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Here we present a combined experimental and theoretical study of graphene nanoribbons (GNRs),
where detailed multi-wavelength Raman measurements are integrated by accurate ab initio simula-
tions. Our study covers several ultra-narrow GNRs, obtained by means of solution-based bottom-up
synthetic approach, allowing to rationalize the effect of edge morphology, position and type of func-
tional groups as well as the length on the GNR Raman spectrum. We show that the low-energy
region, especially in presence of bulky functional groups is populated by several modes, and a single
radial breathing-like mode cannot be identified. In the Raman optical region, we find that, except
for the fully-brominated case, all GNRs functionalized at the edges with different side groups show
a characteristic dispersion of the D peak (8–22 cm−1/eV). This has been attributed to the internal
degrees of freedom of these functional groups, which act as dispersion-activating defects. The G
peak shows small to negligible dispersion in most of the cases, with larger values only in presence
of poor control of the edges functionalization, exceeding the values reported for highly defected
graphene.
In conclusion, we have shown that the characteristic dispersion of the G and D peaks offer further
insight on the GNR structure and functionalization, by making Raman spectroscopy an important
tool for the characterization of GNRs.

PACS numbers: 73.22.Pr, 78.30.Ly, 31.15.A-, 31.15.E-, 71.15.Mb
Keywords: Graphene nanoribbons; Raman spectroscopy; Functionalization; Density-functional theory

I. INTRODUCTION

Bottom-up strategies for material fabrication, which
entail a complete synthesis of a complex material start-
ing from simple building blocks, are nowadays largely
employed to produce nanomaterials and supramolecular
systems with atomic-scale control [1]. In the realm of
graphene-derived systems, bottom-up approaches based
on both solution-phase synthesis and surface-assisted
growth have been exploited to produce structurally
well-defined one-dimensional nanostructures, namely
graphene nanoribbons (GNRs) [2–8]. These are basi-
cally narrow strips of graphene where the outstanding
properties of graphene are combined to the presence of a
finite bandgap, which is derived from quantum confine-
ment effects and makes them suitable for graphene-based
electronics and opto-electronics applications [9, 10]. Be-
sides the capability of producing ultra-narrow (width
�10 nm) and finite-gap nanoribbons with atomistic pre-
cision, solution-phase synthesis also allows for a fine tun-
ing of their properties, that are in fact found to be
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highly dependent on edge morphology and functional-
ization [4, 7, 8, 11–15]. Solution-based techniques al-
low the fabrication of GNRs with different length, edge-
functionalization and edge pattern, in addition to the tra-
ditional armchair (aGNRs) and zigzag GNRs (zGNRs)
structures [16–47].

Figure 1 gives an overview of the GNRs structures typ-
ically produced by solution-phase synthesis. In addition
to aGNRs and zGNRs, the following GNRs can be de-
fined: cove-shaped GNRs (cGNRs) and chevron-shaped
GNRs. A cGNR is a zGNR wherein a benzo ring peri-
odically decorates the zigzag edge [Fig. 1(a)]. According
to the nomenclature in Ref. 48, we label those GNRs as
n-cGNRs, where n indicates the width of the zGNR core
calculated as the number of zigzag lines across the width.
On the other hand, chevron-like GNRs can be composed
by two segments of regular armchair GNRs with alter-
nating widths connected at a specific angle; these GNRs
are called m/m′-aGNR [48, 49], Figure 1(b). The param-
eters m and m′ represent the number of armchair chains
that define a specific chevron-like GNR.

Raman spectroscopy is the most used non-destructive
technique for the characterization of sp2-bonded carbon
nanostructures [50, 51]. It is therefore relevant to inves-
tigate whether (and how) the GNRs Raman spectrum

mailto:deborah.prezzi@nano.cnr.it
mailto:cinzia.casiraghi@manchester.ac.uk
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FIG. 1. Sketches elucidating the structure and nomenclature
of GNRs with different edge geometry. Starting from standard
armchair and zigzag GNRs, (a) cove-type and (b) armchair
chevron-like GNRs are defined.

provides clear fingerprints of the details of the ribbon
atomic structure, which are known to crucially affect
their overall electronic and optical properties. A semi-
nal work from our group [49] has already shown that the
Raman spectrum of cGNR, in particular the low-energy
(i.e. acoustic) region, is very sensitive to the correspond-
ing atomic structure, in particular to their width, and
departures from simple models obtained for aGNR and
zGNR were observed. Some Raman spectra of the 9/15
a-GNRs were also presented in Ref. 31, but a detailed
multi-wavelength analysis was not reported. Here we ex-
pand and generalize our analysis by investigating more
than 12 GNRs with different structures, in order to ra-
tionalize the D- and G-peak Raman signatures and their
dispersion in terms of ribbon properties, such as edge
pattern, length, number, position and type of functional
groups. We remark that such study is not a mere zool-
ogy, but it is mandatory to unravel the origin of the main
Raman peak dispersions, as we will show in this work.

