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Abstract

This thesis focuses on the use of vibrational spectroscopy for the characterization
of advanced molecular materials appealing for applications in molecular electronics
due to the electronic and optical properties imparted by the presence of conjugated
π-electrons. Several molecular systems have been considered, belonging to two
broad classes of great current interest in the development of advanced molecular
materials, namely: (i) graphene molecules (synthesized in Prof. Klaus Müllen
group – Max Planck Institute for Polymer Research, Mainz, Germany) and (ii)
thiophene derivatives (synthesized in Prof. C. Bertarelli group – Dipartimento di
Chimica, Materiali e Ingegneria Chimica, Politecnico di Milano, Italy).

Resonance Raman (RR) spectroscopy of π-conjugated materials is an effective
probe of both the electronic and the vibrational properties, due to the strong
electron-vibration coupling typical of π-electrons. The experimental pre-resonance
/ resonance Raman spectra of several graphene molecules have been investigated
in details and rationalized based on Peticolas-Nafie-Stein theory. For selected
wavelengths, which better match resonance condition, it is possible to observe
clear Raman signals ascribed to the first overtone of the characteristic (G, D)
Raman markers of graphitic materials. Interestingly, G+D combinations are also
evident in the Raman spectra. These can be taken as a signature of confinement
of π-electrons over the molecular dimensions, since this kind of combination is
not expected in perfect graphene. Further markers of molecular size are given
by interesting features at lower wavenumber than D and G (below 1000 cm−1),
which are reminiscent of acoustic-like collective vibrations. IR spectroscopy was
also used to investigate and find different edge-markers (zigzag vs. armchair)
or functionalisation markers (e.g., phenyl caps, iodination, chlorination, hole).
From this point of view, IR is complementary to Raman spectroscopy for which
the signals are mostly due to the collective motions involving the molecular π-
conjugated core and usually carry less information on functional groups.

Two different thiophene derivatives (phenoquinones) with peculiar radicaloid
character have been also investigated with vibrational spectroscopy. Raman spec-
troscopy confirmed their radicaloid character, while IR spectroscopy and DFT
calculations revealed a very strong C=O stretching at the phenoquinones moiety.

I



i
i

“thesis” — 2016/1/29 — 23:58 — page II — #6 i
i

i
i

i
i

By comparison with DFT calculations on isolated phenoquinone, it was possi-
ble to relate the strong enhancement of the C=O stretching vibration with the
peculiar electronic structure of both thiophene derivatives.

Finally, vibrational spectroscopy was used to investigate orientational proper-
ties and intermolecular interactions in selected molecular materials. In particular,
IR spectroscopy was used to analyze strain induced crystallization and orienta-
tion in natural rubber, polybutadiene rubber and their blend. Crystallization is
important for different types of rubbers because it highly affects their mechani-
cal properties (tensile strength, fracture and fatigue resistance). IR spectroscopy,
compared with results from X-ray diffraction, revealed several markers of strain-
induced crystallization. The X-ray diffraction and mechanical characterization
parts of this work were done in collaboration with the group of Prof. C. Marano
(Dipartimento di Chimica, Materiali e Ingegneria Chimica – Politecnico di Mi-
lano, Italy). On the other hand, Resonance Raman spectroscopy was used for
monitoring aggregation of AmB (a π-conjugated polyene macrocycle widely used
as antibiotic) in solution state. It turned out that Raman intensity is a useful
marker of aggregation processes in solution state as a function of concentration.
Since AmB aggregates by π-stacking (similarly to many advanced π-conjugated
materials), these results may find application in characterizing the experimental
conditions leading to the controlled production of films for applications in molec-
ular electronics.
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Abstract

Questa tesi sviluppa l’applicazione della spettroscopia vibrazionale alla caratteriz-
zazione di materiali funzionali avanzati, di interesse per applicazioni di elettronica
molecolare, a causa delle proprietà elettroniche e ottiche impartite da elettroni π-
coniugati. Sono state considerate diverse molecole appartenenti a due classi di
interesse attuale nel campo dei materiali avanzati: (i) molecole grafeniche (sin-
tetizzate nel gruppo del Prof. Klaus Müllen group – Max Planck Institute for
Polymer Research, Mainz, Germany) (ii) derivati tiofenici chinoidi (sintetizzati
nel gruppo della Prof.ssa C. Bertarelli – Dipartimento di Chimica, Materiali e
Ingegneria Chimica, Politecnico di Milano, Italy).

Per i materiali π-coniugati la spettroscopia Raman risonante sensibile sia alla
struttura vibrazionale che a quella elettronica a causa del forte accoppiamento
elettrone-vibrazioni, tipico degli elettroni π. Diverse molecole grafeniche sono
state studiate con la spettroscopia Raman in condizioni di pre-risonanza e riso-
nanza. I risultati sono stati interpretati attraverso l’uso della teoria del Raman
risonante introdotta da Peticolas-Nafie-Stein. In condizioni di risonanza, oltre
ai picchi caratteristici dei materiali grafenici (G,D) è stato possibile osservare
overtones (2D, 2G) e combinazioni (G+D). Queste ultime, solitamente assenti
in grafeni ad alta perfezione strutturale, possono essere prese come indicatore
di confinamento degli elettroni π in regioni limitate corrispondenti alle molecole
considerate. Altri indicatori delle dimensioni molecolari sono stati registrati a
numeri d’onda inferiori alla regione (G, D) e sono stati assegnati a vibrazioni con
caratteristiche simili a quelle di fononi acustici di corrispondenti strutture estese.

La spettroscopia IR spectroscopy è stata utilizzata per evidenziare indicatori
strutturali relativi ai bordi delle molecole grafeniche (zigzag vs. armchair), alla
loro funzionalizzazione chimica con gruppi fenilici, atomi di cloro o di iodio, nonché
alla presenza di buchi in regioni grafeniche estese. La spettroscopia IR è risultata
complementare alla spettroscopia Raman, in quanto quest’ultima è soprattutto
sensibile ai moti collettivi che coinvolgono il centro π-coniugato di queste molecole
e solitamente non mostra segnali facilmente osservabili dovuti a gruppi funzionali.

La spettroscopia Raman è stata anche applicata a composti tiofenici con strut-
tura chinoide (terminati con fenochinoni). Questi sistemi sono caratterizzati da
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una particolare struttura elettronica radicaloide, confermata dai risultati Raman.
Inoltre l’utilizzo della spettroscopia IR ha permesso di evidenziare un segnale
di C=O stretching particolarmente intenso, originato dai fenochinoni terminali.
L’uso di calcoli DFT di confronto su di un fenochinone isolato ha permesso di
mostrare che l’innalzamento dell’intensità IR è correlato alla particolare struttura
elettronica radicaloide di questi composti tiofenici.

Infine la spettroscopia vibrazionale è stata impiegata per studiare le proprietà
di orientazione e di interazioni intermolecolari in due materiali molecolari rappre-
sentativi.

La tecnica IR è stata impiegata per analizzare i fenomeni di orientazione
molecolare e cristallizzazione sotto stiramento in campioni di gomma naturale,
gomma polibutadienica e loro mescole. La cristallizazione è un fenomeno rile-
vante in diverse gomme a causa delle modificazioni che induce nelle proprietà
meccaniche (carico di rottura, resistenza a fatica e comportamento a frattura). E’
stato possibile identificare diversi segnali IR caratteristici sensibili alla cristalliz-
zazione indotta da stiramento, determinata da esperimenti paralleli di diffrazione
X condotti in collaborazione con il gruppo della Prof.ssa C. Marano (Diparti-
mento di Chimica, Materiali e Ingegneria Chimica – Politecnico di Milano, Italy).
La spettroscopia Raman risonante è stata utilizzata per seguire lo stato di ag-
gregazione in soluzioni di AmB, un macrociclo polienico di ampio utilizzo come
antibiotico. I risultati hanno mostrato che l’intensità Raman di segnali caratteris-
tici di AmB è un indicatore sensibile dei processi di aggregazione in funzione della
concentrazione. Poiché AmB aggrega per effetto di π-stacking (in modo simile a
molti materiali π-coniugati avanzati), questi risultati possono trovare applicazione
nella caratterizzazione delle condizioni sperimentali per la produzione controllata
di film nell’ambito dell’elettronica molecolare, ove il controllo delle interazioni
molecolari è essenziale per l’ottenimento delle proprietà desiderate.

IV
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Summary

This thesis focused on the use of vibrational spectroscopy for the characterization
of advanced molecular materials appealing for applications in molecular electronics
due to the electronic and optical properties imparted by the presence of conjugated
π-electrons. Several molecular systems have been considered, belonging to two
broad classes, namely (i) graphene molecules and (ii) thiophene derivatives.

(i) Graphene molecules constitute effective models of graphene confined over a
limited region. Due to confinement, the electronic and vibrational properties of
graphene molecules can be modulated,1 leading to functional molecules optimized
for specific applications. For instance, in photovoltaics it is important to design
systems with a good control of the optical gap (for efficient photon harvesting) and
of the electronic properties (to support exciton dissociation and electron trans-
fer). Polycyclic Aromatic Hydrocarbons (PAHs) is just the alternative name of
graphene molecules. They inspired scientific research for several reasons and have
provided models to develop and test elementary π-bond theory.2 Their extended
π-conjugation and self-organizing properties are important for molecular electron-
ics.3 They are of high interest not only in organic chemistry but also for various
applications, including sensing, (opto-)electronics and catalysis.4–6 PAHs are well-
defined cutouts or model compounds of graphene (nanographene) and graphene
nanoribbons (GNRs-nanometer-wide strips of graphene).7 When chemically func-
tionalized with aliphatic chains at their edges they form π-stacked discotic liquid
crystals8 that may yield useful electron transport properties.3
π electrons of conjugated materials are the key actor in Resonance Raman (RR)

spectroscopy, which is an effective probe of both the electronic and the vibrational
properties. From a physical point of view, this is due to the strong coupling ex-
isting between π-electrons and nuclear coordinates, especially those associated to
the stretching of CC bonds.1,9 Hence the experimental pre-resonance/resonance
Raman response of a representative graphene molecule (C78 - see Chapter 3)
has been investigated in details based on the recently developed approach to the
calculation of RR response of π-conjugated molecules.10 For selected wavelengths,
which better match resonance condition, it is possible to observe clear Raman sig-
nals ascribed to the first overtone of the characteristic Raman markers of graphitic
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materials (i.e., the G- and D-line1). Interestingly, G+D combinations are also ev-
ident in the Raman spectra.11 This feature is a specific signature of confinement
and it is usually absent in graphene.12 The multi-wavelength Raman spectra of
C78 also display important features at lower wavenumber than D and G (i.e., be-
low 1000 cm−1). Some of these features can be associated to in-plane acoustic-like
vibrations that depend on the molecular size13 and can be used as a further marker
of confinement. The outcomes of this analysis can be extrapolated to graphene,
for which Raman spectroscopy is one of the more commonly used characterization
techniques.12

Among graphene molecules, Hexa-peri-hexabenzocoronene (HBC) is one the
most important examples of the fully benzenoid PAHs: it is very stable and it
can form columnar structures through self-assembly promoted by the strong π-
stacking interactions.14 HBCs are characterized by their unique opto-electronic
behavior, which can be tuned by suitable chemical modification at the molecular
edge. PAHs with K-regions or zigzag periphery are more unstable, but demon-
strate interesting properties such as lower bandgaps.15 Raman and IR spectro-
scopies have been used to characterize and prove the chemical structure of tetra-
zigzag-HBC, selected graphene nanoribbons (GNRs) and their monomers (see
Chapter 3), chlorinated molecular graphenes (HBC-Cl and C96-Cl – see Chap-
ter 4) and a model molecule of a "hole" in graphene (C216 – see Chapter 5).
In the case of tetra-zigzag-HBC, Clar’s annellation theory2,16 was successfully
used to rationalize the electronic structure, which implies a sizable (179 nm) red-
shift of the para-absorption band in the UV-Vis spectrum of tetra-zigzag-HBC
compared to that of HBC.

Furthermore, IR spectroscopy was used to investigate and find different edge-
markers (zigzag vs. armchair) or functionalisation markers (phenyl caps, iodi-
nation, chlorination, hole). From this point of view, IR spectroscopy is com-
plementary to Raman spectroscopy for which the signals are mostly due to the
collective motions involving the molecular π-conjugated core and usually carry
less information on functional groups. Results from the RR spectroscopy of the
C78 have been extended to other molecular graphenes: C84 necklace GNR,17
tetra-zigzag-HBC, graphene nanoribbons with partially zigzag edge structures
(M samples), C96-Cl and C216. This allowed testing the resonance Raman
theory for molecular graphenes, which was developed for C78, and confirming it
in terms of observed lines, relative intensities, and resonance behavior. All of the
graphene molecules investigated in this thesis were synthesized in Prof. Klaus
Müllen group (Max Planck Institute for Polymer Research, Mainz, Germany).

(ii) Two different thiophene derivatives (QBT and QDTT phenoquinones)
have been also investigated with vibrational spectroscopy, leading to the results
presented in Chapter 6. These molecules present an interesting radicaloid char-
acter; when used as third components in bulk-heterojunction solar cells, they im-
prove the performance of the cell. Raman spectroscopy confirmed the radicaloid
character of both QBT and QDTT, while IR spectroscopy and DFT calcula-
tions revealed a very strong C=O stretching at the phenoquinones moiety. By
comparison with DFT calculations on isolated phenoquinone, it was possible to
relate the strong enhancement of the C=O stretching vibration with the peculiar
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electronic structure of QBT and QDTT. These thiophene derivatives were syn-
thesized by Dr. L. Colella in the group of Prof. C. Bertarelli (Dipartimento di
Chimica, Materiali e Ingegneria Chimica – Politecnico di Milano, Italy).

