule, copper phthalocyanine (CuPc), is used as probe
molecule. Annealing allows the CuPc molecule in a Langmuir-Blodgett film to change
orientation from upstanding to lying down. The UV-visible absorption spectra prove
the change of the molecular orientation, as well as the variation of the interaction
between the CuPc molecule and graphene. The Raman spectra of the molecule in
the two different orientations are compared and analyzed. The results show that
chemical enhancement is highly sensitive to the molecular orientation. The different
molecular orientations induce different magnitudes of the interaction between the
molecule and graphene. The stronger the interaction, the more the Raman signal is
enhanced. Furthermore, the sensitivity of GERS to molecular orientation is promising
to determine the orientation of the molecule on graphene. Based on this molecular
orientation sensitive Raman enhancement, quantitative calculation of the magnitude
of the chemical enhancement is implemented for a series of Pc derivatives. It shows
that the magnitude of the chemical enhancement can be used to evaluate the degree of
interaction between the molecules and graphene. Moreover, an understanding of the
chemical enhancement in GERS is promoted and the effect of molecular orientation

on the intensity of chemical enhancement is explained.

1. Introduction

Due to the ultrahigh sensitivity and molecular specificity,
surface-enhanced Raman spectroscopy (SERS) has been
developed as one of the most promising techniques among
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various spectroscopic methods.'l Even though SERS was
discovered in the 1970s and single-molecule-sensitive detec-
tion was realized in 1997, there is still a long way to prac-
tical applications since this technique has many challenges.?!
One of the most important problems is the controversy
about its enhancement mechanism. Since the very beginning
when SERS was put forward, an electromagnetic mechanism
(EM)™ and chemical mechanism (CM)P7 were considered
as two widely accepted processes among the controversial
mechanisms of SERS. These two mechanisms usually coexist
in a traditional SERS substrate based on a rough metal sur-
face. Due to the huge enhancement of the EM compared to
the minor enhancement of the CM, the contribution of the
CM is usually covered up by the EM, which largely limits
the investigation of the CM.3-1% Thus, the understanding of
the CM is more ambiguous that that of the EM. To isolate
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the CM from EM, the best way is to choose an enhance-
ment system where there is only a CM. In our previous work,
graphene-enhanced Raman spectroscopy (GERS) was dis-
covered, and a systematic investigation and analysis were car-
ried out. This led us to believe that the GERS system is an
ideal system in which there is only a CM that suffers no EM
disturbances.[''-1] Therefore, GERS provides a convenient
system for investigating the issues of the CM.

The most common situation in molecular spectroscopy is
the measurement of an ensemble of many randomly oriented
molecules. This infers that the signal is normally an average
result.'¥ The molecular orientation dependence of SERS has
been thought to be an important but complex issue for a long
time.l'2] The molecular orientation influences not only the
polarization of the local electromagnetic field, but also the
interaction state between the molecule and the substrate. In
a traditional SERS system, the enhancement is mainly based
on the “hot spot” site. It is difficult to control and confirm
the molecular orientation of single or few molecules on this
site.[21-24] Besides, the inhomogeneity of the substrate magni-
fies this problem. Meanwhile, the molecular orientation influ-
ences both the EM and CM, and it is difficult to determine
an accurate relationship between molecular orientation and
the EM or CM. For these reasons, to study the molecular
orientation dependence of SERS, one should consider the
following aspects: 1) a flat surface with uniform sites where
a uniform molecular orientation can form easily; and 2) the
large number of molecules with unified orientation under the
laser point, which permits the observation of Raman signals
from one special molecular orientation.

