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Here we present a combined experimental and theoretical study of graphene nanoribbons (GNRs), where
detailed multiwavelength Raman measurements are integrated by accurate ab initio simulations. Our study covers
several ultranarrow GNRs, obtained by means of solution-based bottom-up synthetic approach, allowing to
rationalize the effect of edge morphology, position and type of functional groups, as well as the length on the
GNR Raman spectrum. We show that the low-energy region, especially in the presence of bulky functional
groups, is populated by several modes, and a single radial breathinglike 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 the presence of poor
control of the edge functionalization, exceeding the values reported for highly defective graphene. In conclusion,
we have shown that the characteristic dispersion of the G and D peaks offers further insight into the GNR
structure and functionalization, by making Raman spectroscopy an important tool for the characterization of
GNRs.

DOI: 10.1103/PhysRevB.100.045406

I. INTRODUCTION

Bottom-up strategies for material fabrication, which en-
tail a complete synthesis of a complex material starting
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 nanostruc-
tures, namely, graphene nanoribbons (GNRs) [2–8]. These
are basically narrow strips of graphene where the outstanding
properties of graphene are combined with the presence of
a finite band gap, which is derived from quantum confine-
ment effects and makes them suitable for graphene-based
electronics and optoelectronics applications [9,10]. Besides
the capability of producing ultranarrow (width �10 nm)
and finite-gap nanoribbons with atomistic precision, solution-
phase synthesis also allows for a fine tuning of their prop-
erties, that are in fact found to be highly dependent on edge
morphology and functionalization [4,7,8,11–15]. Solution-

*deborah.prezzi@nano.cnr.it
†cinzia.casiraghi@manchester.ac.uk

based techniques allow the fabrication of GNRs with different
length, edge functionalization, and edge pattern, in addition
to the traditional armchair GNR (aGNR) and zigzag GNR
(zGNR) structures [16–47].

Figure 1 gives an overview of the GNR structures typ-
ically produced by solution-phase synthesis. In addition to
aGNRs and zGNRs, the following GNRs can be defined:
cove-shaped GNRs (cGNRs) and chevron-shaped GNRs. A
cGNR is a zGNR wherein a benzo ring periodically 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 num-
ber of zigzag lines across the width. On the other hand,
chevronlike GNRs can be composed of two segments of
regular armchair GNRs with alternating widths connected at
a specific angle; these GNRs are called m/m′-aGNR [48,49]
[Fig. 1(b)]. The parameters m and m′ represent the num-
ber of armchair chains that define a specific chevronlike
GNR.

Raman spectroscopy is the most used nondestructive tech-
nique for the characterization of sp2-bonded carbon nanos-
tructures [50,51]. It is therefore relevant to investigate whether
(and how) the GNRs’ Raman spectrum provides clear finger-
prints of the details of the ribbon atomic structure, which are
known to crucially affect their overall electronic and optical
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(a)

(b)

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 chevronlike GNRs
are defined.

properties. A seminal 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
corresponding atomic structure, in particular to their width,
and departures from simple models obtained for aGNRs
and zGNRs were observed. Some Raman spectra of the
9/15-aGNRs were also presented in Ref. [31], but a detailed
multiwavelength analysis was not reported. Here we expand
and generalize our analysis by investigating 15 GNRs with
different structures, in order to rationalize 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 zoology, but it is mandatory to unravel the origin of the
main Raman peak dispersions, as we show in this work.

Herein we present a detailed multiwavelength Raman anal-
ysis of 15 GNRs with different structures, including cove-
type and chevronlike GNRs. In the case of cGNRs we in-
vestigate ribbons with the same width, but functionalized
with different groups, also exploring the case of GNRs with
low functionalization efficiency. In the case of chevronlike
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 depending 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 dispersion 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 a few
cases the value of the dispersion was larger than that ob-
served for highly defective graphene. Moreover, the func-
tionalization is observed to strongly affect the low-energy
region, in agreement with the preliminary results reported
in Ref. [49] for limited cases. Notably, GNRs with sizable
functional groups at the edges usually do not exhibit a clear
radial breathinglike mode (RBLM), 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 back-
ground on Raman spectroscopy of GNRs; Sec. III describes
the specific systems under investigation and provides details
on sample preparation, experimental setup, and Raman spec-
troscopy measurements, as well as computational approaches;
and Sec. IV shows and discusses the Raman multiwavelength
results obtained for different types of GNRs.

II. BACKGROUND

The Raman spectrum of graphene is composed of two main
features, the G and the 2D peaks, which lay at around 1580
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
activated by an intervalley 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 general, 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].

(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 characteristic dispersion–
different from that of graphene [57]—is currently unknown,
and is discussed in this work.