Finally, vibrational spectroscopy has been used to investigate orientational
properties and intermolecular interactions in selected molecular materials.

In particular, IR spectroscopy has been used to analyze strain induced crys-
tallization and orientation in natural rubber (NR), polybutadiene rubber (BR)
and their blend (NR/BR). Crystallization is really important for different types
of rubbers and it highly affects their mechanical properties (e.g. tensile strength,
fracture and fatigue).18 IR spectroscopy, compared with results from X-ray diffrac-
tion, revealed several markers of strain-induced crystallization, which were not
known for the NR/BR blend. The X-ray diffraction and mechanical characteri-
zation parts of this work were done in collaboration with Dr. Shahram Moham-
mad Poor in the group of Prof. C. Marano (Dipartimento di Chimica, Materiali
e Ingegneria Chimica – Politecnico di Milano, Italy).

Resonance Raman spectroscopy has been used for monitoring aggregation of
AmB (a bio-relevant molecule π-conjugated polyene macrocycle widely used as
antibiotic) in solution state as a function of concentration. It turned out that
Raman intensity is a useful marker of aggregation processes in solution state as a
function of concentration. These results may find application in characterizing the
experimental conditions leading to the controlled production of films for applica-
tions in molecular electronics. In fact, similarly to many π-conjugated materials
used in molecular electronics, AmB aggregates by π-stacking.
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CHAPTER1
Introduction

Vibrational spectroscopy is a characterization technique with many useful applica-
tions in Material Science whenever molecular sensitivity is required. For instance,
in developing novel molecular materials, one would like to experimentally assess
the successful synthesis of the designed compound. In other cases one would like
to obtain information about the molecular structure in space, i.e., the confor-
mation of the molecule. Since properties of molecular materials depend also on
the arrangement of the active molecules in the sample, clearly vibrational spec-
troscopy offers a very convenient probe for molecular orientation and may provide
some hints about molecular packing when specific inter-molecular interactions are
the driving force (e.g., π-π interactions in advanced functional materials). In this
Ph.D. thesis several molecular materials have been investigated by vibrational
spectroscopy, which proved useful in elucidating chemical composition of novel
molecular graphenes and thiophene derivatives, orientation and crystallization
phenomena in rubber systems. A part of the work was also devoted to the use of
DFT calculations for the detailed assignment of the unprecedented Raman and
IR spectra of novel molecules which were synthesized in Prof. Chiara Bertarelli
(Dipartimento di Chimica, Materiali e Ingegneria Chimica – Politecnico di Mi-
lano, Italy) and Prof. Klaus Müllen group (Max Planck Institute for Polymer
Research, Mainz, Germany). In the following paragraphs the research carried out
in this thesis work will be introduced.

1.1 PAHs and molecular graphene

Polycyclic aromatic hydrocarbons (PAH) are compounds with multiple fused rings
and much scientific research has been inspired by them for several reasons. They
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Chapter 1. Introduction

are of high interest not only in organic chemistry but also for various applica-
tions, including sensing4,30 (opto-)electronics5,31 and catalysis.32 They have been
provided models to develop and test elementary π-bond theory and they have im-
portant properties useful in molecular electronics such as extended π-conjugation
and self-organizing properties.2,3 PAHs occur as intermediate combustion prod-
ucts upon soot formation and they are drawing attention also because on their
carcinogenic activity.33 In addition, PAHs represent an important research field
in astrophysics because they are organic molecular species present in interstellar
space.34

PAHs which can be drawn with a Kekulé-structure without isolated double
bonds are well-known as kinetically very stable and thermodynamically favored
substances, and called fully benzenoid.2,35 E. Clar extensively studied such fully
benzenoid PAHs and assigned their high stability to the localization of aromatic
sextets within the molecules.

Hexa-peri-hexabenzocoronene (HBC) is one the most important examples of
the fully benzenoid PAHs which can be regarded as “superbenzene” for its ex-
tended benzene-like structure with D6h-symmetry.3 It is very stable and it can
form columnar structures through self-assembly promoted by the strong π-stacking
interactions.14 HBCs are characterized by their unique opto-electronic behavior,
which can be tuned by suitable chemical modification at the molecular edge, e.g.,
with electron-donating or -withdrawing groups.15,36

PAHs with K-regions, or zigzag periphery, show benzenoid structures only in a
limited areas of the molecules, on the contrary to the fully benzenoid compounds.
Such not-fully benzenoid PAHs demonstrate interesting properties such as lower
bandgaps, higher chemical reactivity, and even open-shell biradical characters,
depending on their structures, but they are more unstable.37–39

By bridging the bay regions with C2 units, the fully benzenoid HBCs can
be converted to not-fully benzenoid HBC derivatives with zigzag peripheries.
Till now, HBCs with one to three extra "double bonds" (K-regions) have been
synthesized and have been demonstrated the varying symmetry and modulating
opto-electronic properties.40–42 But, HBCs with more than three K-regions have
remained elusive. However a characterizations of a novel HBC derivative with
four K regions, namely zig-zag peripheries have been reported in Section 3.4 and
synthesis procedure has been described in detail by Dumslaff et al.43

HBCs and other large PAHs can also be considered as a cutout or "model
compound" of graphene and graphene nanoribbons (GNRs) whose structure can
be essentially described as a PAH extending periodically along one direction.44,45
Research on such large PAHs, namely defined nanographene molecules, provides
better insights into the physical properties and reactivity of infinite graphene and
GNRs. The physical properties of the GNRs are completely dependent on their
edge structures.46,47 While zigzag-edge GNRs are predicted to have very small
bandgaps with localized states at both edges, which can show an antiferromag-
netic interaction, GNRs with armchair edges are semiconducting with relatively
larger bandgaps.14,48,49 There are only limited examples of PAHs that can serve
as model compounds of zigzag-edge GNRs, although a number of nanographene
molecules corresponding to armchair-type GNRs have been reported.39,50,51 Also,
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1.1. PAHs and molecular graphene

nanographene molecules with zigzag edges such as anthenes are usually highly
unstable, hindering the studies under various conditions and their device applica-
tions.52

Also GNRs (nanometer-wide strips of graphene), whose structure can be essen-
tially described as a PAH extending periodically along one direction, are attract-
ing an increasing attention for their appealing electronic properties.53 They are
ribbon-shaped graphene segments characterized by structure-dependent non-zero
band gaps. Compared to zero band gap graphene, the gap opening in GNRs is
induced by the lateral quantum confinement. They are promising for nano- and
opto-electronic applications, being systems with tunable properties complemen-
tary to those of graphene.54 Top-down methods such as lithographic patterning of
graphene55 and unzipping of carbon nanotubes56 have been considered for the pro-
duction of GNRs. However, these methods suffer from the lack of a good control in
the structural precision and reproducibility of the synthesized GNRs. On the other
hand, bottom-up chemical synthesis approaches have demonstrated the possibility
to synthesize in a reproducible way GNRs with chemically defined and uniform
structures. These chemical synthesis methods are based on solution-mediated57 or
surface-assisted58 cyclodehydrogenation of carefully designed precursors. In this
way it has been experimentally shown that the optoelectronic properties of the
GNRs, such as the band gap, are affected by the width and the edge configuration,
as theoretically predicted.59,60 Moreover, through chemical synthesis in solution
phase, it is possible to prepare sizable quantities of materials which can be then
processed from the liquid phase for the fabrication of nano-electronic devices.61

Most of the studies on the structure-property connection of the GNRs have been
limited to specific edge structures such as armchair, zigzag and their hybrids, and
the effect of the edge configuration is still under-explored. Vibrational analysis of a
GNR with an unprecedented "necklace-like" structure which features an armchair
edge configuration has been reported in Section 3.3.

Raman spectroscopy is a popular and convenient method for analyzing PAHs,
graphenes and Graphene Nanoribbons (GNRs).1,12,13,17,62 It is a fast and non-
destructive technique which may provide structural and electronic information. It
can be used not only in academic laboratories but also, as a perspective, for the
characterization of graphene materials in industrial production frameworks.

The Raman spectroscopy of graphene, graphite and PAHs has been studied
extensively. The first-order Raman spectra of these materials exhibit a character-
istic shape recognized by two strong bands located at around 1600 cm−1 and 1300
cm−1. These bands are a characteristic feature of sp2 carbon materials and have
been called G and D bands, respectively. These Raman signals are structured in
PAHs and they show several components.1,12,13,17,19,62,63

The D band appears in graphitic systems when some kind of disorder or dis-
continuity of the lattice occurs. It comes from TO (Transversal Optical) phonons
around the Brillouin zone corner (q = K, where q is the phonon wave vector;
see Figure 1.1 for the representation of the phonon dispersion curve of graphene).
The D label comes from "disorder". In fact, the Raman intensity of the D peak
vanishes by symmetry in structurally perfect graphene while it becomes sizable
upon the breaking of translational symmetry, which may be caused by the pres-
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Chapter 1. Introduction

Figure 1.1: Phonon dispersion curves computed for graphene according to Mapelli et al.19 Dots
are experimental data taken from Maultzsch et al.20 The figure has been adapted from Fer-
rugiari et al.21 For further details see also the cited works by Ferrari et al.12 and references
therein.

ence of defects or edges in the graphene flake.12 The D peak is an intrinsic feature
of the confinement of π electrons in finite size PAHs,1 which is why in the Raman
spectra of amorphous carbon systems with mixed sp2/sp3 content it is possible
to observe broad D Raman signals. The intrinsic D peak of PAHs can be also
considered the signature of the relaxation of the molecular structure with respect
to the characteristic equalized CC bonds of graphene/graphite, driven by the con-
finement of π-electrons in a finite molecular domain. The D peak is assigned to a
specific vibrational mode that can be defined as a cooperative breathing of alter-
nated hexagonal rings in the molecule (see Figure 1.2 for representation of nuclear
displacement of D mode of graphene).12,13,63

Figure 1.2: Representation of nuclear displacement of D mode in graphene. It is due to the
breathing modes of six-atom rings and will be activated by symmetry breaking.

It is worth mentioning that, for a better characterization of graphene itself,
it is possible to use information that is provided by the Raman investigation of
graphene molecules (i.e., PAHs as oligomers of graphene). For instance, when
the origin of the Raman D peak was debated in the past,1,64,65 this actually
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happened: the result of calculations originated from molecular models led to
the right early assignment of the phonon dispersion curves of graphene19,66,67
which was later confirmed by first principles calculations.12,68 Hence, due to
the importance of graphene as a novel material,69,70 investigations on graphene
molecules may disclose significant practical applications.

The G Raman line of graphite (G from "graphite") is assigned to the degenerate
optical phonon of E2g symmetry of the graphene lattice at the Γ point (q = 0;
see Figure 1.1 for the phonon dispersion curve of graphene and Figure 1.3 for the
representation of the nuclear displacements associated to the G mode).12,13,19

(a) Longitudinal (b) Transversal

Figure 1.3: Representation of the nuclear displacement associated to the doubly degenerate G
mode of graphene (E2g symmetry species).

1.2 Thiophene-based heterophenoquinones

Conjugated quinoidal molecules are used for a wide range of applications in molec-
ular electronics and optoelectronic devices because of their appealing electronic
properties.71 For example, in an organic photodetector for polymer optical fibers,
they have been used as a hole donor.72 Impressively, photovoltaic activity has
been enhanced by the use of thiophene-based heteroquinones: Kan et al. reported
47% increase in power conversion efficiency of classical bulk heterojunction poly-
3-hexylthiophene:fullerene (P3HT:PCBM) by adding a 0.6 wt% of QBT1.73 In
another case, by adding the 3 wt% of galvinoxyl radicals as a third active com-
ponent in a standard poly(3-hexylthiophene)/1-(3-(methoxycarbonyl)propyl)-1-
1-phenyl)-(6,6)C61 solar cell, a relevant improvement of the photovoltaic perfor-
mance was observed (the efficiency increased by 18%). This enhancement was
ascribed to a conversion from singlet to triplet of the polaron pair spin state, in-
terceded by the paramagnetic molecule.74 In both examples, since an unexpected
radicaloid character was reported for QBT and its derivatives, the third active
component is characterized by the presence of unpaired electrons.73–75

Open shell state molecules with an odd number of electrons are generally high-
energy reactive species.76 It is however possible to generate open shell states
with two unpaired spins by the promotion of one electron from one electronic
state to another; this is an energy-demanding process which can be driven by
photoexcitation with visible or UV light. On the other hand, it is possible to

1Chemically named: 5,5’-bis(3,5-di-tert-butyl-4-oxo-2,5-cyclohexadiene-1-ylidene)-5,5’-dihydro-2,2’-
bithiophene
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Chapter 1. Introduction

find a few cases of open-shell molecules in their ground-state, such as non-Kekulé
molecules, carbenes, nitrenes.77 These systems are named diradicals.76

Two states can occur when two unpaired spins (S = 1/2 ) localized on the same
molecule couple by electron-electron interaction. These states are a singlet and a
triplet state. Their energy difference equals twice the spin exchange interaction,
J,78 which also enters an effective spin Hamiltonian,79 written as H = -2JS1S2.

To overcome the stability problem of open shell molecules while at the same
time limiting the exchange interaction, molecules can be formed by connecting
two radicals with a spacer. The spacer keeps the radicals apart and this type
of molecules are termed biradicals. In biradicals a closed shell ground state is
not formed because the pairing of the two electrons in one of the two singly
occupied molecular orbitals (SOMO) would increase the system energy due to
strong electron-electron interaction.

The singlet and triplet states can be assumed degenerate when the interaction
among two electrons is nearly negligible. The behavior of molecule in this situation
is equal to that of two independent radicals (the degeneracy of the state is four
in this case).