Graphene is a perfect 2D material with a monolayer of
carbon atoms packed into a honeycomb crystal plane, which
is uniform and was previously reported to play a role as a
Raman enhancement substrate.''>>] Molecules can easily
form a unified orientation collectively on it due to the flat-
ness of the surface. This allows measurement of the Raman
signal from molecules with a unified orientation, rather than
an average effect from many randomly oriented molecules.
Graphene enlarges the molecular orientation change and
makes this effect easier to observe. Moreover, one advan-
tage of GERS is that there is only chemical enhancement,
which indicates that the change of the molecular orienta-
tion would change only the contribution from the chemical
enhancement, with no electromagnetic enhancement distur-
bance. Therefore, the GERS system is a superior candidate
for investigating the effect of molecular orientation on the
intensity of the chemical enhancement.
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2. Results and Discussion

2.1. Variation of the Raman Intensity of Copper Phthalocyanine
Film after Annealing at Different Temperatures

Graphene was obtained by mechanical exfoliation on a
300 nm SiO,/Si substrate. An upstanding copper phthalocya-
nine (CuPc) layer was constructed on top of graphene using
the Langmuir-Blodgett (LB) technique.[’! A surface pres-
sure (m) versus occupied molecular area (A) isotherm was
obtained at a constant compression speed of 2 mm min~!
after allowing 30 min for complete evaporation of the
solvent. Monolayer transfer onto the substrate was per-
formed at 7 = 20 mN m~! by a horizontal dipping method.
From the n—A curve of the CuPc LB film, the obtained lim-
iting area per molecule is about 0.52 nm? which indicates
that the CuPc molecules are in a configuration with a tilt
angle of about 72°.[?71 Again, the atomic force microscopy
(AFM) image shows that the CuPc LB film is homogene-
ously arranged and cross-sectional analysis shows that the
height of the LB film is about 1.5 nm (see Part 1 in the Sup-
porting Information). Upon annealing the above sample, the
CuPc molecule prefers to take a lying-down conformation
on graphene, since the lying-down orientation is a stable
orientation in both thermodynamics and dynamics equilib-
rium because of the similarity of the structure of the CuPc
molecule and graphene.[?8?%] As illustrated in Figure 1, after
annealing the CuPc LB film on graphene, the orientation of
the CuPc molecule changes from upstanding to lying down.
Meanwhile, during the annealing process, it should be noted
that not only can the molecular orientation change from
upstanding to lying down, but also the number of molecules
will decrease due to the lack of space. At a certain tempera-
ture, after desorption of some redundant molecules due
to the limited space, all of the molecules left on graphene
will be lying down and covering the graphene surface com-
pletely. Based on this reasonable assumption, a quantitative
calculation of the chemical enhancement will be imple-
mented later.

Next, an appropriate annealing temperature was found
by investigating several temperatures. The sample was
annealed in a 300 sccm (standard-state cubic centimeter per
minute) Ar atmosphere for 10 min at a series of tempera-
tures from room temperature to 600 °C with increments of
50 °C. The corresponding series of Raman spectra are shown
in Part 2 of the Supporting Information. Figure 2a and b show
a comparison of the Raman spectra of as-prepared CuPc LB

Figure 1. Schematic illustration of molecular orientation change under annealing. Inset: the molecular structure of CuPc.
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2.2. UV-Visible Absorption Spectroscopy
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Figure 2. a) Comparison of Raman spectra of as-prepared CuPc LB film (dashed line) and
that after annealing at 300 °C (solid line) on an SiO,/Si substrate with graphene. b) Similar
to (a) but without graphene. c,d) Curves of the relative Raman intensity after annealing (/) as
a function of the annealing temperature, normalized by the Raman intensity of as-prepared
CuPc LB film at room temperature (/g;). Peaks at 1530 and 1450 cm™ are taken as references

in (c) and (d), respectively.