Herein we present a detailed multi-wavelength Raman
analysis of fifteen GNRs with different structures, in-
cluding cove-type and chevron-like GNRs. In the case
of cGNRs we investigated ribbons with the same width,
but functionalized with different groups, also exploring
the case of GNRs with low functionalization efficiency. In
the case of chevron-like GNRs, we investigate the effect
of the GNR length and the type of functional group. The

overall features of the Raman spectra are then compared
for all ribbons. We find that all spectra show a relatively
intense D peak with a characteristic energy dispersion de-
pending on the precise structure of the GNR – no matter
which functional group is used, provided it is larger than
a single atom simply passivating C edge atoms. The dis-
persion is also independent of the length of the ribbons
in the range here investigated (5 − 110 nm). We also
observed G peak dispersion, although only in few cases,
the value of the dispersion is larger than that observed
for higly defective graphene. Moreover, the functional-
ization is observed to strongly affect the low energy re-
gion, in agreement with the preliminary results reported
in Ref. 49 for limited cases. Notably, GNRs with sizeable
functional groups at the edges usually do not to exhibit a
clear Radial Breathing-like Mode, in contrast to the case
of carbon nanotubes and of GNRs passivated with single
atoms.

This paper is organized as follows: section II gives a
background on Raman spectroscopy of GNRs; section III
describes the specific systems under investigation and
provides details on samples preparation, experimental
setup and Raman Spectroscopy measurements, as well
as computational approaches. Section IV shows and dis-
cusses the Raman multi-wavelength results obtained for
different types of GNRs.

II. BACKGROUND

The Raman spectrum of graphene is composed by two
main features, the G and the 2D peaks, which lay at
around 1580 cm−1 and 2800 cm−1, respectively [52]. The
G peak is a first-order Raman mode, which arises from
the stretching of the carbon atoms and is common to
all sp2 carbon systems [52]; it corresponds to the optical
E2g phonon at the Brillouin zone center [50, 53]. The 2D
peak is a second-order overtone mode, corresponding to
transverse optical (TO) modes near the K point and it
is associated with the breathing modes of six-atom rings
[52]. In the presence of defects, these modes can be acti-
vated by an inter-valley double resonance process, giving
rise to the so-called D peak [54].

The Raman spectrum of GNRs differs from that of
graphene and it may considerably change depending on
the method used to produce the ribbons [55]. In gen-
eral, the Raman spectrum of GNRs shows the following
features:

(i) the G peak is upshifted and broader, compared to
the G peak of (undoped) graphene [49];

(ii) similarly to the case of polyaromatic hydrocarbons
(PAHs) [56], the vibrations corresponding to the D
peak can be Raman active and do not necessarily
require defects to be active [54, 57]; the D peak
is typically “structured”, i.e. consisting of several
components, where one of them is more prominent
than the others [49];
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FIG. 2. Chemical structures of the GNRs studied in this work: (a) cove-shape and (b) chevron-type.

(iii) in cGNRs the D peak has been observed to change
position with the excitation wavelength [49], i.e.
the D peak is dispersive. The origin of this charac-
teristic dispersion – different from that of graphene
[57] – is currently unknown, and will be discussed
in this work;

(iv) ultra-narrow GNRs (width � 10 nm) show a char-
acteristic Raman mode at low energy, associated
to the vibrational mode where all the atoms of the
ribbon move in-plane along the ribbon width di-
rection. This is called Radial Breathing-like Mode
(RBLM) [58, 59], and it was first observed in arm-
chair GNRs produced by surface-assisted methods
[60]. For cGNRs, this mode was demonstrated to
be very sensitive not only to the lateral size, but
also to any modification of the edge structure[49].
A more systematic study is however still missing.

III. METHODS AND SYSTEM DESCRIPTION

A. Systems under Investigation

In this work we analyze two classes of GNRs, sum-
marized in Figure 2. The first class contains n-cGNRs
with the same width (n = 4), but with different

edge functionalization [Fig. 2(a)], that is, the outer
benzo rings are functionalized with: dodecyl chains (-
C12), bromine (-Br), perylene monoimide (-PMI), naph-
thalene monoimide (-NMI) and anthraquinone (-AQ)
units. Note that, as displayed in Figure 2(a), there
is one functional group and one dodecyl chain per re-
peating unit, but the substitution pattern is random.
The second class of systems is represented by chevron-
like GNRs. Within this family, we specifically con-
sider the 9/15-aGNR, Figure 2(b). The 9/15-aGNRs
have been functionalized with five different functional
groups: methyl undecanoate (C12H24O2, R1), anthra-
cenyl units and N-n-hexadecyl maleimide (AHM, R2),
undecanoic acid (C11H22O2, R3), undecanoate grafted
with poly(ethylene oxide) chain (C11H20O2(PEO), R4)
and dodecanyl (C12H25, R5) groups. In the case of R1

and R2, three GNRs with different length (15 nm, 30 nm
and 110 nm; 5 nm, 11 nm and 58 nm, respectively) were
produced.

B. GNR synthesis

4-cGNR-C12 was synthesized through an
AB-type Diels-Alder polymerization of a
tetraphenylcyclopentadienone-based monomer to
afford polyphenylene precursors, and subsequent in-
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FIG. 3. (a) Optical and (b) acoustic region of the Raman spectra for 4-cGNRs with different edge functionalizations. Black
(color) lines represent measured (calculated) spectra. In the simulated spectra, the G peak intensity has been rescaled (×3),
compared to the D peak, for clarity.

tramolecular oxidative cyclodehydrogenation, namely
“graphitization”, using FeCl3 to obtain GNR-C12 [21].
4-cGNR-Br was then prepared by adapting the synthetic
method of GNR-C12, using a bromo-functionalized
monomer precursor [61]. The dye-functionalized GNRs,
i.e., 4-cGNR-PMI, -NMI and -AQ, were synthesized by
adapting the pre-functionalization protocol previously
reported for hexa-peri-hexabenzocoronene derivatives
[30]. Finally, 9/15-aGNRs were synthesized as described
in Refs. 31, 61, and 62.