Diradicaloid molecules have been seen in some systems such as polyaromatic
hydrocarbons, graphene and hydrocarbons with non-Kekulé structures.80 Oligoth-
iphenes have been reported to show a real biradical character.81 Thiophene-based
heterophenoquinones with unusual non-trivial behavior have been studied in this
thesis with vibrational spectroscopy. These systems were synthesized by Taka-
hashi et al.82 for the first time and they possess biradical character in the excited
state but they are closed-shell molecules in the ground state. This is an unusual
property related to the relatively low energy of open-shell state and because the
state is not a diradical state (for further details see the Appendix – Tampieri et
al.83).

These materials are characterized by a very low band gap despite their short
length. By increasing the number of dihydrothiophenediylidenes the effective
conjugation increases; the maximum number of thienylene rings obtained so far is
four.82 Within a homologous series of thiophene-based heterophenoquinones, the
role of the π-conjugation length on the occurrence of a biradical ground state has
been demonstrated by Fazzi et al.: it was shown that by increasing the number
of thiophenes from one to two rings, a biradicaloid character was stabilized.84
Later, by following the same approach, it has been shown that this electronic
character could be tuned also by the presence, nature, and position of electron
donor/acceptor groups linked to the molecular skeleton.85 Hence, it is possible to
have a separate control over the optical band gap and the electronic character of
the ground state.

Selected thiophene-based heterophenoquinones have been characterized by quan-
tum chemical calculations and vibrational spectroscopy in Chapter 6. Further
characterization techniques such as electron paramagnetic spectroscopy, NMR
and X-ray diffraction have been also carried out and are described in details by
Tampieri et al.83 (see Appendix).
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1.3 Rubbers

1.3.1 Natural rubber

Natural rubber (NR) is a polymer which is obtained from the latex of the Hevea
brasiliensis tree.86 The main chemical structure of NR corresponds to cis-1,4-
polyisoprene, which is shown in Figure 1.4. NR also contains around 6% of
impurities, which include lipids, proteins and other low molecular weight carbo-
hydrates. The molecular weight of NR is in the range of 104-107 g/mol.

Figure 1.4: Chemical structure of natural rubber (cis-1,4-polyisoprene).

NR can crystallize both in the quiescent state and upon stretching due to high
stereoregularity (high cis content). Crystallization of NR also occurs in the vul-
canization process and the maximum crystallization rate is observed87 at −25◦C.
Moreover, in vulcanized rubber, strain induced crystallization is responsible for
remarkable high tensile and tear strength.87–90

Polybutadiene or butadiene rubber (BR) is a synthetic rubber where the
monomeric unit may have three different molecular configurations (see Figure 1.5).
The properties of BR are affected by the molecular configurations of the monomeric
units.

(a) cis-BR (b) trans-BR (c) vinyl-BR

Figure 1.5: The three configurations of the monomeric unit of BR.

BR with a large content of cis-1,4-units (higher than 95%) is widely used
in tires production related to the capability of this material to crystallize under
stretching as a result of its high stereoregularity.91 It is known that strain-induced
crystallization affects the mechanical behavior of materials such as improving ten-
sile strength, fracture and fatigue behavior. Moreover, vulcanized high-cis-BR
displays high elasticity and resilience, good flexibility at low temperatures, high
resistance to abrasion and to cut growth, low heat buildup and high fatigue crack-
ing resistance. Compared to NR it is possible to mix BR with a higher level of
carbon black and oil. However BR has low skidding resistance and the synthesis
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Chapter 1. Introduction

process is more difficult. Hence polymer factories need to improve the process-
ability of BR for producing high performance tires. These improvements include
the reduction of rolling resistance, the enhancement of wet grip and abrasion-
resistance. The microstructure of BR affects the rubber performance during
processing and also the final properties of the products, and this microstructure
is related to the different monomer configurations of the polymer chain. For ex-
ample, processing high cis-BR (95-98 % cis content) is more difficult than low
cis-BR, but high cis-BR have a higher abrasion resistance. BR with 35% cis con-
tent (55% trans and 10% vinyl) is processed easily but it has really low resilience
and it is not possible to crystallize it by stretching; filler addition is required to
improve its fracture behavior.92

Dissimilar rubbers are not generally miscible. The phases of an immiscible
blend will be co-continuous, or one phase will be dispersed inside a continuous
matrix of the other phase. Most blends consist of separate particles in a continu-
ous phase. Domains of the material with lower viscosity deform and encapsulate
the materials with higher viscosity and "globular" morphology is produced during
mechanical mixing. However the morphology is never at equilibrium for an im-
miscible blend (this would correspond to macroscopic phase separation). Smaller
and more interconnected phases can be formed by improving the compatibility of
the components of the blend, which can improve the properties of the blend.

The blend of NR and BR (NR/BR) is considered heterogeneous. It is char-
acterized by the presence of two-phases; however, the detailed morphology is not
well known. The rheological behavior of these materials has been recently ana-
lyzed by Bacchelli et al.93 They have analyzed the rheological properties of two
different NR/BR blends (different BR with respect to molecular weight distribu-
tion and degree of branching) over a wide temperature range (30−110◦C). It was
reported that high cis-BR with a low polydispersity and a low degree of branch-
ing lead to an easier mixing process, with the final cured compound showing a
lower rolling resistance.

In Chapter 7 the strain induced crystallization of different rubbers has been
analyzed by FT-IR spectroscopy in order to relate the mechanical properties with
changes occurring at the molecular structure level.

Finally in Chapter 7 it is reported the investigation on the aggregation of
Amphotericin B (antifungal drug with 7 conjugated C=C bonds) in solution state
as a function of concentration. It found that Raman intensity is a clear marker
of the aggregation phenomenon which is driven by π-stacking interactions. This
approach may be extended to the investigation of the aggregation phenomena in
a wide range of advanced π-conjugated materials which are known to strongly
interact by π-stacking (e.g., graphene molecules).

8
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CHAPTER2
Structure of the graphene molecules investigated

This Chapter is meant to help the reader with a complete list of the graphene
molecules and graphene nano ribbons (GNRs) considered in this thesis. All
chemical structures and naming conventions are stated here below. These novel
molecules were all synthesized in Prof. Klaus Müllen group (Max Planck Institute
for Polymer Research, Mainz, Germany) and they have been characterized in next
three Chapters.

1) C78: C78H26 is a PAH with D2h symmetry point group resembling a longi-
tudinally confined graphene ribbon with armchair edge.

2) HBC: C42H18 is one the most important fully benzenoid PAHs which can
be regarded as "superbenzene" for its extended benzene-like structure with
D6h-symmetry.

3) tetra-zigzag-HBC: C90H62I4 is a novel HBC derivative PAH with four
zig-zag peripheries. It can be considered as a cutout of an N = 6 zigzag
GNR.

4) C84: C156H70 is a PAH with 84 sp2 carbon atoms. It is a model compound
of a GNR1 with an necklace-like structure.

5) GNR1: GNR1 is a graphene nanoribbon with an necklace-like structure
closely related with that of the C84 graphene molecule.

6) M0: C60H70 is a model PAH of a GNR with a hybrid edge structure formed
by zigzag and gulf sections.

7) M1: C72H74 is another model PAH of a GNR with a hybrid edge structure
formed by zigzag and gulf sections.

9



i
i

“thesis” — 2016/1/29 — 23:58 — page 10 — #36 i
i

i
i

i
i

Chapter 2. Structure of the graphene molecules investigated

8) MP : MP is a GNR with a hybrid edge structure formed by zigzag and gulf
sections.

9) C222: C222H42 is a large graphene molecule with D6h symmetry.

10) C216: C216H48 is the analogue of the C222 molecular graphene with the
missing central ring (hole). This type of functionalization may alter the
planarity of the molecule and the presence of a hole in this molecular graphene
alters the conjugation pattern and affects significantly the HOMO-LUMO
gap.

11) HBC-Cl: C42Cl18 is a chlorinated HBC and the edge chlorination sig-
nificantly alters the planarity of the molecules. This structural distortion
does not significantly impair the inherent π-conjugation of this graphene
molecules.

12) C96-Cl: C96H3Cl27 is a chlorinated analouge of large graphene molecule
with D3h symmetry. The edge chlorination significantly alters the planarity
of the molecules.

2.1 HOMO and LUMO

In this section the HOMO and LUMO of some analyzed structures have been
displayed. By comparing them with benzene, the Clar’s aromatic sextets are
evident and it is possible to observe Clar’s rings.

10
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2.1. HOMO and LUMO

C78 HBC tetra-zigzag-HBC

C84 GNR1

M0 M1 MP

HBC-Cl C96-Cl

C222 C216

Figure 2.1: Chemical structure of the graphene molecules and graphene nanoribbons investi-
gated in this thesis.
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Chapter 2. Structure of the graphene molecules investigated

(a) HOMO: -5.25 eV (b) LUMO: -1.66 eV

(c) HOMO: -4.77 eV (d) LUMO: -2.24

(e) HOMO: -4.97 eV (f) LUMO: -2.47 eV

(g) HOMO: -4.66 eV (h) LUMO: -2.10 eV

Figure 2.2: HOMO and LUMO levels of HBC, C78, C84 and tetra-zigzag-HBC calculated
by DFT at the B3LYP/6-31G(d,p) level.
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2.1. HOMO and LUMO

(a) HOMO: -5.20 eV (b) LUMO: -1.56 eV (c) HOMO: -4.95 eV (d) LUMO: -1.88

(e) HOMO: -6.30 eV (f) LUMO: -3.13 eV

(g) HOMO: -5.81 eV (h) LUMO: -3.32 eV

Figure 2.3: HOMO and LUMO levels of M0, M1, HBC-Cl and C96-Cl calculated by DFT
at the B3LYP/6-31G(d,p) level.
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Chapter 2. Structure of the graphene molecules investigated

(a) HOMO: -4.7 eV (b) LUMO: -2.5 eV

(c) HOMO: -4.5 eV (d) LUMO: -2.7

Figure 2.4: HOMO and LUMO levels of C216 and C222 calculated by DFT at the B3LYP/6-
31G(d,p) level.
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CHAPTER3
Raman and IR spectroscopy of graphene molecules

3.1 Introduction

This Chapter presents the results obtained applying the methods of vibrational
spectroscopy to a class of compounds of great current interest in materials science
for applications in molecular electronics.5,31 Large Polycyclic Aromatic Hydrocar-
bons (PAHs) constitute effective models of graphene systems with controlled size
and chemical structure. They allow investigating the effects of selected chemical
substitution and edge topology. These details are not easily controlled with ordi-
nary graphene production methods (e.g., mechanical exfoliation). On the other
hand, by controlling molecular structure and end-groups, chemical synthesis may
also provide systems with specifically tuned properties, optimized for selected ap-
plications.94,95 Within this framework, being vibrational spectroscopy inherently
molecular-structure dependent, it can be profitably used to characterize novel
molecular materials, providing specific markers of the molecular structure. In
perspective these markers could be used to probe subtle effects which may occur
when the material is employed in its target device and/or subject to different
environmental conditions (e.g., mechanical stress, doping, temperature change,
etc.).

Here are presented the results obtained on several hydrogen-terminated graphene
molecules, also functionalized with alkyl chains, namely (1) C78, (2) C84 and its
associated graphene nano ribbon (GNR) with necklace shape GNR 1, (3) tetra-
zigzag-HBC, (4) partially-zigzag GNR MP and the related oligomers M0, M1.
The next Chapter is devoted to the class of chlorinated graphene molecules.

All the systems reported in these two related Chapters have been synthesized
in the group lead by Prof. Klaus Müllen in Mainz (Max Planck Institute). Details
on the structures and commented results from DFT calculations are reported in
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Chapter 3. Raman and IR spectroscopy of graphene molecules

Chapter 9.

3.2 C78

The investigation of the multi-wavelength Raman spectroscopy of C78 has been
reported in a paper11 which can be also found in the Appendix of this Thesis. In
the following will be highlighted some details of the Raman characterization of this
graphene molecule and will be summarized the main outcomes of the published
work.11

By considering multi wavelength excitation (namely 325, 458, 514, 632, 785
nm) it is possible to probe changes in the spectral profiles of the characteristic G
and D features of C78, which can be taken as a representative graphene molecule.
As depicted in Figure 3.1 by changing the excitation, the Raman spectrum display
changes both in the fundamental and overtone/combination region. The overtone
and combination Raman signals in resonance conditions can be analyzed based on
Peticolas-Nafie-Stein theory, as recently discussed in the case of β-carotene.10 It
can be shown that the Raman intensity of a combination (or overtone) is propor-
tional to the product of the Raman intensities of the corresponding fundamentals.
It is possible to prove this by recalling the equations for fundamental Raman
transitions and combinations (see Appendix11):

Ih ∝
( 1

2~Ωh

) ∣∣∣∣∣ ~g · Lh

iΓ(iΓ + ~Ωh)

∣∣∣∣∣
2

(3.1)

for the overtone case, same normal modes is considered in Equation 3.2 (i.e.
h = k).