(iv) Ultranarrow GNRs (width � 10 nm) show a char-
acteristic Raman mode at low energy, associated to the vi-
brational mode where all the atoms of the ribbon move in-
plane along the ribbon width direction. This is called the
radial breathinglike mode [58,59], and it was first observed in
armchair 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.
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FIG. 2. Chemical structures of the GNRs studied in this work: (a) cove shaped and (b) chevron type.

III. METHODS AND SYSTEM DESCRIPTION

A. Systems under investigation

In this work we analyze two classes of GNRs, summa-
rized in Fig. 2. The first class contains n-cGNRs with the
same width (n = 4), but with different edge functionaliza-
tion [Fig. 2(a)]; that is, the outer benzo rings are func-
tionalized with dodecyl chains (-C12), bromine (-Br), pery-
lene monoimide (-PMI), naphthalene monoimide (-NMI),
and anthraquinone (-AQ) units. Note that, as displayed in
Fig. 2(a), there is one functional group and one dode-
cyl chain per repeating unit, but the substitution pattern
is random. The second class of systems is represented by
chevronlike GNRs. Within this family, we specifically con-
sider the 9/15-aGNR [Fig. 2(b)]. The 9/15-aGNRs have
been functionalized with five different functional groups:
methyl undecanoate (C12H24O2, R1), anthracenyl units and
N-n-hexadecyl maleimide (AHM, R2), undecanoic acid
(C11H22O2, R3), undecanoate grafted with poly(ethylene ox-
ide) chain (C11H20O2(PEO), R4), and dodecanyl (C12H25,
R5) groups. In the cases of R1 and R2, three GNRs with
different lengths (15, 30, and 110 nm, and 5, 11 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 intramolecular oxidative cyclodehydrogenation,
namely “graphitization,” using FeCl3 to obtain GNR-
C12 [21]. 4-cGNR-Br was then prepared by adapt-
ing the synthetic method of GNR-C12, using a bromo-

functionalized monomer precursor [21,30,61]. The dye-
functionalized GNRs, i.e., 4-cGNR-PMI, -NMI, and -AQ,
were synthesized by adapting the prefunctionalization pro-
tocol previously reported for hexa-peri-hexabenzocoronene
derivatives [30,62]. Finally, 9/15-aGNRs were synthesized as
described in Refs. [31,62].

C. Raman spectroscopy measurements

The GNR 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 0.5 μm and was
focused on the sample with a 100× objective. It has been
shown [49] that ultranarrow GNRs are very sensitive to the
laser power, so this was kept below 550 μW to avoid damage
and ensure reproducible measurements.

The low-energy modes, D and G peaks, have been fitted
with a Lorentzian line shape. In the case of the D peak,
because of its “structured” nature, the most prominent (i.e.,
intense) peak has been considered the “D peak” in the data
analysis (see Sec. IV). The same protocol is applied when
fitting the low-energy modes in the 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 representative fits are included in the
Supplemental Material [63].

D. Computational details

All of the computational results presented in this work
were obtained by means of ab initio density-functional-
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FIG. 3. (a, c) Optical and (b, d) 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.

theory-based simulations, as implemented in the QUANTUM

ESPRESSO package [64,65]. In particular, the vibrational prop-
erties were computed, starting from the optimized geome-
tries of selected GNRs, within the framework of density-
functional perturbation theory (DFPT) [66]; Raman intensities
were derived using the second-order response method in
Ref. [67], within the Placzek approximation (i.e., nonresonant
condition), by using the nonpolarized formula in Ref. [68].
The exchange-correlation potential was evaluated through the
local density approximation (LDA) with the Perdew-Zunger
(PZ) parametrization, using Von Barth–Car (VBC) norm-
conserving pseudopotentials. The plane-wave energy cutoff
was set to 90 Ry. Due to periodic boundary conditions, a
vacuum region of at least 12 Å was set in the nonperiodic
(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 frequencies and Raman tensor were calculated by
performing a numerical integration of the Brillouin zone
(BZ) over a k-mesh of dimensions 8 × 1 × 1. The calcu-
lated phonon frequencies were scaled by a constant factor
in order to partially compensate the underestimation of the
bond lengths in LDA calculations [59,69,70] 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 investigated the cove-
shaped GNR family: fully Br-passivated 4-cGNRs; 4-cGNR
half-passivated with Br and alkyl chains as prototype for
the -(Br,C12) functionalization; and 4-cGNR half-substituted
with -NMI groups and alkyl chains as representative for the
bulky -NMI functionalization. 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 detailed analysis of the effect of the chain length and
conformation 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. Covelike GNRs