C. Raman Spectroscopy Measurements

The GNRs samples described above were measured in
powder form by using two Raman spectrometers: the
XploRA PLUS by Horiba and a Renishaw InVia. Both
instruments are equipped with several excitation lines in
the visible and near-IR range. The laser spot was about
0.5µm and was focused on the sample with a 100× ob-
jective. It has been shown [49] that ultra-narrow GNRs
are very sensitive to the laser power, so this was kept
below 550µW to avoid damage and ensure reproducible
measurements.

The low-energy modes, D and G peaks have been fit-
ted with Lorentzian lineshape. In the case of the D peak,
because of its “structured” nature, the most prominent
(i.e. intense) peak has been considered as the “D peak” in
the data analysis (see Sec. IV). The same protocol is ap-
plied when fitting the low-energy modes in case of multi-
Lorentzian fitting. The intensity is calculated as the
height of the Raman peak. The spectra of 4-cGNR-C12
are taken from Ref. 25. All Raman spectra and repre-
sentative fits are included in the Supplementary Informa-
tion.

D. Computational Details

All of the computational results presented in this work
were obtained by means of ab initio density-functional-
theory (DFT) based simulations, as implemented in the
Quantum ESPRESSO package [63, 64]. In particular,
the vibrational properties were computed, starting from
the optimized geometries of selected GNRs, within the
framework of Density-Functional Perturbation Theory
(DFPT) [65]; Raman intensities were derived using the
second-order response method in Ref. 66, within the
Placzek approximation (i.e. non-resonant condition), by
using the non-polarized formula in Ref. 67. The ex-
change correlation potential was evaluated through the
local density approximation (LDA) with the Perdew-
Zunger (PZ) parameterization, using Von Barth-Car
(VBC) norm-conserving pseudopotentials. The plane-
wave energy cut-off was set to 90 Ry. Due to periodic
boundary conditions, a vacuum region of at least 12 Å
was set in the non-periodic (finite) directions in order to
prevent spurious interactions with system replicas. The
atomic positions were fully relaxed until the maximum
atomic force was less than 5×10−4 a.u. Phonon frequen-
cies and Raman tensor were calculated by performing the
numerical integration of the Brillouin zone (BZ) over a
k-mesh of dimensions 8 × 1 × 1. The calculated phonon
frequencies were scaled by a constant factor in order to
partially compensate the underestimation of the bond
lengths in LDA calculations [59, 68, 69] and thus better
compare with Raman measurements. The scaling factors
were found for each GNR by fixing the simulated G peak
frequency to the corresponding experimental value.

Since DFPT simulations of these systems are computa-
tionally very demanding, we limited our computational
study to prototypical cases. In particular, we investi-
gated the cove-shaped GNR family: fully Br-passivated
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FIG. 4. Evolution of the position of the (a) G and (b) D peaks
versus excitation energy for 4-cGNRs. The dash-dotted lines
are the linear fits of the data.

4-cGNRs; 4-cGNR half-passivated with Br and alkyl
chains as prototype for the -(Br,C12) functionalization;
4-cGNR half-substituted with -NMI groups and alkyl
chains as representative for the bulky -NMI functionaliza-
tion. The simulated spectra for the 4-cGNR - both fully
H-passivated and fully functionalized with alkyl chains -
are taken from Ref. [49]. Note that butyl chains are used
in place of dodecyl and 4-decylhexadecyl groups. A de-
tailed analysis of the effect of the chain length and confor-
mation onto the Raman spectra is reported in Ref. [49].

IV. RESULTS AND DISCUSSION

A. Main Raman features: D, G and low-energy
peaks measured at fixed wavelength

1. Cove-like GNRs

Figure 3 displays the Raman spectra of the 4-cGNRs
shown in Fig. 2(a). For the sake of comparison, all Ra-
man spectra discussed hereafter are measured at 2.33 eV.
Let us start our investigation from the fully brominated
system (-Br), which is the closer system to the ideal fully
hydrogenated case usually taken as a reference. The ex-
perimental Raman spectrum of 4-cGNR-Br [Fig. 2(a)]
shows a G peak at around 1605 cm−1, upshifted and
broader with respect to graphene. The analysis of ab ini-
tio simulations shows that the G peak mainly consists of
the transverse-optical component (0-TO) in addition to
weaker contributions at lower wavenumbers due to higher
LO and TO harmonics [Fig. S12], similar to our previ-
ous results [49] for H-passivated 4-cGNR, here reported
for comparison. In addition to the G peak, the Raman
spectrum shows a typical, structured D peak at about
1315 − 1335 cm−1, with one (or more) weaker contri-
butions at lower and higher wavenumbers. The most
prominent feature consists of a double-peak structure
with comparable intensity, which is relatively well repro-
duced by the simulations (despite an upshift of about
30 cm−1 due to the functional choice). Our simulations
indicate that the double-peak structure originates from
the two components (i.e., longitudinal and transverse)
of the six-atom ring breathing, which are no longer de-
generate, in contrast to the case of graphene. This is a
clear consequence of confinement, and in particular of the
ultra-narrow widths achieved by bottom-up techniques.