Ih+k ∝
( 1

2~Ωh

)( 1
2~Ωk

)
×∣∣∣∣∣ (~g · Lh)(~g · Lk)

iΓ(iΓ + ~Ωh)(iΓ + ~Ωh + ~Ωk) + (~g · Lk)(~g · Lh)
iΓ(iΓ + ~Ωk)(iΓ + ~Ωk + ~Ωh)

∣∣∣∣∣
2 (3.2)

where ~Ωk represents the vibrational quantum of the k-th normal mode and the
(~g · Lh) represents the electron-phonon coupling expressed for the h-th normal
mode. The vectors g and Lh have 3N components, with N representing the
number of atoms. Provided that the typical vibrational quantum (~Ω) is much
smaller than the resonance broadening parameter Γ (~Ω� Γ), then by comparing
Equation 3.1 with 3.2, it is possible to straightforwardly obtain the following
result:

Ih+k ∝ Ih × Ik (3.3)

Through Equation 3.3 one can rationalize the experimental results presented in
Figure 3.1 when comparing the first order Raman signal with its second order.
In particular, it is possible to observe that the relative intensity changes within
the D region are reflected also in the second-order region, and this holds for all
the different excitations considered. For instance, when a D component becomes
weaker, this will imply a decrease in its overtone and also a decrease in its related
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Figure 3.1: Multi-wavelength first-order Raman spectra of C78 compared with the correspond-
ing second-order part where overtones (2G, 2D) and combination lines (G+D) are observed.

combination with the G peak. Simulations based on the application of this the-
ory (i.e., through Equations 3.1 and 3.2) have been reported (see Appending11)
and help rationalizing the intensity redistribution observed in the D region. In
particular it is possible to simulate, as a function of the excitation wavelength,
the relative intensity of the cluster of D peaks in the higher wavenumber tail vs.
that of the cluster of D peaks in the lower wavenumber tail. This remarkable
spectral changes are systematic and experimentally they follow the trend shown
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Chapter 3. Raman and IR spectroscopy of graphene molecules

in Figure 3.2, where the ID/IG ratio is also shown for completeness. The latter
demonstrates that higher D intensities are observed for lower excitation energies,
in agreement with well-known multi-wavelength Raman experiments carried out
by Pocsik et al.96 on micro-crystalline graphite. DFT calculations have been car-

Figure 3.2: Raman intensity changes as a function of wavelength. For computing the ID/IG

ratio, IG includes the Raman signal between 1550 and 1650 cm−1 (i.e., G1, G2 and G3 com-
ponents) while ID is the integrated Raman signal from 1050 to 1550 cm−1. Dlow represents
the part of the D signal integrated from 1200 to 1300 cm−1 (i.e., D2, D3 and D4 compo-
nents). Dhigh represents the D signal integrated from 1300 to 1400 cm−1 (i.e., D5, D6, D7,
D8 and D9 components).

ried out on C78 to assign the many observed Raman spectral features, not only
over the D and G range, but also in the low wavenumber region. The results of
this analysis are presented in the following sections.

Low wavenumber region The Raman spectrum of C78 excited with 633 nm laser
is shown in Figure 3.3 in the 130 – 1000 cm−1 range and compared with the
results from DFT calculations and the application of Peticolas-Nafie-Stein theory
(see Appendix11). The presence of interesting signals in this region and their
nature was already pointed out by Di Donato et al. in the past.13 Compared
to the previous results,13 the signal to noise ratio in the present experiments is
much improved, which allows detecting more signals than before (just A1 and
A4 were reliably detected in the past). Several rather sharp Raman lines can be
observed in Figure 3.3 which have been listed in Table 3.1. The correspondence
with results from DFT calculations in resonance condition with the lowest excited
state are remarkably good and allow establishing the peak assignment proposed
in Table 3.1. The nuclear displacements of all the modes assigned in Table 3.1
are reported in Figure 3.4. These are all collective in-plane vibrations, with a few
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Figure 3.3: Raman spectra of C78 recorded with 633 nm laser excitation in the low wavenumber
range compared with simulations (see text and Appendix11).

Computed wavenum. Scaled wavenum. Expt. (514.5 nm) Expt. (632.8 nm)Ag B3g

A1 181 - 177 181 180
A2 - 202 198 203 201
A3 281 284 275 278 279 281
A4 324 - 317 324 321
A5 373 - 365 368 369
A6 - 414 405 - 401
A7 447 - 438 437 437

A1+A4 505 - 494 477 479
A8 565 - 553 557 556
A9 616 - 603 - 606
A10 790 - 774 776 779
A11 849 - 831 831 833
A12 - 874 856 854 864
A13 911 - 892 898 897
A14 966 - 946 961 960

Table 3.1: Experimental and theoretical (DFT) wavenumbers of the Raman features of C78
found in the low wavenumber region. Experimental data have been recorded with 514.5 and
632.8 nm laser excitations.

notable markers of molecular size, namely the longitudinal molecular stretching
(A1) and the transversal molecular stretching (A4).
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Chapter 3. Raman and IR spectroscopy of graphene molecules

A1 longitudinal stretching (Ag,
181 cm−1)

A2 shear-like deformation (B3g,
202 cm−1, this mode is ab-
sent in the spectrum calcu-
lated in perfect resonance with
S1)

A3 collective bending (Ag, 281
cm−1)

A4 transversal stretching (Ag,
324 cm−1)

A5 collective bending (Ag, 373
cm−1)

A6 (B3g, 414 cm−1)

A7 (Ag, 447 cm−1) A8 (Ag, 565 cm−1) A9 (Ag, 616 cm−1)

A10 (Ag, 790 cm−1) A11 (Ag, 849 cm−1) A12 (B3g, 874 cm−1)

A13 (Ag, 911 cm−1) A14 (Ag, 966 cm−1)

Figure 3.4: Sketch of the nuclear displacements of the normal modes of C78 found at low
wavenumber (from DFT calculations). Red segments represent displacement vectors; CC
bonds are represented as green (blue) lines of different thickness according to their relative
stretching (shrinking). Reported wavenumbers from DFT are unscaled.

Weak Raman features: M and B regions The availability of good signal-to-noise
ratio Raman spectra has allowed to detect also some weak Raman signals which
went previously unnoticed.13 These have been labeled M (middle modes) and
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B (breathing modes) and have been respectively detected in the middle between
the G and D bands and at lower wavenumber than the D band. They are very
weak features, but they can be observed with green laser excitation (514.5 nm)
with good reliability and also it is possible to find a match in DFT calculations,
which allows to assign them. In Figures 3.5 and 3.6 a comparison between DFT
calculations and experimental Raman spectra is offered for both the M and B
signals. From the sketch of nuclear displacements it is possible to see that

Figure 3.5: Comparison between the calculated and experimental Raman spectra of C78 in the
1450 - 1575 cm−1 spectral range (M region). The representation of the nuclear displacements
of the M1 and M2 modes (respectively computed at 1519 and 1558 cm−1) is based on DFT
calculations. See the caption of Figure 3.4 for details on the representation of the modes.

among the B features one finds breathing vibrations of a few selected rings in
the core of C78 (see for instance B1 and B2). As for the M-modes, they are
reminiscent of the typical displacements of the G-modes (i.e., ring stretching).

D region The experimental Raman spectra of C78 recorded with several laser
lines are reported in Fig 3.1. It is clear that the Raman spectra in this region are
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Chapter 3. Raman and IR spectroscopy of graphene molecules

Figure 3.6: Comparison between the calculated and experimental Raman spectra of C78 in the
950 - 1150 cm−1 spectral range (B region). The representation of the nuclear displacements
of the B1, B2, B3 and B4 modes (respectively computed at 1028, 1077, 1124 and 1139 cm−1)
is based on DFT calculations. See the caption of Figure 3.4 for details on the representation
of the modes.

remarkably sensitive to the variation of the excitation energy. At least eleven D
peaks can be observed over the 1150-1450 cm−1. Their wavenumbers have been
determined through careful band deconvolution, as displayed in a series of panels
in Figure 3.7 Table 3.2 collects all the observed positions of the D components
as a function of the excitation wavelength. The position of these components
is expected to be independent on laser excitation (within experimental error and
band deconvolution uncertainty). This expectation is fulfilled by the data reported
in Table 3.2 and it is due to the fact that each one of the D components is assigned
to a specific molecular normal mode.
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3.2. C78

Figure 3.7: Deconvolution of the Raman lines of C78 over the D region as a function of
the excitation wavelength (325, 458, 514, 633, 785 nm). Lorentzian lineshapes have been
considered for the deconvolution.

325 nm 457.9 nm 514.5 nm 632.8 nm 785 nm
D1 - - 1168 1170 1170
D2 1239 1241 1240 1242 1241
D3 1268 1266 1266 1264 1267
D4 1287 1286 1284 1286 1286
D5 1310 1310 1310 - 1310
D6 1320 1320 1324 1318 1322
D7 1344 1341 1340 1339 1340
D8 1357 1350 1350 1350 1350
D9 1378 1378 1375 1374 1371
D10 1409 1411 1412 1414 1409
D11 1429 - 1428 - 1427

Table 3.2: Wavenumber of the peaks obtained from band deconvolution in the D region of the
multi-wavelength Raman spectrum of C78.

G region Similar to the analysis which has been carried out for the D region,
band deconvolution with Lorentzian lineshape has been also considered over the
G region. The results are summarized in Figure 3.8 below. Compared to the
D-band, the shape of the G-band is less sensitive to the laser excitation energy.
Nevertheless the experimental Raman spectra show a structured G-band. The
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Chapter 3. Raman and IR spectroscopy of graphene molecules

Figure 3.8: Deconvolution of the lines in the G region of the Raman spectrum of C78 as a
function of the excitation wavelength (325, 458, 514, 633, 785 nm). Lorentzian lineshapes
have been considered for the deconvolution.

spectra recorded with 457.9 nm and 514.5 nm excitations display a good signal to
noise ratio in the G region as reported in Figure 3.1. It is clear that the G signal
is made by overlapping of at least three peaks centered at 1601, 1609 and 1615
cm−1. The position of these components is expected to be independent on laser
excitation (within experimental error and band deconvolution uncertainty, see
similar discussion on the D components). Indeed, the data reported in Table 3.3
show the stability of the wavenumber of each component with respect to the
laser excitation. DFT calculations (see Table 3.4) demonstrate five modes with

325 nm 457.9 nm 514.5 nm 632.8 nm 785 nm
G1 1601 1601 1601 1601 1599
G2 1609 1609 1609 1608 1608
G3 - 1615 1615 - -

Table 3.3: Wavenumber of the peaks obtained from band deconvolution in the G region of the
multi-wavelength Raman spectrum of C78.

sizable Raman activity, but they cluster into three groups with close wavenumbers
which explains the experimentally observed number of components. For selected
laser excitations (325, 632.8 and 785 nm) only two components out of three have
been considered because the third component is too weak to allow a reliable peak
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deconvolution.
wavenumber (cm−1) IRaman (A4/amu) irrep Assignment

1635 21847 Ag G1
1643 124 B3g G21646 2489 Ag

1653 8988 Ag G31656 117 Ag

Table 3.4: The components of the G band determined by DFT calculations on C78.

Temperature dependence of the G peak The Raman spectra of C78 have been
recorded with 632.8 nm laser excitation at different temperatures from 25 to 200
◦C. By increasing temperature, the position of G peak shifts to lower wavenumber.
This shift has been related to thermal expansion phenomena,12 which in molecular
materials are expected to affect intermolecular distances and interaction strengths,
thus possibly inducing spectral changes in Raman. By deconvolution of the G peak
(see paragraph above), one determines that the position of the three G components
markedly red shifts by increasing the temperature, as reported in Figure 3.9. The
average slope of the linear dependence of their wavenumber versus temperature is
-0.016 cm−1/◦C. Atashbar et al. have measured similar behavior for graphite but
with a different slope (-0.031 cm−1/◦C).97 The larger slope value of graphite may
be due to the additional contribution from phonon-phonon scattering97 (which is
not expected to play a major role in a molecular material such as C78). On the
other hand the contributions from π − π interactions are expected to be similar
in graphite and C78.

3.3 C84

The work by Schwab et al.17 reports the details on the synthesis of C84 (a
large PAH formed by 84 sp2 carbon atoms in the aromatic core) and the struc-
turally related graphene nanoribbon GNR 1, which is characterized by an un-
precedented "necklace-like" structure featuring an armchair edge configuration (see
Figure 3.10).

DFT calculations17 carried out on both the monomer C84 and the polymer
GNR 1 have been carried out to investigate the energy of the frontier orbitals.
In C84 the HOMO is computed at -4.58 eV and the LUMO at -2.41 eV, leading
to an energy gap of 2.17 eV. In GNR 1, the top of the valence band is located
at -4.38 eV and the bottom of the conducting band is located at -2.98 eV, which
leads to a bandgap of 1.40 eV (see Figure 3.11). Interestingly, this bandgap is
relatively large compared other GNRs of similar width.98

The FT-IR spectrum of C84 (see Figure 3.13) displays characteristic finger-
print peaks which are in agreement with DFT calculation. The DFT molecular
model consider C6 alkyl chains instead of C12 (the size of the alkyl chains in the
synthesized compound). This choice was made in order to keep the computational
cost under control. Furthermore, a model with trans-planar chains – model (a)
– has been compared with a model with slightly distorted chains – model (b),
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(a) 25 ◦C (b) 50 ◦C (c) 75 ◦C

(d) 100 ◦C (e) 125 ◦C (f) 150 ◦C

(g) 175 ◦C (h) 200 ◦C (i)

Figure 3.9: Deconvolution of the Raman spectra of C78 in the G region as a function of sample
temperature. The spectra have been recorded with 632.8 nm laser excitation and have been
analyzed with three Lorentzian peaks. In the rightmost bottom panel the linear trend of the
position of the three G components is plotted vs. temperature.

see Figure 3.12. In this way, it is possible to assign the main CH out-of-plane
(opla) fingerprints99 and assess the possible change in the IR spectrum induced
by adding a little amount of gauche conformations in the alkyl chains.

By comparing the experimental and calculated spectra (see Figure 3.13), it is
possible to find out that the peak observed at 856 cm−1 is sensitive to conforma-
tional changes of the alkyl chains and broadens in model (b). This band is assigned
to the collective in-phase CH-opla vibration along the edge of C84 (see the mode
computed at 868 cm−1 – unscaled – reported in Figure 3.14). The structured peak
observed at 819 cm−1 is assigned to a doublet in the simulated spectra, namely:
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Figure 3.10: Structure of the model molecular graphene C84 and the related necklace-like
GNR 1. R: dodecyl

Figure 3.11: Calculated band structure of GNR 1.