film and the film after annealing at 300 °C; considering the
series of UV-vis absorption spectra and the AFM images
in Figure 3 and 4, in which the data is analyzed later, an
optimum temperature is around 300 °C since the remaining
CuPc molecules are lying down and completely covering the
graphene surface. Figure 2a corresponds to CuPc molecules
on an area with graphene, while Figure 2b corresponds to an
area without graphene. Interestingly, the Raman intensity of
the CuPc molecules on graphene was enhanced significantly
after annealing, whereas it decreased for the CuPc molecules
on the area without graphene. Figure 2c¢ and d show the
variation of the Raman intensity of the peaks at about 1530
and 1450 cm™ as a function of the annealing temperature,
where the 1530 cm™ mode was assigned to the symmetric
stretching motion of isoindole groups and the 1450 cm™
mode was assigned to the deformation of the isoindole
ring system.?”] For the area with graphene (triangular sym-
bols), the Raman intensity is the strongest when annealing
at 300 °C, and the Raman signals can be well distinguished
even after annealing at 550 °C. Moreover, the Raman inten-
sity of peak 1530 cm™ after annealing at 500 °C is compa-
rable to that of as-prepared CuPc LB film, even though the
number of molecules is obviously reduced after annealing.
Besides, for different vibrational bands, their enhancement
behaviors perform differently. As illustrated in Figure 2c
and d, the two peaks at 1530 and 1450 cm™! are enhanced
tenfold and threefold, respectively. However, for the area
without graphene (square symbols), all the peaks decrease
gradually and the signals are invisible after annealing at
400 °C or higher.
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been interpreted in terms of mn* excita-
tion between bonding and antibonding
molecular orbitals, and it usually splits into
two peaks. The intense absorption band at
about 628 nm (named Q1) was attributed
to the aggregated species, due to face-to-
face stacking of the CuPc molecule. The
weak shoulder absorption at about 697 nm
(named Q2) was assigned to the monomeric species.[27:33-34]

For measuring UV-visible absorption spectra, graphene
was grown by the chemical vapor deposition (CVD) method
on a copper foil and transferred onto a quartz substrate.[*”!
Then, the monolayer CuPc LB film was transferred onto the
above substrate. For as-prepared CuPc LB film, as shown in
Figure 3 (solid line), the UV-visible absorption spectrum
shows the characteristic Soret band and Q band. The band
at about 270 nm in Figure 3a represents the typical absorp-
tion of graphene. Before annealing, no matter whether there
is graphene or not on the quartz substrate, the shape of the
observed Q band is the same, with an intense absorption at
about 628 nm and a weaker shoulder at about 696 nm. After
annealing, the situation is entirely different in the Q-band
region. As shown in Figure 3c, for film with graphene, the
relative intensity of the two absorption bands in the Q-band
region is opposite to that observed before. The Q1 band
becomes weaker and broader, while the Q2 band becomes
much stronger. The ratio of the absorption of Q2 and Q1
changes from 0.9 to 1.9. This indicates that the proportion
of the aggregated species and monomeric species becomes
smaller and larger, respectively. Therefore, we conclude that
the molecular orientation changed from upstanding to lying
down on graphene after annealing.

Meanwhile, the shift of the Q2 band from 696 to 704 nm
is indicative of the decrease of the n—m* excitation energy,
which is attributed to the stronger interaction between the
CuPc molecule and graphene. For Pc derivatives, the Q band
is from the highest filled a,, orbital to the lowest unfilled e,
orbital, and the highest occupied molecular orbital (HOMO)
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Figure 3b and d, the absorption of the Q1
band is always larger than that of the Q2

After annealing at 300 C @

band during the annealing program. The
relative intensity of the two absorption
bands in the Q-band region changes very
little, just an entire decrease of the absorp-
tion due to the decrease of the number
of molecules, and the absorption is unde-
tectable when the annealing temperature
is higher than 250 °C. After annealing at

Quartz

Annealing Coordinate

200 °C, the Ql1-band absorption changed
from 0.024 to 0.014, which indicated that

the number of molecules decreased to 0.58
times that of the as-prepared CuPc LB film.
Besides, different from that with graphene,
the Q band shifts to a high-energy direc-
tion, which is due to the change of the
crystal form.’2l Hence, the change of the
UV-visible absorption spectra in Figure 3a