In the presence of edge functionalization with -C12, we
observe that the G peak position and FWHM(G) [Fig.
4(c)] remain nearly unaltered. More significative changes
are observed for the D peak: the clear splitting observed
in the fully brominated system is less visible when the
4-cGNR is functionalized: small changes are observed as
soon as C12 groups are introduced in addition to Br [see
-(Br,C12) in Fig. 2(a)], and then the splitting almost dis-
appears in the -C12 system. This trend is in agreement
with the simulations, which indicate that the D peak of
the -C12 ribbon is dominated by an intense band ascribed
to the symmetric breathing mode of alternated hexago-
nal rings in the ribbon core [Figs. S13-14]. The effect of
the chains is thus to partially wash out the asymmetry
induced by the extreme confinement.

Finally, when bulky dye groups are added to C12, the
frequency of the D peak tends to increase as compared
to the brominated case, while it slightly decreases for the
G peak. Moreover, the FWHM(G) increases from about
25 to about 40 cm−1, with the spectrum of 4-cGNR-NMI
showing the broader FWHM(G) [Fig. 4(c)]. This can be
explained by analyzing the simulations for the NMI case,
where additional C-C modes of the dye appear in this
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range, contributing to the G peak broadening.
Moving to the acoustic region, the experimental Ra-

man spectrum of fully brominated 4-cGNR shows a clear
and sharp peak at 170 cm−1, and a broader one at
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FIG. 6. (a) Optical and (b) acoustic region of the Raman
spectra for 9/15-aGNRs with different edge functionaliza-
tions. The spectra are taken at 638 nm.

∼250 cm−1 [Fig. 3(b), black]. Other peaks are observed
at 300-500 cm−1, although the spectrum is relatively
noisy in that region. These features are in good agree-
ment with those shown by the simulated spectrum, which
displays two RBLMs at 168 cm−1 and 414 cm−1, where
the bromine atoms at the edges vibrate respectively in-
phase or out-of-phase with the carbon atoms of the GNR
backbone [Fig. S12, Supplemental Material]. This is
different from the case of the fully hydrogenated GNR,
which shows a single RBLM peak at 314 cm−1. The
prominent feature observed experimentally at 250 cm−1,
which is visible also in 4-cGNRs partially and fully func-
tionalized with C12, coincides in energy with the simu-
lated LA feature at 224 cm−1 for the fully brominated
GNR [Fig. S12, Supplemental Material]. However, the
broadening and structured nature of the experimental
peak advise against any simple attribution.

Concerning the partial and full functionalization with
docecyl chains [-(Br, C12) and -C12, respectively], the
Raman spectra mainly exhibit a structured peak at ∼
230 − 245 cm−1 [Fig. 3(b)]. As previously evidenced by
ab initio simulations for wider cGNRs [49] functionalized
with chains of various lengths, the presence of the chains
does not allow to identify a single RLBM, since the GNR
low-energy modes couple with the modes of the chain giv-
ing rise to several sub-peaks at frequencies that depend
on the chain length. Moreover, the edge functionaliza-
tion relaxes the planar symmetry of the GNRs, allowing
the mixing of longitudinal, transverse and normal modes,
thus activating modes otherwise forbidden, and overall
contributing to the broadening of the main low-energy
peak. In this respect, the partial functionalization with
dodecyl chain comprises both features, i.e. Br- and C12-
related modes.

The functionalization with dyes [-NMI, -PMI and -AQ,
Fig. 3(d)] gives rise instead to rather different spectra,
depending on the functional group. In the case of -AQ, a
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main peak at 236 cm−1 can be identified, i.e. at a similar
frequency as for -C12 and -(Br,C12), possibly suggesting
it having the same origin. Moreover, weaker peaks ap-
pear and they could be attributed to coupled modes [49],
since AQ is known to display Raman modes in this en-
ergy region [30]. On the other hand, the acoustic region
of the Raman spectra of -PMI and -NMI GNRs are sim-
ilar and a clear, distinct peak attributable to a RLBM
cannot be identified. We thus simulated the spectrum for
the -NMI functionalization as representative of this sec-
ond type of behaviour to gain further insight. We indeed
found a plethora of low-energy modes, among which we
identify a RLBM at 356 cm−1 [Fig. S15]. As found for
the alkyl chains, the RLBM of the GNR couples with the
modes of the dodecyl and PMI groups, also relaxing the
purely transverse character of the mode.

The effect of functional groups on the acoustic region
of 4-cGNRs was further investigated by studying -PMI
GNRs in which the substitution reaction did not succeed
completely. This means that the -PMI functionalization
was only partial, i.e. where only a few Br atoms of the
4-cGNR-(Br,C12) precursor replaced by PMI molecules.
This case is labelled as 4-cGNR-PMI*. The first order
Raman spectrum of -PMI* does not show noticeable dif-
ferences with respect to -PMI [Fig. 5(a)], except for a
downshift of ∼ 4 cm−1 in the D peak position [Fig. 5(c)],
similar to what observed in the Raman spectrum of the
4cGNR-(Br,C12). Moving to the low energy region, in
the case of 4-cGNR-PMI, a distinct RBLM peak could
not be observed [Fig. 3(b)] in contrast to the case of
-PMI*, where a peak at ∼250 cm−1 [Fig. 5(b)] is well
visible, as in the case of pure 4-cGNR-(Br,C12). This
further confirms that the low energy region is very sen-
sitive to the number (and type) of functional groups at
the edge.