(a) C84 with trans-planar chains (b) C84 with slightly distorted chains

Figure 3.12: DFT models of C84 with C6 alkyl chains instead of C12.

(i) the CH-opla bending of the inner CH bonds along the four longer edges of C84
(mode computed at 812 cm−1, Figure 3.14) and (ii) a collective in-plane deforma-
tion of the honeycomb structure of the core of the C84 (mode computed at 831
cm−1, Figure 3.14). The relative intensity of the two components (i, ii) changes
dramatically in the gas-phase calculations compared to the experimental FT-IR
spectrum recorded in solid state. The peak observed at 719 cm−1 is assigned to
the rocking modes of the alkyl chains (mode computed at 735 cm−1, Figure 3.14).
The structured features observed at lower wavenumber are calculated by DFT
with poor relative intensities based on the simplifications required by the models
(see above). The good correspondence between the measured and the simulated
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Chapter 3. Raman and IR spectroscopy of graphene molecules

IR spectra of C84 provide support for the successful synthesis of this molecule.
Furthermore the assignment of the peaks in the CH-out-of-plane bending region,
fostered by DFT calculations, provide markers of the edge topology of the PAH
which may prove useful for the molecular characterization of advanced functional
materials containing C84 as an active component.

Figure 3.13: Comparison between the experimental and the simulated IR spectra of C84 ob-
tained from DFT calculations on simplified models. Theoretical wavenumbers are scaled by
0.979.

The Raman spectrum of GNR 1 is shown in Figure 3.15. It is possible to
observe the characteristic D and G peaks, together with their associated second
order lines, which are typical of structurally well-defined GNRs, as already re-
ported in the literature.57,100,101 Furthermore, based on the UV-Vis absorption
spectrum of GNR 1,17 the observation of overtones and combinations in the Ra-
man spectrum is consistent with resonance conditions reached with the 514.5 nm
laser excitation used in the Raman experiment. Similarly to the case of C78 (see
Figure 3.1), the relative intensities and bandshapes observed over the overtone
and combination region, approximately match the corresponding fundamentals.
For instance, the 2D feature is more structured than 2G, consistently with the
fact that in the first order spectrum the D feature is more structured than G.

3.4 tetra-zigzag-HBC

In the search for zigzag-edged extended PAHs, a novel HBC derivative, named
tetra-zigzag-HBC, has been very recently obtained in Prof. Müllen group.43 It
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(a) 868 cm−1 (b) 735 cm−1

(c) 812 cm−1 (d) 831 cm−1

Figure 3.14: Nuclear displacements of characteristic IR modes of C84 determined with DFT
calculations. Red segments represent displacement vectors; CC bonds are represented as green
(blue) lines of different thickness according to their relative stretching (shrinking). For out-
of-plane modes the size of blue/red circles of the molecular sketch is proportional to nuclear
displacements in the out-of-plane direction (z); red indicates displacements directed along +z
and blue indicates displacements directed along −z.

has four K regions, i.e., zig-zag peripheries, which can be seen as a cutout of an
N = 6 zigzag GNR (see Figure 3.16). The procedure for its chemical synthesis is
reported in details by Dumslaff et al..43 tetra-zigzag-HBC can also be consid-
ered as a slightly more extended analogue of teranthene;50 it demonstrates good
stability, which enables its spectroscopic characterization under ambient condi-
tions. The structure of tetra-zigzag-HBC has been validated by IR, Raman
and UV-Vis absorption spectroscopy. In particular, the computed IR and Ra-
man spectra show remarkable agreement with their experimental counterparts
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Chapter 3. Raman and IR spectroscopy of graphene molecules

Figure 3.15: Experimental Raman spectrum of GNR 1 over the first and second order regions.

and specific peaks originating from the armchair and zigzag peripheries can be
assigned. Furthermore, the analysis of the UV-Vis absorption of tetra-zigzag-
HBC, carried out within Clar’s annellation theory,2,16 exhibits a systematic red
shift of the absorption compared to the related HBC derivatives with one to three
K-regions.40,42,102

(a) HBC (b) Structure of unsubstituted-tetra-zigzag-HBC with four
extra K regions as a cutout of N = 6 zigzag GNRs.

(c) synthesized tetra-
zigzag-HBC

Figure 3.16: Chemical structure of HBC (a), tetra-zigzag-HBC with four extra K regions
as a cutout of N = 6 zigzag GNRs (b), and synthesized sample (c).

3.4.1 UV/Vis absorption spectroscopy

Based on the fundamental work on the UV-Vis absorption of PAHs carried out
by Clar,2,16 there are three main transitions in the UV-Vis absorption spectra of
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PAHs:

• α : HOMO − 1→ LUMO (highest wavelength)

• p : HOMO → LUMO (intermediate wavelength)

• β : HOMO + 1→ LUMO + 1 (lowest wavelength)

Clar has shown that the p band is significantly red shifted and the β band is
weakly red shifted by adding one π bond to the structure of a given PAH. This
explains how π-conjugation works in PAHs and molecular graphene. For instance,
as it is shown in Figure 3.17, by adding two π bonds to the parent structure (A),
the p band is red shifted by about 70 nm and the β band is red shifted by about 20
nm.2,16 From the point of view of Clar’s annellation theory, tetra-zigzag-HBC

Figure 3.17: The systematic large red shift of the p band and the weak red shift of the β band in
the UV-Vis absorption spectra of a representative PAH (tetrabenzo[a,cd,j,lm]perylene, named
structure A). These red shifts are observed as the result of adding one and two π-bonds
to structure A. This kind of analysis is a practical example of the application of Clar’s
annellation theory (this figure has been adapted from ref.16).

represents the analogue of HBC with the remarkable addition of four π-bonds (see
Figure 3.16). This is expected to significantly enhance π-conjugation compared
to HBC and thus red-shift the absorption maximum.

31



i
i

“thesis” — 2016/1/29 — 23:58 — page 32 — #58 i
i

i
i

i
i

Chapter 3. Raman and IR spectroscopy of graphene molecules

The optical properties of tetra-zigzag-HBC were investigated with UV/Vis
absorption spectroscopy and the resulting absorption spectrum is reported in
Figure 3.18. Time-dependent density functional theory (TDDFT) calculations
were also carried out to determine the position of the vertical optical transitions
and their oscillator strengths; these are displayed with violet vertical sticks in
Figure 3.18. Additional calculations were carried out on unsubstituted-tetra-
zigzag-HBC (see Figure 3.16) for assessing the effects of the adopted chemical
substitutions on the position of the electronic transitions. Finally, a reference
TDDFT calculation on HBC was considered for evaluating the effects of the in-
crease of π-conjugation within Clar’s annellation theory. The results of the latter
TDDFT calculations are displayed in Figure 3.18as red and blue vertical sticks
(respectively).

Figure 3.18: Experimental UV-Vis absorption spectrum of tetra-zigzag-HBC. The posi-
tion and oscillator strengths computed by TD-DFT of the vertical transitions of HBC,
unsubstituted-tetra-zigzag-HBC and tetra-zigzag-HBC are shown by vertical sticks.

By comparing the results from the calculations on HBC and unsubstituted-
tetra-zigzag-HBC one finds a marked red shift (179 nm) of the bright transition
with largest HOMO → LUMO character (compare 357 nm in HBC with 536 nm
in unsubstituted-tetra-zigzag-HBC). This is expected based on Clar’s annella-
tion theory as described above,2,16 since the structure of unsubstituted-tetra-
zigzag-HBC is obtained from that of HBC by the addition of 4 C=C bonds,
which leads to a substantial increase in π-conjugation. This finding matches the
expected behavior of the p band in Clar’s notation.
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TDDFT calculations on tetra-zigzag-HBC reveal three optically-allowed ver-
tical transitions characterized by a sizable oscillator strength (f). These fairly
match the observed absorptions over the range displayed in Figure 3.18:

I : 546 nm: HOMO → LUMO(f = 0.68)

II : 405 nm: HOMO → LUMO + 1; &HOMO − 1→ LUMO(f = 0.71)

III : 378 nm: HOMO − 1→ LUMO + 1(f = 0.96)

Based on this description of the transitions offered by TDDFT, the p band is
located at 546 nm. Comparing this result with the results from unsubstituted-
tetra-zigzag-HBC, the p band in substituted-tetra-zigzag-HBC red shifts by
10 nm as a result of the interaction of the aromatic core with the aryl and iodine
substituents. The experimental UV/Vis spectrum of tetra-zigzag-HBC shows
that the p band is located at 562 nm and, in contrast to HBC,103 it is structured
into 3 features due to vibronic coupling. Based on these data, the experimental
red shift of the p band from HBC to tetra-zigzag-HBC reaches the considerable
value of 170 nm.

The experimental absorption at 393 nm, characterized by the highest intensity,
corresponds to the β band. TDDFT calculations show that it originates from a
couplet of (HOMO → LUMO+ 1, HOMO− 1→ LUMO) and (HOMO− 1→
LUMO + 1) transitions. The molar extinction coefficient of this band (1800
m2/mol−1) and the corresponding wavelength is in the same range as was reported
in the literature for mono-, and di-zigzag-HBCs.6

3.4.2 Raman spectroscopy

Off-resonance FT-Raman spectroscopy has been carried out on a powder sam-
ple of tetra-zigzag-HBC with laser excitation at 1064 nm (see Figure 3.19).
The experimental FT-Raman spectrum agrees with the one simulated based on
results from DFT calculations, which shows the successful formation of tetra-
zigzag-HBC. As expected for the class of PAH molecules, the Raman spectrum
of tetra-zigzag-HBC reveals the characteristic D and G lines (see Figure 3.19).
It is interesting to compare in Figure 3.20 the simulated Raman spectra of tetra-
zigzag-HBC and HBC. In particular, the most intense D-peak (D3) found for
tetra-zigzag-HBC shows a displacement pattern which closely match the one
found in the parent HBC molecule (see for instance the displacements in corre-
spondence of the starred rings reported in Figure 3.21). Consistently with the
results from UV/Vis spectroscopy and Clar annellation theory, the results from
the DFT calculations of the Raman spectra (Figure 3.20) show that, because of
larger π-conjugation, the D-peak of tetra-zigzag-HBC is red shifted and shows
a higher Raman activity compared to that of the parent HBC (see also Table 3.5).

The Raman spectra of tetra-zigzag-HBC excited with 458 and 514 nm laser
lines are reported in Figure 3.22. Since these laser excitations are close enough to
electronic transitions pre-resonance condition are reached (see the UV/Vis spec-
trum showing the position of the selected laser lines reported in Figure 3.23).
This allows observing with good relative intensity not only the typical G and D
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Figure 3.19: FT-Raman spectrum (1064 nm excitation) of the powder sample of tetra-zigzag-
HBC compared with the simulated spectrum obtained from DFT calculations.

HBC
(experimental)

HBC
(DFT)

tetra-zigzag-HBC
(experimental)

tetra-zigzag-HBC
(DFT)

D3 1304 1325 (4020 A4/amu) 1269 1300 (12720 A4/amu)
D4 1363 1384 (1188 A4/amu) 1332 1357 (10360 A4/amu)

Table 3.5: Comparison between the experimental and calculated wavenumber of D3 and D4 in
HBC and tetra-zigzag-HBC (cm−1). Off-resonance Raman intensities computed by DFT
are also reported (A4/amu).

features but also their overtones and combinations. Furthermore, due to better
resonance condition (Figure 3.23), it is possible to observe a stronger second order
with the 514 nm laser excitation. Such second-order peaks are otherwise too weak
and could not be observed with the 1064 nm laser excitation, due to off-resonance
conditions.1,11

The intensity pattern of the 2D and 2G signals displayed in Figure 3.22, rather
closely follows that of their corresponding D and G fundamentals (respectively).
The theoretical explanation for this behavior is the same as the one reported in
Section 3.1, where it was observed for C78 investigated with multi-wavelength
Raman spectroscopy.

On the other hand, by comparing the Raman spectra excited with different
laser lines, it is possible to observe different intensity patterns in the D region,
due to changes in resonance conditions. The change of excitation energy drives
a redistribution of the Raman intensity among the modes over the D region as
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Figure 3.20: DFT-calculated Raman spectra of tetra-zigzag-HBC and of the parent HBC.
The D-peak of tetra-zigzag-HBC is red shifted and shows higher Raman activity compared
to that of HBC.

(a) HBC, D3 mode computed at 1325 cm−1, 4020
A4/amu

(b) tetra-zigzag-HBC, D3 mode computed at
1300 cm−1, 12720 A4/amu

Figure 3.21: Nuclear displacement of the D3 modes computed for HBC and tetra-zigzag-
HBC (DFT). The displacements in correspondence of the starred rings display very similar
patterns in the two molecules. Red segments represent displacement vectors; CC bonds are
represented as green (blue) lines of different thickness according to their relative stretching
(shrinking).

it has been shown in Figure 3.24. While with 1064 nm excitation the four peaks
in the D region have comparable relative intensities, with 458 nm excitation the
most intense D peak is found at higher wavenumber and with 514 nm excitation
the most intense D peak is found at lower wavenumber. A similar behavior has
been observed and theoretically rationalized in C78.

The experimental multi-wavelength Raman spectra also display a structured
G-band (see Figure 3.24). The results from DFT calculations reveal the presence
of five modes with sizable Raman activity in the G peak region. The higher
wavenumber mode (1666 cm−1) is due to the phenyl substituents; it is so weak in
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Chapter 3. Raman and IR spectroscopy of graphene molecules

Figure 3.22: First- and second-order experimental Raman spectra of tetra-zigzag-HBC ex-
cited with 458 and 514 nm laser lines. Green and blue lines respectively represent the 514
nm and the 458 nm excitation line.