Figure 3 displays the Raman spectra of the 4-cGNRs
shown in Fig. 2(a). For the sake of comparison, all Raman
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 experimental 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 initio simulations shows that the G peak
mainly consists of the transverse-optical component (0-TO)
in addition to weaker contributions at lower wave numbers
due to higher longitudinal-optical (LO) and TO harmonics
(see Fig. S12 in the Supplemental Material [63]), similar
to our previous results [49] for H-passivated 4-cGNR, here
reported for comparison. In addition to the G peak, the Raman
spectrum shows a structured D peak at about 1315–1335
cm−1, with one (or more) weaker contributions at lower and
higher wave numbers. The most prominent feature consists
of a double-peak structure with comparable intensity, which
is relatively well reproduced 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 degenerate,
in contrast to the case of graphene. This is a clear consequence
of confinement, and in particular of the ultranarrow 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 significant changes are ob-
served 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
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FIG. 4. Evolution of the position of the (a) D and (b) G peaks,
and (c) FWHM(G) versus excitation energy for 4-cGNRs. The dash-
dotted lines are the linear fits of the data.

Fig. 2(a)], and then the splitting almost disappears 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 hexagonal rings in the ribbon core (see Figs. S13
and S14 in the Supplemental Material [63]). 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 range, contributing to the
G peak broadening.

Moving to the acoustic region, the experimental Raman
spectrum of fully brominated 4-cGNR shows a clear and sharp
peak at 170 cm−1, and a broader one at ∼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 agreement with those shown by the simulated
spectrum, which displays two RBLMs at 168 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 [63]). 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 functionalized with C12,
coincides in energy with the simulated longitudinal-acoustic
(LA) feature at 224 cm−1 for the fully brominated GNR (Fig.
S12, Supplemental Material [63]). However, the broadening
and structured nature of the experimental peak advise against
any simple attribution.

Concerning the partial and full functionalization with do-
decyl 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 RBLM, since the GNR low-energy modes couple
with the modes of the chain giving rise to several subpeaks
at frequencies that depend on the chain length. Moreover,
the edge functionalization 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 chains 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, depend-
ing on the functional group. In the case of -AQ, a main peak at
236 cm−1 can be identified, i.e., at a similar frequency as for
-C12 and -(Br,C12), possibly suggesting a similar activation
mechanism for this peak. Moreover, weaker peaks appear and
they could be attributed to coupled modes [49], since AQ is
known to display Raman modes in this energy region [30].
On the other hand, the acoustic region of the Raman spectra of
-PMI and -NMI GNRs are similar and a clear, distinct peak at-
tributable to a RBLM cannot be identified. We thus simulated
the spectrum for the -NMI functionalization as representative
of this second type of behavior to gain further insight. We
indeed found a plethora of low-energy modes, among which
we identify a RBLM at 356 cm−1 (Fig. S15, Supplemental
Material [63]). As found for the alkyl chains, the RBLM 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 were replaced by PMI molecules. This case is
labeled as 4-cGNR-PMI*. The first-order Raman spectrum
of -PMI* does not show noticeable differences 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 is observed
in the Raman spectrum of the 4-cGNR-(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

045406-5



DANIELE RIZZO et al. PHYSICAL REVIEW B 100, 045406 (2019)

FIG. 5. (a) Optical and (b) acoustic region of the Raman spectra
for the 4-cGNR-PMI∗, as compared to the -PMI case. Evolution of
the position of the (c) D and (d) G peaks versus excitation energy
for -PMI and -PMI∗. The solid lines show the linear fits for the data
obtained for -PMI, and the dash-dotted lines for -PMI∗.
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FIG. 6. (a) Optical and (b) acoustic region of the Raman spectra
for 9/15-aGNRs with different edge functionalizations. The spectra
are taken at 638 nm.

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 sensitive
to the number (and type) of functional groups at the edge.

2. Chevronlike GNRs

Figure 6 reports the first-order and the low-energy Raman
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(a)], 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 difference
can be attributed to the nature of the functional groups,
which are all based on long alkyl chains, apart from R2,
which is characterized by a bulky group connected to a chain
[Fig. 2(b)]. This bulky group is indeed responsible for the
excellent dispersibility of these GNRs [31]. Although ab initio
calculations are too demanding in the case of the 9/15-aGNR,
we can, however, estimate the frequency of the RBLM from
the model in Ref. [58] for the ideal, H-passivated system.
We obtain 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 wave numbers in the case of the R2 functional-
ization could be due to the steric hindrance of the R2 bulky
groups, possibly inducing backbone distortions. 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 multiwavelength
analysis, as many features of the Raman spectrum of GNRs
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FIG. 7. Evolution of the position of the (a) D, (b) G and (d) low
energy peaks, and (c) FWHM(G) versus excitation energy for 9/15-
aGNRs. The dash-dotted lines are the linear fits of the data.

strongly change with the excitation energy, as discussed in
the Background section. In particular, we explore excitation
energies ranging from 1.57 to 2.71 eV, i.e., preresonant
and resonant conditions considering the optical gap of these
GNRs [30]. We here focus on the excitation energy depen-
dence of both D and G peaks for all the studied GNRs.