®
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Figure 3. Comparison of the UV-visible absorption spectra of as-prepared CuPc LB film
and that after annealing: a) with graphene; b) without graphene. c,d) Curves of the ratio of
absorption of the Q1 and Q2 bands as a function of the annealing coordinate. The insets in
(c) and (d) show schematic illustrations of the the corresponding sample structures.

is composed of the 7 electrons located on the Pc ring (a,,)."
Hence, the combination of graphene and the CuPc molecule
decreased the energy gap between the a;, orbital and the e,
orbital and consequently decreased the m—m* excitation
energy. It should also be noted that the absorption at 632.8 nm
is decreased after annealing, where 632.8 nm is the excita-
tion wavelength of the Raman measurement. This indicates
that the Raman enhancement after annealing in Figure 2a
is not due to the enhancement of the absorption cross sec-
tion. However, for film without graphene, as shown in

(a)

> T € . e
As-prepared CuPc LB film| After annealing‘gt 1509
: » |

(b)

Annealing Coordlnate

is strongly related to graphene, which indi-
cates not only the change of the molec-
ular orientation from upstanding to lying
down, but also that the m—m interaction
between the CuPc molecule and graphene
is stronger.

In addition, by combining the series of
AFM images shown in Figure 4, it is not
difficult to speculate about the state of the molecules on the
substrate during the annealing process. When annealing at
low temperature, such as 150 °C, the uniform CuPc LB film
becomes rough and some CuPc molecules aggregate to form
particles. Cross-sectional analysis showed the increase of
the roughness of the surface. This is as a result of some mol-
ecules changing from upstanding to lying-down orientation.
Meanwhile, the temperature is not high enough for desorp-
tion of the molecules, and there is not enough space for all of
the molecules, hence the redundant molecules aggregate to

15nm

After annealing at 300°C| After annealing at 550°C

Figure 4. a) Series of AFM images of CuPc LB film after annealing at different temperatures. The insets show the cross-sectional analysis of the AFM
images. All of the height profiles are on the same scale. b) Corresponding schematic illustrations of the molecules on the substrate.
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form particles. When annealing at higher temperature, such
as 300 °C, which is near the sublimation temperature of the
CuPc molecules, most of the molecules are desorbed from
the substrate. However, due to the strong m—7 interaction
between the lying-down CuPc molecules and graphene, the
first-layer molecule in contact with graphene will be the most
difficult to desorb, and it remains on the graphene surface.
Hence, the AFM image after annealing at 300 °C looks very
smooth. It is these remaining molecules that have a large
contribution to the Raman intensity as shown in Figure 2a.
By raising the annealing temperature further, the thermal
energy overcomes the n—m interaction between the CuPc
molecules and graphene. Thus, the CuPc molecules are des-
orbed, which results in a decrease in Raman intensity. The
AFM images after annealing at 300 and 550 °C show that
the molecules have a similar surface flatness, since the iso-
lated lying-down CuPc molecules are difficult to distinguish
by AFM. As analyzed above, it is easy to understand the
decrease of the Raman intensity in Figure 2b, as a result of the
decrease of the total number of molecules. However, the situ-
ation is more complex for Figure 2a. Due to the existence of
graphene, the GERS effect cannot be neglected here. Besides
the decrease of the number of molecules, molecular orienta-
tions from upstanding to lying down influence the Raman
intensity greatly. The former was known to decrease the
Raman intensity, which indicated the latter enhanced it more
remarkably since we observed the enhancement effect after
annealing, as shown in Figure 2a. Note that when there is no
other enhancement effect, annealing of the CuPc LB film will
simply induce a decrease of the Raman intensity.?”8] There-
fore, we conclude here that the Raman intensity in GERS
is very sensitive to the molecular orientation. Meanwhile,
the molecular orientation sensitivity of the CM was well
expressed in GERS, which was usually ignored in traditional
SERS where the EM dominated the final

small

band (see Figure S5b). This indicates that the CuPc LB film
after annealing has the same CuPc molecular orientation
as the CuPc deposited on graphene by solution soaking.
Both of them adopt the lying-down orientation. In addition,
the results imply the enhancement in Figure 2a originates
from the change from upstanding to lying-down molecular
orientation.