Figure 3.23: Experimental UV/Vis spectrum of tetra-zigzag-HBC compared with the position
of the laser excitations employed in the Raman experiments reported in Figure 3.22.

the experiments that it is not observed. The next three modes (1643, 1627, and
1597 cm−1) exhibit the typical displacements patterns of G modes. The last mode
predicted by DFT in this region (1576 cm−1) has some similarity with the typical
G modes displacements in the center of the aryl core, but it is characterized by a
different displacement pattern at the armchair edge of tetra-zigzag-HBC. Since
it is almost not seen in experimental Raman spectra it has not been considered
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3.4. tetra-zigzag-HBC

Figure 3.24: D and G regions of the experimental Raman spectrum of tetra-zigzag-HBC
excited with different laser lines.

in the band deconvolution analysis reported in Figure 3.25.

As shown in Figure 3.25, based on peak deconvolution the spectra recorded
with 457, 514, and 1064 nm laser excitations clearly reveal that the G band
consists of four overlapped peaks centered at 1613, 1603, 1586, and 1568 cm−1.
Due to resonance effects, these lines also exhibit a systematic redistribution of
the Raman intensities by changing the laser excitation energy. DFT calcula-
tions help rationalizing the presence of these peaks and foster their assignment
after qualitatively considering the effects of anharmonicity. Considering a proper
wavenumber scaling (which follows the popular scheme described by Merrick et
al.104), the predicted position of the G2 mode fits properly in between the two
peaks observed at 1603 and 1586 cm−1. On the other hand the scaled harmonic
approximation based on DFT results accounts for the position of the observed
G1 and G3 modes. Hence anharmonic effects suggest a resonance between the
harmonically computed G2 and a combination of modes (candidate observed lines
could be 468 + 1128cm−1). This explains the observed splitting of the G2 har-
monic feature. Within experimental error and band convolution uncertainty, the
position of the G peak components is expected to be independent with respect
to the laser excitation. Indeed, this is observed and it is due to the assignment
of each G component to a specific molecular normal mode (whose wavenumber is
not sensible to resonance effects). The assignment of the observed G features is
shown in Figure 3.25 and Table 3.6. The computed nuclear displacement of the
G1, G2 and G3 modes have been reported in Figure 3.25.
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Chapter 3. Raman and IR spectroscopy of graphene molecules

Figure 3.25: Deconvolution of the G band in the Raman spectra of tetra-zigzag-HBC recorded
with 457, 514, and 1064 nm laser excitations. The nuclear displacements of the related
G modes computed by DFT are also displayed. The computed wavenumbers are reported
unscaled. Red segments represent displacement vectors; CC bonds are represented as green
(blue) lines of different thickness according to their relative stretching (shrinking).

DFT (unscaled, cm−1) 458 nm 514 nm 1064 nm
G1 1597 1568 1568 1566
G2a 1627 1586 1588 1587
G2b 1603 1605 1603
G3 1643 1613 1614 -

Table 3.6: Deconvolution of the G band of tetra-zigzag-HBC recorded with 457, 514, and
1064 nm laser excitations; comparison with results from DFT calculations.

3.4.3 IR spectroscopy

The FT-IR spectrum of a powder sample of tetra-zigzag-HBC was measured
in a diamond anvil cell. This is compared with the simulation based on DFT
calculations in Figure 3.26. With respect to Raman spectroscopy, which is mainly
sensitive to the π-conjugated core of PAHs, it is easier to find markers of the edge
structures by means of IR spectroscopy, since the mostly apolar core of PAHs
usually provides weak IR signals.

The experimental IR spectrum nicely agrees with the simulated IR spectrum,
which further supports the successful synthesis of the tetra-zigzag-HBC through
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3.4. tetra-zigzag-HBC

Figure 3.26: Experimental FT-IR spectrum of tetra-zigzag-HBC compared with the simula-
tion of the spectrum from DFT calculations. Several markers can be identified (see text).

a series of characteristic edge-markers. In particular, the armchair-edge modes can
be seen at a 807 cm−1 (unscaled DFT 832 cm−1), while a peak with low intensity
at 892 cm−1 (unscaled DFT 912 cm−1) can be assigned to the characteristic zigzag-
edge modes. The four aryl groups that functionalize two opposite sides of tetra-
zigzag-HBC bring a CH-out-of-plane bending band at 832 cm−1. Based on
DFT calculations, five similar closely-spaced transitions should be attributed to
this band; the most intense one is computed at 853 cm−1 (unscaled wavenumber).
The C-I stretchings associated to the presence of the four iodine atoms are coupled
to a collective CC stretching of the aromatic core, which produces a medium
IR absorption band observed at 990 cm−1 (unscaled DFT 1007 cm−1). In this
normal mode the C-I stretching is obtained through the displacement of the carbon
atoms while the much heavier iodine atoms are practically immobile. The iodine
atoms are effectively displaced in correspondence of two very weak IR-active C-I
stretching modes, which are computed at fairly low wavenumbers (unscaled DFT
142 cm−1 and 179 cm−1). These modes fall outside the wavenumber range of the
micro FT-IR instrumentation which has been used to carry out the experiments
reported in this work. The nuclear displacement of all the IR modes described
above can be examined in Figure 3.27. Finally, it is possible to observe some weak
features in the experimental IR spectra around 1800 and 1900 cm−1. These are
absent in the simulated spectrum, which is based on the harmonic approximation.
IR features of this sort are known to occur in several PAHs105–108 and have been
assigned to a manifold of overtones and combinations, thanks to recent quantum
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Chapter 3. Raman and IR spectroscopy of graphene molecules

chemical calculations beyond the harmonic approximation.109

(a) characteristic armchair-edge mode computed
at 832 cm−1

(b) characteristic armchair-edge mode computed
at 832 cm−1

(c) characteristic zigzag-edge mode computed at
912 cm−1

(d) characteristic zigzag-edge mode computed at
912 cm−1

(e) aryl group CH-out-of-plane mode computed at
853 cm−1

(f) C-I stretching mode couple with collective CC
mode computed at 1007 cm−1

(g) C-I stretching mode computed at 179 cm−1 (h) C-I stretching mode computed at 142 cm−1

Figure 3.27: Nuclear displacement of characteristic IR modes of tetra-zigzag-HBC computed
by DFT. Red segments represent displacement vectors; CC and C-I bonds are represented as
green (blue) lines of different thickness according to their relative stretching (shrinking). For
out-of-plane modes the size of blue/red circles of the molecular sketch is proportional to
nuclear displacements in the out-of-plane direction (z); red indicates displacements directed
along +z and blue indicates displacements directed along −z.
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3.5. Graphene nanoribbons with partially zigzag edge structures

3.5 Graphene nanoribbons with partially zigzag edge structures

In this section, we report the results of the Raman and IR characterization of a
new kind of graphene nanoribbon MP with a hybrid edge structure formed by
zigzag and gulf sections (see Figure 3.28). The chemical synthesis and further
characterization of this graphene nanoribbon are described by Yang et al.110 MP

can serve as the first step toward the fabrication of fully zigzag GNRs, which are
expected to display an appealing electronic structure characterized by unpaired
spin at the zigzag edge.111–113 The MP samples have been obtained with an es-
timated average length larger than 100 nm. DFT calculations have shown the
presence of a band gap of the order of 1.5 eV for this narrow ( 1 nm) partially
zigzag edged GNR, which makes it a semi-conducting system useful for photo-
voltaics.98 Two model PAHs related to MP have been investigated as well by IR
and Raman spectroscopy, namely M0 and M1 (Figure 3.28). They correspond
to short segments of MP ; the details about their chemical synthesis are given
by Yang et al.110 These model compounds are also relevant because they extend
the field of available PAHs possessing zigzag edge structures. Their Raman and
IR investigation, fostered by DFT modeling, revealed specific vibrational transi-
tions attributable to their specific chemical structures, with useful edge markers
available in their IR spectra.

(a) M0 (b) M1 (c) MP

Figure 3.28: Chemical structure of the graphene molecules M0, M1 and of the related GNR
MP .

3.5.1 Raman spectroscopy

As already mentioned elsewhere in this work, the Raman spectra of PAHs and
GNRs are dominated by characteristic features associated to collective CC stretch-
ing vibrations of the honeycomb structure (G, D lines).1,11,12 As expected (Fig-
ure 3.29), the Raman spectra of M0 and M1 are characterized by these charac-
teristic signals. As reported in Figures 3.29,3.30 and 3.31 DFT calculations allow
the identification of all minor features, which involve different normal modes re-
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Chapter 3. Raman and IR spectroscopy of graphene molecules

lated with collective breathing modes (D features) and ring stretching modes (G
features). As it has been observed for other PAHs,1,11 the multiplicity of D and G
signals is a typical feature caused by the coupling of the characteristic collective
CC stretching coordinates with the in-plane CH bending vibrations at the edge of
the molecule.62 Even if it is difficult to identify specific edge markers (at difference
with IR spectroscopy, see Section 3.4.3 and 3.5.2), it is clear from the comparison
of the Raman spectra of M0 and M1 that the manifold of peaks in the G and D
region, as a whole, is a reliable fingerprint of the molecular structure. DFT cal-
culations provide simulated Raman spectra of M0 and M1 which nicely correlate
with observation (Figure 3.29). Inspection of the normal modes associated with
the intense Raman peaks shows the expected nuclear displacements for G and D
modes (see Figures 3.30 and 3.31).

Figure 3.29: Simulated and experimental FT-Raman spectra of M0 and M1 (1064 nm excita-
tion).

The experimental Raman spectrum of the MP is reported in Figure 3.32. It
displays the expected G and D features, in addition to their overtones and com-
binations (2D, G+D, 2G). As it is possible to observe obviously in Figure 3.32,
the intensity pattern of the 2D and 2G signals rather closely follows that of their
corresponding fundamentals, D and G signals, respectively. The theoretical expla-
nation for this behavior is same as the one that reported in the Section 3.2, where
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3.5. Graphene nanoribbons with partially zigzag edge structures

(a) D2, 1323 cm−1, 1800
A4/amu

(b) G1, 1651 cm−1, 286
A4/amu

(c) G2, 1685 cm−1, 505
A4/amu

Figure 3.30: Nuclear displacement of selected G and D modes of M0 based on DFT calcu-
lations (see also Figure 3.29). Red segments represent displacement vectors; CC bonds are
represented as green (blue) lines of different thickness according to their relative stretching
(shrinking).

(a) D1, 1277 cm−1, 1245
A4/amu

(b) D2, 1354 cm−1, 3384
A4/amu

(c) D3, 1387 cm−1, 977
A4/amu

(d) G1, 1651 cm−1, 2048
A4/amu

Figure 3.31: Nuclear displacement of selected G and D modes of M1 based on DFT calcu-
lations (see also Figure 3.29). Red segments represent displacement vectors; CC bonds are
represented as green (blue) lines of different thickness according to their relative stretching
(shrinking).

it was observed for C78 investigated with multi-wavelength Raman spectroscopy.

3.5.2 IR spectroscopy

The IR signals of PAHs in the CH out-of-plane (opla) bending region (980 –
650 cm−1 range) are informative of the molecular structure and edge topology.99
It is therefore interesting to examine the IR spectra of these compounds and
assign the observed spectral features to collective CH-opla vibrations with the
help of DFT calculations. The results are reported in Figure 3.33 and compared
with the experimental IR spectra recorded on powder samples. The comparison
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Chapter 3. Raman and IR spectroscopy of graphene molecules

Figure 3.32: First- and second-order experimental Raman spectrum of MP excited with the
514 nm laser line.

between theory and experiment is fair, with a better agreement shown by the
calculations on monomers (M0, M1). Deviations between theory and experiment
are presumably due to the isolated molecule approximation adopted and to the
role of intermolecular interactions in the solid state. Moreover, the presence of
alkyl substituents could play a role through contributions arising from the vast
manifold of possible conformers that have not been included in our analysis. In
fact, to focus on the CH-opla markers and limit the computational cost, the models
just consider fully trans-planar conformations of the substituents (see Figure 3.34
for their graphical representation).

The a1 IR feature of M0 is assigned to the rocking modes of the alkyl chains;
b1 is the rocking mode in M1. The theoretical counterpart of the c2 feature
of the polymer is the result of the overlap of rocking modes and in-plane CCC
deformation modes. This is due to the short alkyl chains adopted in the polymer
model that lead to weak simulated intensities of the rocking modes. Interestingly,
the c1 feature of the polymer is associated to another collective in-plane CCC
deformation mode with a rather complex pattern. The c3 IR band of the polymer
provides the most characteristic fingerprint signal of its cove topology.

The remaining features labeled in the IR spectra of Figure 3.33 are all due to
opla vibrations of CH bonds. With the exception of the weak a5 feature, assigned
to the lateral phenyl substitution, these IR signals (i.e., a2, a′3, a”3, a4, a6 in M0
and b2, b3 in M1) are characteristic of the topology of the molecular edges.

Adopting the mode naming also described in,99 based on the pattern of the nor-
mal modes, the b2 signal inM1 can be described as QUATRO and b3 as DUO. The
a2 and a′3 features of M0 can be described as TRIO and a4 as DUO. The remain-
ing two modes (a”3, a6) have a more complex pattern of in-phase/out-of-phase
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3.5. Graphene nanoribbons with partially zigzag edge structures

Figure 3.33: Simulated and experimental IR spectra ofM0, M1 andMP in the CH out-of-plane
bending fingerprint region.

(a) M0 (b) M1 (c) MP

Figure 3.34: The molecular models of M0, M1 and MP which have been adopted for the DFT
calculations of IR and Raman data. The models just consider fully trans-planar conforma-
tions of the substituents.