2. Chevron-like GNRs

Figure 6 reports the first order and the low energy Ra-
man spectra of 9/15-aGNRs, all taken at 1.94 eV. The
optical region is very similar to that of the 4-cGNRs:
the G peak is located at about 1600 cm−1 [Fig. 7(b)],
and the FWHM(G) is about 30 cm−1 for 9/15-aGNR
[Fig. 7(c)]. Functionalization produces only small
changes (∼10 cm−1) in the position and FWHM(G) of
the 9/15-aGNR. The D peak is observed at 1320 cm−1

for 9/15-aGNRs. For the 9/15-aGNRs, the low-energy
region evidences a broad main peak at 165 cm−1 and a
weaker feature at 290 cm−1 [Fig. 6(b)], except for the
case the R2-functionalized ribbon (257 cm−1). This dif-
ference can be attributed to the nature of the functional
groups, which are all based on long alkyl chains, apart
from R2, which is characterised by a bulky group con-
nected to a chain [Fig. 2(b)]. This bulky group is in-
deed responsible for the excellent dispersibility of these
GNRs [31]. Although ab initio calculations are too de-
manding in the case of the 9/15-aGNR, we can however
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estimate the frequency of the RLBM from the model
in Ref. 58 for the ideal, H-passivated system. We ob-
tain a value of 230 cm−1, which compares rather well
with the experimental value (169 cm−1), considering that
a downshift is expected for functionalization with alkyl
chains, as previously observed for cove-type GNRs. The
peak shift to higher wavenumbers in the case of the R2-
functionalization could be due to the steric hindrance
of the R2 bulky groups, possibly inducing backbone dis-
tortions. Further study is needed to fully confirm this
observation.

B. Multiwavelength analysis

We have up to now discussed the Raman spectra
taken at fixed wavelength, we now move to the multi-
wavelength analysis, as many features of the Raman spec-
trum of GNRs strongly change with the excitation en-
ergy, as discussed in the Background section. In partic-
ular, we explore excitation energies ranging from 1.57 to
2.71 eV, i.e., pre-resonant and resonant conditions con-
sidering the optical gap of these GNRs [30]. We here
focus on the excitation energy dependence of both D and
G peak for all the studied GNRs.

The dispersions of the D and G peak of all ribbons are
reported in Table I. Note that typically the G peak dis-
persion is measured on a wide range of energy, ranging
from UV to near-IR [70, 71], to get an accurate value.
Here the Raman spectra were measured only in the vis-
ible range and some spectra could not be measured at
certain energies. This is the case of AQ-GNR: we could
not measure the spectrum at 785 nm, due to fluores-
cence. Thus, the fit is less accurate compared to that of
the other ribbons. Thus, we report the value in the ta-
ble for the sake of completeness, but we exclude it from
the discussion of the G peak dispersion. Note also that
GNRs get easily damaged under UV laser, so UV Raman
spectra cannot be measured.

1. D peak dispersion

Figure 4(a) shows the dependence of the D peak
position with the excitation wavelength for the cove-
type GNRs. The fit of the data gives a dispersion of
8-10 cm−1/eV for all 4-cGNRs analyzed, except for the
fully brominated case that shows no dispersion, i.e. the
data variation is within the resolution of the spectrom-
eter, which is about 2 cm−1 [Figure 4(a)]. We remind
that the D peak is Raman active for these GNRs, and we
would expect no dispersion for ideal, unperturbed GNRs,
as indeed observed in the case of edge passivation with
monoatomic Br and in the case of GNRs produced by
surface-assisted approach [72]. Once C12H25 chains are
introduced, the dispersion does not strongly change with
the position and type of dye that is used for functionaliza-
tion, in addition to the chain. In fact, also in the case of

GNRs Dispersions

D peak (cm−1/eV ) G peak (cm−1/eV )

C
o
v
e
-t

y
p

e

4-cGNR

C12 9.5 4.8

(Br,C12) 8.1 7.3

Br 0.6 1.7

NMI 7.8 6.2

AQ 8.6 2.9†

PMI 10.1 8.2

PMI∗ 10.1 12.8

C
h
e
v
ro

n
-t

y
p

e

9/15-aGNRs

R1 16.6 2.8

R2 13.4 0.5

R3 20.8 2.9

R4 21.8 4.9

R5 19.4 1.8

TABLE I. Values obtained for the D and G peaks dispersions
of cove- and chevron-shaped GNRs. †We remark that in the
case of AQ, we could not measure the Raman spectrum at
785 nm, thus the fit is less accurate compared to that of the
other ribbons. Thus, we report the value in the table for the
sake of completeness, but we exclude it from the discussion of
the G peak dispersion.

the lowest functionalization control (PMI*), where we ex-
pect a random distribution of chains, dyes and Br atoms,
the dispersion is unaltered. In a previous work we found
different types of cGNRs to have D peak dispersion be-
tween 10 and 30 cm−1/eV, depending on the width, for
a fixed functional group [49]. This is in agreement with
our results, which indicates that the value of the D peak
dispersion is determined by the GNR core geometry, as
long as C12H25 chains are introduced at the edges.