The dispersions of the D and G peaks of all ribbons are
reported in Table I. Note that typically the G peak dispersion
is measured on a wide range of energy, ranging from UV to

TABLE I. Values obtained for the D and G peaks dispersions of
cove- and chevron-shaped GNRs.

Dispersions

GNRs D peak (cm−1/eV ) G peak (cm−1/eV )

4-cGNRs
Cove type C12 9.5 4.8

(Br,C12) 8.1 7.3
Br 0.6 1.7

NMI 7.8 6.2
AQ 8.6 2.9a

PMI 10.1 8.2
PMI∗ 10.1 12.8

9/15-aGNRs
Chevron type 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

aWe 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.

near-IR [71,72], to get an accurate value. Here the Raman
spectra were measured only in the visible 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 fluorescence. Therefore, 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. Note also that
GNRs get easily damaged under a 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 reso-
lution of the spectrometer, which is about 2 cm−1 [Fig. 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 monatomic Br and in the case of GNRs produced by
the surface-assisted approach [73]. Once C12H25 chains are
introduced, the dispersion does not strongly change with the
position and type of dye that is used for functionalization, in
addition to the chain. In fact, also in the case of the lowest
functionalization control (PMI*), where we expect 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 between 10 and 30
cm−1/eV, depending on the width, for a fixed functional
group [49]. This is in agreement with our results, which
indicate that the value of the D peak dispersion is determined
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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, 30, and 110 nm). The dash-dotted lines
are the linear fits of the data.

by the GNR core geometry, as long as C12H25 chains are
introduced at the edges.

Moving to the chevronlike GNRs, our data show that also
the Raman spectra of the 9/15-aGNRs exhibit a clear D peak
dispersion [Fig. 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 signifi-
cantly smaller D peak dispersion 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 distortion [29], as also suggested by the strong shift
of the main peak in the acoustic region [Fig. 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 than
the effective conjugation length, becoming a one-dimensional
nanostructure at longer lengths. We remark that in all cases the
length is at least three times larger than the width of the GNRs.
In both cases the Raman 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 [see
Figs. 8 and 9 for two representative cases (R1 and R2)], which
suggests that optical and vibrational properties have already
reached the one-dimensional (1d) behavior for the shorter
GNRs investigated here.

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, 11, and 58 nm). The dash-dotted lines are
the linear fits of the data.

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, irrespective
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 mechanisms. In fact, the functional chains here
considered are flexible and prone to conformational disorder,
which can break the translational invariance along the GNR
lengths 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 chevronlike 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 dispersion [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 functional-
ization. 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
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the chains and maintains a similar value (6–8 cm−1/eV ) in all
cases where the chains are mixed with another type of func-
tional group. The highest G peak dispersion is obtained with
the GNR with poor functionalization control, further suggest-
ing the origin of this dispersion to be related to the functional
groups. Moving to the chevronlike 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 PAHs, 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 [74], 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 [75]. Most of the GNRs
investigated here show small or negligible G peak dispersion,
comparable to the G peak dispersion of graphene and com-
patible 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 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 [30,76,77]
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 that of 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 chevronlike GNRs (Fig. 11), as observed also in
disordered carbons [71] and defective graphene [78]. For both
GNR families, we do not observe 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 150–300 cm−1 for the 9/15-aGNRs that
might be attributed to the RBLM. Figure 7(d) shows that
the low-energy peak is also dispersive: (−23 ± 6 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 posi-
tive. However, 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

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(
D

)/
I(

G
)

4−cGNR

C12
Br, C12
Br
PMI
NMI
AQ

FIG. 10. I(D)/I(G) data for 4-cGNRs with different edge func-
tionalization, as a function of excitation energy. The dash-dotted line
is the linear fit of the data.

need to be performed to investigate the origin and dispersions
of these peaks.

V. CONCLUSION

We presented a detailed multiwavelength analysis of the
Raman spectrum of ultranarrow cove- and chevron-shaped
GNRs by focusing on the effect of the excitation 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 dispersion 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 responsible for

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.
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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 dispersion is activated by the
presence of sizable functional groups at the edge, whose inter-
nal 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 function-
alization, 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 coupling with the dye functional
groups.

Our results show that the low-energy region is extremely
sensitive to the type of functional group and functionalization
efficiency. In general, the acoustic region for functionalized
GNRs displays several peaks: these bands reflect the interplay
between RBLM mode, C-H bending modes, and normal vi-
brations of the functional 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 compared 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 into the geometry of the
ribbon, by making Raman spectroscopy a very useful tool for
the characterization of such structures.
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