CH-opla contributions. See Figures 3.35, 3.36 and 3.37 for nuclear displacement
of selected IR modes.
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Chapter 3. Raman and IR spectroscopy of graphene molecules

(a) a1, 736 cm−1, 5
km/mol

(b) a2, 773 cm−1, 33
km/mol

(c) a′3, 796 cm−1, 27
km/mol

(d) a”3, 812 cm−1, 7
km/mol

(e) a4, 843 cm−1, 49
km/mol

(f) a5, 866 cm−1, 10
km/mol

(g) a6, 900 cm−1, 5
km/mol

Figure 3.35: Nuclear displacement of selected IR modes of M0 based on DFT calculations (see
also Figure 3.33). Red segments represent displacement vectors; CC bonds are represented
as green (blue) lines of different thickness according to their relative stretching (shrinking).
For out-of-plane modes the size of blue/red circles of the molecular sketch is proportional to
nuclear displacements in the out-of-plane direction (z); red indicates displacements directed
along +z and blue indicates displacements directed along −z.
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3.5. Graphene nanoribbons with partially zigzag edge structures

(a) b1, 736 cm−1, 6
km/mol

(b) b2, 765 cm−1, 55
km/mol

(c) b3, 853 cm−1, 68
km/mol

Figure 3.36: Nuclear displacement of selected IR modes of M1 based on DFT calculations (see
also Figure 3.33). Red segments represent displacement vectors; CC bonds are represented
as green (blue) lines of different thickness according to their relative stretching (shrinking).
For out-of-plane modes the size of blue/red circles of the molecular sketch is proportional to
nuclear displacements in the out-of-plane direction (z); red indicates displacements directed
along +z and blue indicates displacements directed along −z.

(a) c1, 702 cm−1, 34
km/mol

(b) c2, 733 cm−1, 8
km/mol

(c) c3, 882 cm−1, 98
km/mol

Figure 3.37: Nuclear displacement of selected IR modes of MP based on DFT calculations (see
also Figure 3.33). Red segments represent displacement vectors; CC bonds are represented
as green (blue) lines of different thickness according to their relative stretching (shrinking).
For out-of-plane modes the size of blue/red circles of the molecular sketch is proportional to
nuclear displacements in the out-of-plane direction (z); red indicates displacements directed
along +z and blue indicates displacements directed along −z.
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CHAPTER4
Chlorinated graphene molecules

In this chapter the molecular structure and vibrational properties of perchlori-
nated hexa-peri-hexabenzocoronene (HBC-Cl) will be investigated by Density
Functional Theory (DFT) calculations, IR and Raman spectroscopy. The results
will be compared with those obtained for the parent molecule hexabenzocoronene
(HBC) one of the most promising graphene molecules suitable for molecular elec-
tronics, since it is known to form by π-stacking self-assembled columnar arrays,
characterized by useful electron-transport properties.114 The molecular structure
and vibrational properties of another pair of large graphene molecules with D3h

symmetry are also reported in this Chapter, namely C96H30 (C96), and the chlo-
rinated analogue C96H3Cl27 (C96-Cl) – see Figure 4.1 for the representation of
their chemical structures. The assignment of several IR and Raman transition
was made robust by the very good agreement observed between the experimen-
tal vibrational spectra and the associated DFT simulations. Compared with the

(a) HBC (b) HBC-Cl (c) C96 (d) C96-Cl

Figure 4.1: Representation of the chemical structures of HBC, HBC-Cl, C96 and C96-Cl.
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Chapter 4. Chlorinated graphene molecules

parent HBC or C96, the edge chlorination significantly alters the planarity of
the molecules. Nevertheless, as discussed below based on DFT calculations and
Raman observations, this structural distortion does not significantly impair the
inherent π-conjugation of these graphene molecules.

Perchlorination of graphene molecules (that are effective models of finite graphene
domains44,45) has been recently developed as a convenient way not only to modu-
late the optical properties, but also to improve the solubility of such disk-shaped
molecules.23 Solubility is a technology-enabling key concept in view of the use of
such π-conjugated molecules in real devices. The mechanism responsible for the
enhancement of the solubility in perchlorinated graphene molecules was identified
as an evident structural distortion of the molecules driven by steric hindrance of
the chlorine atoms at the molecular edges.23 This structural effect was shown to
interfere with the well-known π-stacking propensity of such large PAHs, hence
boosting their solubility.23

HBC is one of the prototypical PAHs that are able to form columnar arrays in
discotic liquid crystals,,115 which constitute relevant supramolecular architectures
appealing for applications in molecular electronics.31,114

The packing of HBC-Cl in its crystalline form clearly reveals the presence of
cofacial dimers,23 with properly interlocked orientation due to the accommodation
of the out-of-plane deviations of the aromatic core of the molecule. This kind of
interaction geometry is not merely the result of packing effects in the crystalline
phase. DFT calculations on the isolated dimer of HBC-Cl straightforwardly
account for this kind of molecular arrangement as shown in Figure 4.2. Hence
the cofacial self-assembly of HBC-Cl is essentially driven by interactions at the
intermolecular level. The dimer shown in Figure 4.2 can be also used as a model
to evaluate the transfer integral (electronic coupling t),116 which is one of relevant
physical parameters at the basis of the appealing charge transport properties of
graphene molecules, and determines their suitability for molecular electronics.114

Figure 4.2: Representation of a π stacked dimer of HBC-Cl obtained from geometry opti-
mization with DFT methods including Grimme’s dispersion (B3LYP/6-31G(d,p) GD3BJ).22
This structure matches the one determined by X-ray diffraction.23
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4.1. Assessment of the molecular structure of HBC-Cl and C96-Cl by DFT

An approximate t value can be easily obtained in the framework of the so
called Energy-Splitting-in Dimer Method.116 It considers how the doubly degen-
erate HOMO and LUMO levels of isolated HBC-Cl split and spread into the
four occupied and four unoccupied frontier orbitals of the dimer. By evaluating
half the energy bandwidth over which the four occupied (unoccupied) levels of
the dimer spread out one gets t = 0.04 eV for holes (t = 0.03 eV for electrons).
Interestingly, these values fall in lower limit of the expected range found in other
graphene molecules with planar molecular shapes.114 This shows that perchlori-
nation and the non-planarity of the molecule are not spoiling the charge transport
properties: by proper tuning of the relative molecular disposition and design of
the chlorination pattern one could possibly enhance the value of t, which is known
to dramatically depend on even small changes of the relative orientation angle and
relative sliding of the aromatic cores.114,116

4.1 Assessment of the molecular structure of HBC-Cl and C96-Cl by DFT

The annotated chemical structure of HBC-Cl is shown in Figure 4.3. While
the parent HBC is a planar π-conjugated system,117 substitution with chlorine
atoms at the edge introduces significant steric hindrance at the bay positions such
as 1-18 (see Figure 4.3). For this reason the equilibrium structure of HBC-Cl
significantly deviates from planarity in order to increase the Cl-Cl distances at 1-18
and other bay positions (e.g., 3-4). On the other hand, because of the larger Cl-Cl
distances involving the substitutions at positions 1, 2 and 3, we may practically
consider co-planarization of the three chlorine atoms (1, 2, 3) together with the
carbon atoms to which they are bonded. This is a first approximation useful to
simplify the notation for describing the possible out-of-plane conformations.

α
d

u
d

β

u

(αdudβu)

C l

C l C l
C l

C l

C l

C l

C l

C l
C l

C l

C l
C l

C l

C l

C l

C l

C l

1
2

3
4

5

16

17

18

6

Figure 4.3: Left panel: the molecular structure of HBC-Cl. Right panel: the notation scheme
for the possible out-of-plane conformations at the chlorinated edge (see text for details).

Depending on the position of a given edge aryl moiety with respect to the aver-
age molecular plane, we may have four possible conditions, which are exemplified
in Figure 4.3:
• up (or down) if the aryl moiety lies above (or below) the plane;
• α (or β) if the aryl moiety lies in a propeller blade fashion, with α being
related with P -helicity.
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Chapter 4. Chlorinated graphene molecules

Because of steric hindrance (see Figure 4.3) the conformation sequences can
not contain pairs such uu, dd, αβ, βα, uβ, dα, αu, and βd. The exhaustive
enumeration of all possible combinations satisfying this prescription, considering
the equivalence between enantiomeric pairs, leads to the eight conformers listed
in Table 4.1. These conformers have been considered for geometry optimization
with DFT method in order to obtain information on their relative energies, which
are also reported in Table 4.1.

# description short form S energy group
1 (ududud) (ud)3 12 0.0 D3d

2 (uαduαd) (uαd)2 8 4.6 D2
3 (uduαdβ) – 8 6.5 Cs

4 (αduduα) α2(du)2 8 8.9 C2
5 (ααααdu) (α4du) 4 17.3 C2
6 (αααdβu) (α3dβu) 4 19.1 C2
7 (ααdββu) (α2dβ2u) 4 22.8 C2h

8 (αααααα) (α6) 0 28.2 D6

Table 4.1: The description of the eight conformers of HBC-Cl and their relative energies
(kcal/mol) as determined by DFT calculations.

When α or β symbols are present in the structure, it is possible to have enan-
tiomeric pairs. For the sake of compactness, for each enantiomeric pair in Ta-
ble 4.1 we report the representative with a number of α symbols greater than the
number of β symbols (this does not apply to conformers #3 and #7 which have
the same number of α and β symbols). Obviously the conformation symbols can
be cyclically permuted without changing the nature of the conformation. They
can be also subjected to mirror symmetry with respect to the average molecular
plane, i.e. α → β, u → d, and so on. This operation exchanges with one an-
other the members of one enantiomeric pair, which of course possess the same
relative energy. Hence the conformation shown in Figure 4.3, namely (αdudβu),
by cyclic permutation can be transformed to (dudβuα) and by mirror symmetry
is transformed to (uduαdβ), which corresponds to conformer #3 in Table 4.1.

Interestingly, the most stable conformation of HBC-Cl corresponds to the only
one non-chiral conformation. This is (ududud) ≡ (ud)3, which belongs to point
group symmetry D3d (see Figure 4.4 and 4.5). On the contrary (α6), the confor-
mation with more extensive chirality (point group symmetry D6), is predicted to
be the one with highest relative energy.

Inspection of the relative energies of HBC-Cl conformations reported in Ta-
ble 4.1 reveals an approximate correlation of their stability with the molecular
structure at the edge, as described by the conformation symbol. We can intro-
duce a score number S defined as follows:

S = s1N1 + s2N2 + s3N3 (4.1)

where N1 represents the number of ud (or du) sequences along the conformation
string, considered in a cyclic manner, so that N1 = 6 for (ud)3. Similarly, N2
represents the total number of uα, αd, dβ, βu sequences along the string and N3
is the total number of αα, ββ sequences along the string. s1, s2, s3 are suitable
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4.1. Assessment of the molecular structure of HBC-Cl and C96-Cl by DFT

numerical coefficients which weight the different stability of the possible local edge
conformation. The choice made in Table 4.1 simply assumes s1 = 2, s2 = 1 and
s3 = 0, so that higher scores are associated to higher molecular stabilities. This
effectively allows highlighting in Table 4.1 clusters of conformations characterized
by similar energies and the same score number S.

After the evaluation of the stable conformations of HBC-Cl by means of the
analysis of the DFT results, we can conclude that the most stable structure is
fully consistent with experimental observation by X-ray diffraction, which clearly
reveals (ud)3 as the unique structure of HBC-Cl in crystal phase.23 This is
expected based on the relatively large energy separation (4.6 kcal/mol) of (ud)3
with the second most stable conformer, (uαd)2.

We can conclude on this basis that the packing motif observed in the crystal
simultaneusly minimizes the intramolecular (conformational) energy and allows
an effective intermolecular packing in the dimer.

(a) top view (b) side view

Figure 4.4: Three-dimensional representation of (ud)3, the most stable conformer of HBC-Cl.
The model represents the equilibrium structure obtained from DFT calculations.

Functionalisation of HBC with Cl at the molecular edge drives the molecule
out of planarity, with a rich possibility of conformations, even though (ud)3 is
markedly more stable than all the others (see Table 4.1). In principle out-of-plane
distortions could negatively affect π-conjugation. Notably this is observed in π-
conjugated polymers possessing torsional degrees of freedom able to affect the
nearest neighbor π-interactions.118

Hence, to dwell more into the effects of distortion out of planarity, we have
considered a molecular model with the same conformation of the aromatic core
as in (ud)3, but with a hydrogen-terminated molecular edge (the hydrogen posi-
tions have been fully optimized while keeping the position of the carbon atoms
frozen at the positions they have in perchlorinated (ud)3). For simplicity we name
this model HBC*. In addition to this model, we consider also HBC†, which is
obtained starting from the structure of HBC* and fully optimizing all internal
coordinates except dihedral angles. This effectively allows to maintain the char-
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Chapter 4. Chlorinated graphene molecules

Figure 4.5: Orthogonal projection of the eight conformations of HBC-Cl where the out-of-
plane z-coordinate of the middle point of each bond is coded in shades of red (z > 0) and blue
(z < 0). In-plane bonds are coded with light gray shade.

acteristic curved shape found in (ud)3, while fully relaxing the bond lengths and
valence angles. The energy difference ∆E between the total energy of HBC*,
HBC† and HBC (see Table 4.2) is a measure of the energy cost associated to
the distorsion of the aromatic core out of planarity. By considering the number
of π-conjugated carbon atoms in the HBC analogues (42) this results in about
1.3 kcal/mol per carbon, a rather limited value which explains the good stability
of the compound despite its seeming dramatic distortion out of planarity.