Moving to the chevron-like GNRs, our data show that
also the Raman spectra of the 9/15-aGNRs exhibit a
clear D peak dispersion [Figure 7(a)] but of higher values
(17-22 cm−1/eV), as compared to the case of 4-cGNRs.
Also in this case the dependence on the functional group
is negligible, with the exception of the 9/15-aGNR-R2

case, which shows a significantly smaller D peak disper-
sion, of about 13 cm−1/eV. This is likely to be due to the
presence of the bulky R2 group at one end of the chain,
which could cause steric effects and GNR backbone dis-
tortion [29], as also suggested by the strong shift of the
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FIG. 8. Evolution of the position of the (a) D and (b)
low energy peaks versus excitation energy for chevron-type
9/15-aGNRs-R1 with different length (15 nm, 30 nm and 110
nm). The dash-dotted lines are the linear fits of the data.

main peak in the acoustic region [Figure 6(b)].
Finally, in order to analyze the effect of the length on

the Raman spectra, we compare a series of 9/15-aGNRs
with functional groups R1 [Fig. 8] and R2 [Fig. 9] with
different lengths. To some extent, the ribbon is expected
to behave as an elongated aromatic molecule for length
shorter that the effective conjugation length, becoming
a 1-dimensional nanostructure at longer lengths. We re-
mark that in all cases the length is at least three times
larger than the width of the GNRs. In both cases the Ra-
man peaks do not seem to be affected by the length of the
ribbon in the range here investigated. In fact the position
and the shape of these peaks do not change significantly
by increasing the ribbon length from 5 to 110 nm, Figs.
8 and 9 for two representative cases (R1 and R2), which
suggests that optical and vibrational properties have al-
ready reached the 1d behavior for the shorter GNRs in-
vestigated here.

To summarize, our analysis has demonstrated that the
D peak dispersion is activated anytime the edges are func-
tionalized with long alkyl chains or dye groups, irrespec-
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FIG. 9. Evolution of the position of the (a) D and (b)
low energy peaks versus excitation energy for chevron-type
9/15-aGNRs-R2 with different length (5 nm, 11 nm and 58
nm). The dash-dotted lines are the linear fits of the data.

tive of the type and position of the functional group, and
is characteristic of the GNR core. Moreover, the same
dispersion is observed for a wide range of GNR lengths,
suggesting that a further confinement along the length
is not the main activation mechanism for the D peak
dispersion, at least for the length range here considered.
All of this points to the key role of the internal degrees of
freedom of the functional groups in the activation mech-
anisms. In fact, the functional chains here considered are
flexible and prone to conformational disorder, which can
break the translational invariance along the GNRs length
and act as a scattering channel.

2. G peak dispersion

We proceed by analyzing the G peak position changes
with the excitation energy for both cove-type [Figs.
5(d) and 4(b)] and chevron-like GNRs [Fig. 7(b)]. The
4-cGNRs show in all cases a dispersion of 3-13 cm−1/eV,
except for the fully brominated case that shows no dis-
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FIG. 10. I(D)/I(G) data for 4-cGNRs with different edge
functionalization, as a function of excitation energy. The
dash-dotted line is the linear fit of the data.

persion [Fig. 4(b)], i.e. the data variation is within the
resolution of the spectrometer, which is about 2 cm−1.
In contrast to the D peak dispersion, the G peak
dispersion seems to change with the functionalization.
The smallest dispersion is seen for 4-cGNR-C12 and it is
about 3 cm−1/eV. A similar value was observed for the
8-cGNR-C12 [49], thus indicating that the dispersion
value may not be dependent on the core geometry. The
G peak dispersion increases as soon as the Br atoms are
replaced with the chains and maintain a similar value
(6-8 cm−1/eV ) in all cases where the chains are mixed
with another type of functional group. The highest G
peak dispersion is obtained with the GNR with poor
functionalization control, further suggesting the origin
of this dispersion to be related to the functional groups.
Moving to the chevron-like GNRs, we find that the
9/15-aGNRs do not show any appreciable dependence of
the G peak with the excitation energy, i.e. the variations
in the G peak positions are within the resolution of the
spectrometer. This is true irrespective of the functional
group and of the GNR length.

In aromatic structures like graphene and PAH, the
mode connected to the G peak is not strongly coupled
to the π electrons, at variance to the ring breathing
related to the D peak [73], thus giving rise to a rather
small dispersion. Indeed, a G peak dispersion of only
6 cm−1/eV has been observed in highly defective
graphene [74]. Most of the GNRs investigated here show
small or negligible G peak dispersion, comparable to the
G peak dispersion of graphene and compatible with the
same activation mechanism suggested for the D peak.
However, in a few cases this value is markedly larger (up
to 13 cm−1/eV), pointing to a different origin for such
an excitation energy dependence. While further studies
would be needed to clarify this point, we note that in

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Excitation energy (eV)

0.0

0.4

0.8

1.2

1.6

I(
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)/
I(

G
)

9/15−aGNR

R1

R2

R3

R4

R5

FIG. 11. I(D)/I(G) for 9/15-aGNRs with different edge func-
tionalization, as a function of excitation energy. The dash-
dotted line is the linear fit of the data.

these cases the Br is replaced with chains and dyes. Both
Br and the chosen dyes have an electron-withdrawing
character, and the dyes present electronic states close to
the GNR gap and vibrational states in the same energy
region: all of this can impact the intrinsic electronic
and optical properties of the ribbon itself [30, 75, 76]
and influence the coupling with vibrations in resonant
regime. Moreover, the random functionalization pattern
can induce localization of the electronic states further
influencing the coupling with the vibrations. This
might explain why the GNR with no functionalization
control (i.e. 4-cGNR-PMI∗) shows the highest G peak
dispersion and why the dispersion of 4-cGNR-(Br,C12)
is larger than 4-cGNR-C12.