2.3. Understanding the Chemical Mechanism and Molecular
Orientation Sensitivity in GERS

As for the traditional understanding of the chemical
enhancement, it has been attributed to charge-transfer exci-
tation between the substrate and the adsorbate. It is usually
thought of as a resonant Raman type due to the change of
resonance condition that is more matched with the excitation
laser. However, in this work, the opposite performance of the
absorption at 632.8 nm in Figure 3a and the Raman intensity
in Figure 2a indicates that there is another factor dominating
the Raman scattering cross section other than the resonance
condition. Actually, the origin of the Raman enhancement is
the magnitude of polarizability when there is no electromag-
netic enhancement disturbance. Here, based on the molec-
ular orientation sensitivity in GERS, an understanding of the
chemical enhancement was promoted.

As shown in Figure 5a, when CuPc molecules make con-
tact with graphene, interfacial dipoles form at the CuPc/
graphene interface, which induces a change of the energy
level of the CuPc molecules at the interface, especially the
energy levels a;, and e, which are the orbitals for 7-electron
location.*] Again, the formation of the interfacial electron
states magnifies the available optical transition. Impor-
tantly, the magnitude of the polarizability, which governs

SERS signal (see Part 3 in the Supporting
Information).

To confirm the origin of the observed
enhancement further, a control experi-
ment based on solution soaking deposition
of the CuPc molecule was carried out (see
Part 4 in the Supporting Information),
which results in a pristine lying-down
orientation on graphene.’¥) Annealing
at temperatures below 300 °C will not
change the Raman intensity, as shown in
Figure S4, because the molecular orienta-
tion as well as the number of CuPc mol-
ecules does not change. They always keep
the lying-down orientation on graphene no
matter whether before or after annealing.
Moreover, the relative Raman intensity
of the CuPc molecules deposited by solu-
tion soaking is the same as that of CuPc
LB film after annealing, but different

a)

Ef(-4.6 eVv)

b)

— a,(-5ev)

Graphene

raphene .~
i

Isolated Contacted

LUMO
e

LUMO

g

———-E

—

Molecule

Graphene Molecule

W
C R
v

O

from the as-prepared CuPc LB film (see
Figure S5a). Besides, both of them have
similar UV-visible absorption spectra
with the Q2 band stronger than the Ql
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Figure 5. Understanding of the molecular orientation sensitivity in GERS. Schematic
illustrations of a) the change of the electron energy band between graphene and the molecule
before and after contact, and b) the relative direction of the delocalized 7 orbital of graphene
and the CuPc molecule before and after annealing. E; = Fermi level.
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the magnitude of the Raman signal, depends explicitly on
the available optical transition as Fermi’s gold rule.*!] The
Raman polarizability a can be expressed as:

2
i (il Hiight| ') (| Hel—phln) (n| Hiignel )
a= (%)X

(Ex—Eii)(Ex— Eii — Epn)

n,n'

where |i) is the initial state, [n) and |n”) are the two excited
states in the Raman scattering process, |f) is the final state, Hj;q,
is the Hamiltonian of the light radiation, H,_p is the Ham-
iltonian of the electron—phonon coupling, £, is the excited
laser energy, E; is the electron transition energy, and £, is the
phonon energy.[*] From the above equation, the Raman inten-
sity depends on the strength of the electron—phonon coupling
and resonance condition. Strictly speaking, resonance is only
a sufficient condition for the enhancement, but not the neces-
sary condition. Only if the polarizability is magnified will the
Raman signals be enhanced. Hence, even though the absorp-
tion is decreased after annealing, as shown in Figure 3a, the
Raman signals can be enhanced as shown in Figure 2a.