3. I(D)/I(G) intensity ratio

Concerning the intensity ratio, I(D)/I(G), we find that
it depends on the excitation wavelength for both cove-
type [Fig. 10] and chevron-like GNRs [Fig. 11], as
observed also in disordered carbons [70] and defective
graphene [77]. For both GNR families, we do not ob-
serve significative changes in the I(D)/I(G) dispersion
with the type of functional group. More specifically, both
4-cGNRs and 9/15-aGNRs exhibit the same I(D)/I(G)
dispersion of about −0.5 eV−1.

4. Acoustic region

Moving to the acoustic region, we focus on the broad
peak in the range of 150-300 cm−1 for the 9/15-aGNRs
that might be attributed to the RBLM. Figure 7(c)
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shows that the low energy peak is also dispersive:
−23 ± 6 cm−1/eV and −11 ± 2 cm−1/eV, in the case
of R2 and Ri (i=1, 3-5), respectively. This is in strong
contrast with the results observed for the 4-cGNRs [49],
where the dispersion was observed to be positive. How-
ever, we remark that as the assignments of the peaks is
very difficult and we were able to clearly see the peaks
only in a very limited range of excitation energies, more
studies need to be performed to investigate the origin and
dispersions of these peaks.

V. CONCLUSION

We presented a detailed multi-wavelength analysis of
the Raman spectrum of ultra-narrow cove and chevron-
shaped GNRs by focusing on the effect of the excita-
tion energy, edge morphology, type of functional groups,
functionalization efficiency and length of the ribbons.
We showed that the Raman spectra of such GNRs are
characterized by similar features of defective graphene,
with typical G and D peaks. In particular, cove-
shaped 4-cGNRs show D peak dispersion between 8 and
10 cm−1/eV , with the exception of the fully brominated
case. Armchair chevron-shaped GNRs show D peak dis-
persion ranging between 17 and 22 cm−1/eV, with the
exception of the R2 GNR, possibly due to steric effects.
The D peak dispersion does not change with the length of
the ribbon, indicating that finite length is not responsi-
ble for the dispersion, at least in the ranges investigated
here. By comparison with the Raman spectrum of all
Br-passivated 4-cGNR, where the ribbon edges are fully
terminated with Br, we observe that the D peak disper-
sion is activated by the presence of sizeable functional
groups at the edge, whose internal degrees of freedom
contribute to activate the dispersion. The dispersion is
not sensitive to the “type of defects”, at least for the
range of functional groups analyzed in this work and by
assuming no steric effects taking place (see R2 functional-
ization, with 13 cm−1/eV). The G peak is also becoming
dispersive. While in most of the cases this dispersion
can be attributed to the same mechanism responsible for
the D peak dispersion, in a few cases significantly larger
dispersion values point to an additional effect, possibly
associated to a stronger electronic and vibrational cou-
pling with the dye functional groups.

Our results show that the low energy region is ex-
tremely sensitive to the type of functional group and
functionalization efficiency. In general, the acoustic re-
gion for functionalized GNRs displays several peaks:
these bands reflect the interplay between RBLM mode,
C-H bending modes and normal vibrations of the func-
tional groups at the GNR edges. Moreover, ab initio
simulations showed that bulky groups at the edges relax
the purely transverse nature of the RBLM because they
induce distortions in the ribbon core giving rise to out-
of-plane vibrations.

In conclusion, we have shown that Raman spectroscopy
is very sensitive to any structural detail of the GNR,
making the spectrum more complex to analyze, as com-
pared to that of carbon nanotubes or graphene. On the
other side, spectral features, such as D and G dispersions
and the peaks at low energy, can provide direct insights
on the geometry of the ribbon, by making Raman spec-
troscopy a very useful tool for the characterization of such
structures.

SUPPLEMENTAL MATERIAL

Further details of the analysis and the results are given
in the Supplemental Material. In particular, we re-
port the multi-wavelength Raman spectra of cove- and
chevron-shaped GNRs, and the representation of selected
atomic displacements of the simulated GNRs.
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Räder, and K. Müllen, Macromolecules 42, 6878 (2009).

[25] A. Narita, I. A. Verzhbitskiy, W. Frederickx, K. S. Mali,
S. A. Jensen, M. R. Hansen, M. Bonn, S. D. Feyter,
C. Casiraghi, X. Feng, and K. Mllen, ACS Nano 8, 11622
(2014).

[26] J. Gao, F. J. Uribe-Romo, J. D. Saathoff, H. Arslan,
C. R. Crick, S. J. Hein, B. Itin, P. Clancy, W. R. Dichtel,
and Y.-L. Loo, ACS Nano 10, 4847 (2016).

[27] T. H. Vo, M. Shekhirev, D. A. Kunkel, F. Orange, M. J.-
F. Guinel, A. Enders, and A. Sinitskii, Chem. Commun.
50, 4172 (2014).

[28] Y.-Z. Tan, B. Yang, K. Parvez, A. Narita, S. Osella,
D. Beljonne, X. Feng, and K. Müllen, Nat. Commun.
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D. Yan, K. Müllen, X. Feng, G. Cerullo, and Y. Mai,

Journal of the American Chemical Society (2018),
10.1021/jacs.8b06028.