Since the energy level for the m electron locating in the
CuPc molecule is close to that in graphene (for CuPc, the
a;, orbital is located at about -5 eV, and the Fermi level of
graphene is about —4.6 V), the coupling of the 7 electrons
in the CuPc molecule and graphene can be large at a certain
molecular orientation. In this work, the different molecular
orientations induce a different interfacial dipole, and then
a different magnitude of polarizability. It should be noted
that the magnitude of the interfacial dipole is dependent on
both the density of the molecules and the molecular orienta-
tion.l'”] For the lying-down orientation of CuPc molecules on
graphene, the larger n—r interaction between the CuPc mol-
ecules and graphene induces a larger interfacial dipole, and
then a larger Raman scattering cross section. In addition, when

X. Ling et al.

CuPc molecules adsorb on graphene in a lying-down orien-
tation, the delocalized m-orbital cloud of the CuPc molecule
overlaps more with that of graphene, as shown in Figure 5b.
This indirectly provides the CuPc molecule with more oppor-
tunities for electron transition and then enhances the Raman
scattering cross section of the CuPc molecule. Both the inter-
facial dipole and the overlap of the m-orbital cloud magnify
the Hamiltonian of the electron-phonon coupling H,
and consequently the polarizability. This is the origin of the
GERS molecular orientation sensitivity.

2.4. Quantitative Calculation of the CM Contribution Based
on GERS and Evaluation of the Interaction between Graphene
and the Molecule

Since the GERS system is perfect for simplifying the com-
plex molecular orientation issue, quantitative calculation of
the magnitude of the CM contribution can be implemented
here. First, it should be noted that the magnitude of the
CM contribution from the upstanding CuPc orientation
to the lying-down CuPc orientation in Figure 2 is found to
be vibrational mode dependent. Table 1 summarizes the
magnitude of the main Raman bands, the variation of their
Raman shifts, and their assignments.’043 Tt clearly shows
that not all the bands were magnified by the same amount,
but were vibrational mode dependent. For example, for
the vibration mode at 1530.8 cm™!, the Raman intensity
is enhanced about 10 times, while for the vibration mode
at 483.8 cm™! it becomes much weaker. This is consistent
with the property of chemical enhancement, since dif-
ferent vibration modes behave differently in the enhance-
ment “environment”. The CuPc molecule is a square-planar
molecule with D,, symmetry. The Raman signals of CuPc

Table 1. Raman shift (P), Raman intensity (/), and the symmetry assignment of the Raman signals of CuPc LB film at room temperature (RT) and

after annealing at 300 °C.

P,(RT) 1,(RT) P,(after annealing at  /,(after annealing at P,-P; INIA Symmetry assignment and mode
300 °C) 300 °Q) description

233.0 123.0 233.1 94.7 0.1 0.8 B, macrocycle bending

255.3 48.9 256.2 41.9 0.9 0.9 Ajq, in-phase isoindole

483.8 368.0 483.2 153.7 -0.6 0.4 Ay, out-of-plane pyrrole ring vibration

679.0 230.4 680.3 311.3 1.3 1.4 A macrocycle breathes symmetrically

747.2 261.3 746.9 561.9 -0.3 2.2 By, deformation of the macrocycle

951.9 363.2 952.2 414.5 0.3 1.1 B,g, specific deformation of the macrocycle

1106.1 240.1 1107.1 169.4 1.0 0.7 B,g, antisymmetric vibration of the isoindole
ring

1140.4 82.0 1141.6 494.5 1.1 6.0 B,g, deformation of the isoindole ring

1307.0 324.5 1308.1 399.9 1.0 1.2 Big antisymmetric vibration of the isoindole
ring

1341.8 208.7 1341.9 1177.4 0.1 5.6 Asg, symmetric vibration of the isoindole ring

1453.8 508.2 1452.4 1265.7 -1.4 2.5 B,g, deformation of the isoindole ring

system
1530.8 389.9 1530.7 4029.0 0.0 10.3 A symmetric stretching motion of
isoindole groups
1581.7 70.1 1588.6 68.7 6.9 1.0 G band from graphene

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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are mainly composed of two typical vibrations: one in the
low-frequency area mainly originates from the macrocycle-
related vibration; the other in the high-frequency area
mainly originates from the isoindole-related vibration.
Considering the relationship of the enhancement after
molecular orientation change and the assignments of the
vibration modes, the enhancement order can be deduced as:
the isoindole ring vibration mode (e.g., 1530.8 cm™!) > the
macrocycle vibration mode (e.g., 679.0 cm™); the symmetric
vibration mode (e.g., 1341.8 cm™) > the antisymmetric
vibration mode (e.g., 1307.0 cm™); the out-of-plane vibra-
tion mode (e.g., 747.2 cm™!) > the in-plane vibration mode
(e.g., 679.0 cm™). This result not only indicates the change
of the molecular orientation from upstanding to lying down,
but also reflects that the isoindole ring is the main origin of
the interaction between graphene and the CuPc molecule.
The G-band shift of graphene indicates the charge transfer
between graphene and the molecule, whereas the minimal
change in the Raman band position of the CuPc Raman sig-
nals is indicative of only physical interaction between them.
A more detailed analysis and explanation, with the assist-
ance of multi-laser Raman measurements, will be reported
elsewhere.

Next, to quantitatively calculate the magnitude of the
CM contribution, the largest enhanced peak at 1530.8 cm™!
was used as reference, which was assigned to the symmetric
stretching motion of all four isoindole groups.*”! By con-
sidering the change of the number of molecules and the
Raman intensity, the magnitude of the CM contribution to
the peak at 1530.8 cm™ was calculated to be about 43 times.
The calculation process is shown in Part 5 of the Supporting
Information. Meanwhile, the same experiment was carried
out for other planar Pc derivatives. A similar phenomenon
was observed in the Raman spectra and UV-visible absorp-
tion spectra. The enhancement of the Raman signal for all
of these Pc derivatives was observed after annealing. More-
over, the calculated magnitudes of the CM contribution are
considerably different, which is consistent with the different
interaction between graphene and these Pc derivatives. The
detailed data are shown in Part 6 of the Supporting Informa-
tion. Hence, no matter whether one examines the same mole-
cule with different molecular orientations on graphene, or
different molecules with the same orientation on graphene,
the key point is that they have different dipole interaction
with graphene, which is the origin of the different magnitudes
of the CM contribution.

3. Conclusion

By making use of the properties of GERS ingeniously, this
work promotes a rational approach to determine the molec-
ular orientation sensitivity of chemical enhancement. It is
promising to use GERS for detecting the molecular ori-
entation on graphene, as well as the interaction between
graphene and the molecules. Furthermore, an understanding
of the chemical enhancement in GERS was promoted and
the effect of molecular orientation on the intensity of chem-
ical enhancement could be well explained.
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4. Experimental Section

CuPc and other Pc derivatives were dissolved in a mixture of tri-
fluoroacetic acid and dichloromethane [1:10 (v/v)] to prepare
spreading solutions. Concentrations of Pc derivatives in the sample
solutions were of the order of 2 x 10™* m (mol L™Y). The monolayer
Pc derivative LB films were obtained on a LB trough (NIMA Tech-
nology, Type: 611, Serial No. 093) with a constant pressure of
20 mN m~! and by the horizontal dipping method in a speed range
of 2 mm min~L,

Raman spectra were collected using a Horiba-Jobin Yvon
Labram HR800 instrument with a 632.8 nm He—Ne laser. A 100x
objective was used to focus the laser beam. The laser power was
controlled below 1 mW to avoid the decomposition of molecules
and the heating effect. The exposure time was 2 s. The spectra
for the comparison were obtained under the same conditions.
The intensities of the peaks were obtained by fitting them with a
Lorentzian function. The UV-visible absorption spectra were
collected on a Perkin—Elmer Lambda-950 UV/Vis/near-IR spectro-
photometer. The transmission mode was used. The quartz sub-
strate for the measurements was highly transparent (>95%) in the
UV-visible region. AFM images were obtained on a Veeco Nano-
Scope IlIA instrument in the tapping mode.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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