[32] S. Grätz, D. Beyer, V. Tkachova, S. Hellmann, R. Berger,
X. Feng, and L. Borchardt, Chemical Communications
54, 5307 (2018).

[33] G. Li, K.-Y. Yoon, X. Zhong, J. Wang, R. Zhang, J. R.
Guest, J. Wen, X.-Y. Zhu, and G. Dong, Nature Com-
munications 9, 1687 (2018).

[34] D. Miao, M. Daigle, A. Lucotti, J. B. Lavoie, M. Tom-
masini, and P. J. F. Morin, Angewandte Chemie Inter-
national Edition 130, 3650 (2018).

[35] Y. Huang, W.-T. Dou, F. Xu, H.-B. Ru, Q. Gong,
D. Wu, D. Yan, P. H. Tian, P. X.-P. He, and P. Y. M.
P. X. Feng, Angewandte Chemie International Edition
57, 3366 (2018).

[36] Q. Ai, K. Jarolimek, S. Mazza, J. E. Anthony, and
C. Risko, Chemistry of Materials 30, 947 (2018).

[37] Y. Koga, T. Kaneda, Y. Saito, K. Murakami, and
K. Itami, Science 359, 435 (2018).

[38] D. Cortizo-Lacalle, J. P. Mora-Fuentes, KarolStrutyński,
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[74] L. G. Cançado, A. Jorio, E. H. M. Ferreira, F. Stavale,
C. A. Achete, R. B. Capaz, M. V. O. Moutinho, A. Lom-
bardo, T. S. Kulmala, and A. C. Ferrari, Nano Lett. 11,
3190 (2011).

[75] C. Cocchi, D. Prezzi, A. Ruini, M. J. Caldas, and
E. Molinari, The journal of physical chemistry letters 2,
1315 (2011).

[76] C. Cocchi, A. Ruini, D. Prezzi, M. J. Caldas, and
E. Molinari, The Journal of Physical Chemistry C 115,
2969 (2011).

[77] A. Eckmann, A. Felten, I. Verzhbitskiy, R. Davey, and
C. Casiraghi, Phys. Rev. B 88, 035426 (2013).

http://dx.doi.org/10.1098/rsta.2004.1452
http://dx.doi.org/10.1098/rsta.2004.1452
http://dx.doi.org/10.1063/1.1674108
http://dx.doi.org/10.1063/1.1674108
http://dx.doi.org/10.1002/jrs.4717
http://dx.doi.org/10.1021/nl8032697
http://dx.doi.org/10.1016/j.physleta.2008.10.059
http://dx.doi.org/10.1103/PhysRevB.81.205426
http://dx.doi.org/10.1103/PhysRevB.81.205426
http://dx.doi.org/10.1038/nature09211
http://dx.doi.org/10.1038/nature09211
http://dx.doi.org/10.1002/asia.201600638
http://dx.doi.org/10.1002/asia.201600638
http://dx.doi.org/ 10.1021/jacs.6b07061
http://dx.doi.org/ 10.1021/jacs.6b07061
http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://dx.doi.org/10.1088/1361-648X/aa8f79
http://dx.doi.org/10.1088/1361-648X/aa8f79
http://dx.doi.org/10.1103/RevModPhys.73.515
http://dx.doi.org/10.1103/RevModPhys.73.515
http://dx.doi.org/10.1103/PhysRevLett.90.036401
http://dx.doi.org/10.1103/PhysRevLett.90.036401
http://dx.doi.org/10.1103/PhysRevB.80.155418
http://dx.doi.org/10.1002/andp.201000092
http://dx.doi.org/10.1002/andp.201000092
http://dx.doi.org/10.1103/PhysRevB.64.075414
http://dx.doi.org/10.1103/PhysRevB.64.075414
http://dx.doi.org/10.1103/physrevb.72.085401
http://dx.doi.org/10.1103/physrevb.72.085401
http://dx.doi.org/10.1098/rsta.2004.1448
http://dx.doi.org/10.1098/rsta.2004.1448
http://dx.doi.org/10.1098/rsta.2004.1448
http://dx.doi.org/10.1098/rsta.2004.1448
http://dx.doi.org/ 10.1021/nl201432g
http://dx.doi.org/ 10.1021/nl201432g
http://dx.doi.org/ 10.1021/jz200472a
http://dx.doi.org/ 10.1021/jz200472a
http://dx.doi.org/ 10.1021/jp109909s
http://dx.doi.org/ 10.1021/jp109909s
http://dx.doi.org/ 10.1103/PhysRevB.88.035426

	Multi-wavelength Raman Spectroscopy of Ultra-narrow Nanoribbons Made by Solution-mediated Bottom-up Approach
	Abstract
	Introduction
	Background
	Methods and System Description
	 Systems under Investigation
	 GNR synthesis
	 Raman Spectroscopy Measurements
	 Computational Details

	Results and Discussion
	Main Raman features: D, G and low-energy peaks measured at fixed wavelength
	Cove-like GNRs
	Chevron-like GNRs

	Multiwavelength analysis
	D peak dispersion
	G peak dispersion
	I(D)/I(G) intensity ratio
	Acoustic region


	Conclusion
	Supplemental Material
	Acknowledgments
	References