HBC HBC† HBC* HBC-Cl (ud)3
∆E(kcal/mol) 0 53 54 –
HOMO (hartree) -0.1929 -0.1898 -0.1897 -0.2316
LUMO (hartree) -0.061 -0.0618 -0.0626 -0.115
∆HL (hartree) 0.132 0.128 0.127 0.117
λmax (nm) 357 372 375 415
∆λ (nm) 0 15 18 58

Table 4.2: Comparison of the relative positions of frontier orbitals (HOMO, LUMO) and of
the lowest lying bright excited state (absorption maximum λmax) in planar HBC, distorted
HBC*, HBC† and HBC-Cl in its more stable conformation. ∆E is the energy difference
between the non-planar models HBC* and HBC† and planar HBC.

Turning now to the electronic properties, we observe in Table 4.2 that along
the sequence HBC, HBC*, HBC† the position of the frontier orbitals does not
change dramatically, which enforces the idea that π-conjugation is not seriously

54



i
i

“thesis” — 2016/1/29 — 23:58 — page 55 — #81 i
i

i
i

i
i

4.1. Assessment of the molecular structure of HBC-Cl and C96-Cl by DFT

affected by the distortion of HBC out of planarity. On the other hand perchlo-
rination causes the decrease of the position of the frontier orbitals, as expected
from an electron-withdrawing substitution. We notice that, compared to HBC*,
in HBC-Cl the position of the HOMO (decrease by 0.04 ha) is relatively less
affected than the position of the LUMO (decrease by 0.05 ha), which explains
the slight decrease of the HOMO-LUMO gap in HBC-Cl. Following the trend
of the position and spacing between the frontier orbitals, according to TDDFT
calculations the low-lying doubly degenerate bright state red shifts from 3.47 eV
(357 nm) in HBC to 2.98 eV (415 nm) in HBC-Cl, while the total oscillator
strength of the doublet slightly increases from f = 1.44 to f = 1.54, respectively.

Interestingly, as shown in Figure 4.6, perchlorination slightly affects the CC
bond lengths, without altering the basic pattern based on the Clar structure
formed by seven aromatic sextets.35,119 In particular, by referring to the label
scheme proposed in Figure 4.6 we notice that upon perchlorination the inner
bonds d, e, f becomes shorted, while the outer bonds a, b, c become longer.

a

b

c d

e
f

a

b

c d

e
f

HBC HBC-Cl

1.34
1.36
1.38
1.40
1.42
1.44
1.46
1.48

a b c d e f

HBC
HBC-Cl

Figure 4.6: Comparison of the equilibrium bond lengths in HBC and HBC-Cl ((ud)3 con-
former) computed with DFT.

Finally, it is worth mentioning that interesting non-planar structures have been
reported for fluorinated PAHs based on a coronene core.120 These structures are
distorted to a degree similar to the case of HBC-Cl here investigated.

4.1.1 C96-Cl

With respect to HBC-Cl, the case of C96-Cl potentially offers a richer confor-
mational landscape. This is due to the larger number of chlorinated aryl moieties,
namely 9 vs. 6 (see Figure 4.7). Hence the potential number of conformers in
C96-Cl is 49 = 262144 vs. 46 = 4096 in HBC-Cl. However, by taking into
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Chapter 4. Chlorinated graphene molecules

account steric hindrance restrictions and equivalence between enantiomeric pairs,
these figures drop to 52 in C96-Cl (Table 4.3) and 8 in HBC-Cl (Table 4.1).
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Figure 4.7: Left panel: the molecular structure of C96-Cl. Right panel: the notation scheme
for the possible out-of-plane conformations at the chlorinated edge. The reported three di-
mensional models are meant to help clarify the steric hindrance at the molecular edge through
selected u, d and β local conformations.

Furthermore the odd number of "blades" of C96-Cl (i.e., its threefold struc-
ture) hinders the possibility of establishing the theoretically minimum energy
conformation, which is expected to contain just alternated u,d symbols: for in-
stance, the conformation with symbol (ududududu) establishes a contact between
two u symbols (head and tail), leading to large steric hindrance. For this reason
at least one α (or β) term is needed in the conformation string, which leads to the
top two conformations with largest score reported in Table 4.3 (see Figure 4.8).
Interestingly, because of the frustration of the conformation composed by just u
and d, the minimum energy conformer of C96-Cl is chiral, at difference from the
case of HBC-Cl.

4.2 IR spectroscopy of HBC-Cl and HBC

IR spectra of both HBC and HBC-Cl have been measured in solid state and
compared with results from DFT calculations carried out on the lowest energy
conformation (ud)3 reported in Table 4.1. Figure 4.9 shows the outcomes of the
IR analysis. The principal IR features found in the range between 650 and 2000
cm−1 have been labeled from 1 to 9 and assigned to the corresponding IR tran-
sitions predicted by DFT calculations (see Table 4.4). Overall we observe a good
agreement between theory and experiments, which allows to propose the following
assignment of the IR signals, based on the analysis of the nuclear displacements
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4.2. IR spectroscopy of HBC-Cl and HBC

conformer # description score energy (kcal/mol)
1 dudududua 16 0.0
2 udududuad 16 2.5
3 duaduadua 12 3.8
4 duaduaadu 12 4.6
5 uduaduadb 12 5.3
6 duadbuadu 12 6.6
7 duaduadbu 12 6.9
8 ududuaadb 12 7.0
9 duaadudbu 12 8.0
10 duduaadua 12 8.4
11 duduadbua 12 8.6
12 dududbuaa 12 8.8
13 dudbuduaa 12 9.5
14 dududuaaa 12 9.6
15 ududbuaad 12 9.6
16 ududuaaad 12 9.6
17 udbuaduad 12 9.7
18 duduaduaa 12 11.5
19 uaduaduad 12 12.7
(...)
52 aaaaaaaaa 0 33.6

Table 4.3: The lowest energy conformers of C96-Cl and their relative energies computed with
DFT method.

(a) top view (b) side view

Figure 4.8: Three-dimensional representation of ududududα, the most stable conformer of
C96-Cl. The model represents the equilibrium structure obtained from DFT calculations.

computed for each normal mode. We begin by discussing the normal modes of
HBC-Cl, assigned to the features identified with numbers in Figure 4.9.

• 1 is assigned to a degenerate pair of collective out-of-plane bending modes of
the aromatic core; considering a given ring of the core, these modes involve
the six carbon atoms with an alternated pattern of up/down displacements.
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Chapter 4. Chlorinated graphene molecules

1"
2"

4"

6"

9,9’" 3"

1"

2"

4"

6"
9,9’" 3"7"8" 5"

5"7"8"

1"
4"

6"

9" 3"7"8" 5"

2"

1"4"

6"

9" 3"7"8,8’"
5" 2"

Figure 4.9: IR absorption spectra of HBC and HBC-Cl.

• 2 is assigned to a doubly degenerate mode involving the out-of-phase C-Cl
stretching of the bonds at 1 and 3 (see Figure 4.3) of the chlorinated aryl
moieties.

• 3 is assigned to a collective ring-breathing mode of the aromatic core; this
occurs with an alternated pattern and mainly involves the six outer Clar
rings of HBC-Cl.

• 4 is assigned to a doubly degenerate mode which mainly involves the in-phase
C-Cl stretching of the bonds at 1 and 3 (see Figure 4.3) of the chlorinated
aryl moieties.

• 5 is assigned to a doubly degenerate mode which mainly involves the CC
stretching of the bonds which could be thought to form the edge of a coronene
moiety inscribed in HBC-Cl aromatic core (i.e. bonds of kind c and d in
Figure 4.6).

• 6 is assigned to two closely located degenerate modes, computed at 1308
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4.2. IR spectroscopy of HBC-Cl and HBC

cm−1 and 1316 cm−1. In both cases the pattern of nuclear displacements is
complex and mainly involves the CC bonds of the aromatic core.

• 7 is assigned to the in-phase stretching of the three C-Cl bonds of each
chlorinated aryl moiety; the pattern of the mode is alternated along HBC-
Cl edge (i.e., three aryl moieties have shrinking C-Cl bonds while the other
three have stretching C-Cl bonds).

• 8 is assigned to two closely located modes (1463 cm−1, Eu and 1475 cm−1,
A2u). The two peaks are not well resolved and appear as a structured feature
both in the experimental and simulated spectrum. The Eu normal modes
collectively involve CC bonds of the aromatic core; the A2u mode displays
a more recognizable pattern, with bonds of kind e (see Figure 4.6) which
alternatively stretch in an out-of-phase fashion.

• 9 is assigned to a collective doubly degenerate ring stretching vibration (com-
puted at 1583 cm−1), whose pattern is close to that found in discussing the
G line in Raman spectroscopy of PAHs.1

feature # HBC-Cl HBC
wavenumber

(DFT)
wavenumber

(expt.)
wavenumber

(DFT)
wavenumber

(expt.)
D3d, (ud)3 D6h

1 773 (Eu) 771 742 (A2u) 740
2 836 (Eu) 836 784 (A2u) 766
3 1121 (A2u) 1108 1125 (E1u) 1094
4 1189 (Eu) 1175 1259 (E1u) 1227
5 1277 (Eu) 1258 1341 (E1u) 1310
6 1308 (Eu), 1316 (Eu) 1291 1408 (E1u) 1377
7 1337 (A2u) 1315 1435 (E1u) 1409
8 1463 (Eu), 1475 (A2u) 1437, 1444 1531 (E1u) 1493
9 1583 (Eu) 1555 1639 (E1u), 1650 (E1u) 1585, 1602

Table 4.4: List of observed and computed (unscaled) IR features in HBC and HBC-Cl.

In comparison, the case of HBC presents a similar number of IR signatures,
with a good correspondence between experiments and DFT calculations (see Fig-
ure 4.9).

• 1 is assigned to an alternated out-of-plane bending vibration of the carbon
atoms in the aromatic core, coupled with the in-phase out-of-plane bending
of the CH bonds at 1,3 (see Figure 4.3).

• 2 is assigned to the collective out-of-plane bending of all CH bonds and
correlates with the characteristic TRIO features of PAHs.99,121,122

• 3 is a degenerate doublet involving a collective ring-breathing of the six outer
Clar rings of HBC, with half the molecule vibrating out-of-phase with re-
spect to the other half.

• 4,5,6,7,8 are assigned to degenerate modes involving CC stretching of the
aromatic core, coupled with in-plane CH bending.
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Chapter 4. Chlorinated graphene molecules

• 9 is assigned to collective doubly degenerate ring stretching vibrations, whose
pattern is close to that found in discussing the G line in Raman spectroscopy
of PAHs.1

4.3 IR spectroscopy of C96-Cl

The IR spectrum of C96-Cl has been recorded with the diamond anvil cell tech-
nique in solid state (see Chapter 9) and compared with the results from DFT cal-
culations carried out on the two lowest energy conformers reported in Table 4.3.
Figure 4.10 shows the outcome of the IR analysis. The principal IR features found

Figure 4.10: IR absorption spectrum of C96-Cl. The simulated spectra are based on DFT
calculations of the lowest two energy conformers (see Table 4.3).

in the range between 650 and 2000 cm−1 have been labeled from 1 to 10 and as-
signed to the corresponding IR transitions predicted by DFT calculations (see
Table 4.5). Overall, we observe a good agreement between theory and experimen-
tal data, which allows to assign the IR signals based on the analysis of the nuclear
displacements computed for each normal mode. The nuclear displacements of se-
lected IR features are reported in Figure 4.11. One can observe rather complex
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4.4. Raman spectroscopy of HBC and HBC-Cl

feature # wavenumber (DFT) wavenumber (expt.)
1 818 813
2 868 863
3 1136 1120
4 1175 1154
5 1188 1168
6 1242 1217
7 1290 1269
8 1325 1298
9 1348 1321
10 1394 1367

Table 4.5: List of observed and computed (unscaled) IR features in C96-Cl. Computed numbers
are reported based on conformation 1 in the Figure 4.10 and Table 4.3.

and collective nuclear displacement patterns, among which some normal modes
stand out for their relative intensity. Modes 1 and 2 display a sizable content of
C-Cl stretching, while mode 10 couples C-Cl stretching more significantly with
collective CC stretching of the aromatic core. Mode 7 displays CH bending con-
tributions coupled with collective π-conjugated CC stretching. As a whole, the
observed IR transitions can be considered a robust fingerprint of the molecular
structure of C96-Cl molecule. Hence, their observation strongly supports the
successful synthesis of this chlorinated graphene molecule.

4.4 Raman spectroscopy of HBC and HBC-Cl

The Raman spectra of HBC and HBC-Cl are reported in Figure 4.12. The two
molecules display a similar spectral pattern, dominated by features which have
been attributed to G and D modes in HBC.1,29 In fact, the analysis of the nuclear
displacements computed by DFT for the G and D Raman lines displays typical
and recognizable patterns which can be put in correspondence between HBC and
HBC-Cl (see Table 4.6).

Following the labeling scheme adopted in Figure 4.12, we show in Figures 4.13,
4.14, 4.15 and 4.16, the nuclear displacements of selected modes characterized by
intense experimental Raman relative intensities.

In both HBC and HBC-Cl the mode A1 is assigned to the in-phase collective
breathing of the molecule along a radial direction. In HBC it rather uniformly
involves the whole molecule while in HBC-Cl this mode is more delocalized at
the outer edge of the molecule and it involves the C-Cl moieties. The collective
breathing of HBC (feature A1, observed at 355 cm−1) is significantly red shifted in
HBC-Cl (feature A1, observed at 292 cm−1 – see Figure 4.12). This is due to the
mass effect of the heavy chlorine atoms at the molecular edge. In fact, compared
with the breathing in HBC which involves the displacement of the hydrogen atoms
at the periphery (Figure 4.13), the breathing of HBC-Cl requires displacing
chlorine atoms, which are significantly heavier than hydrogen. Interestingly, the
A0 feature observed in HBC (assigned to a doubly degenerate mode which involve
mainly the CC stretching of aromatic core) is characteristic of HBC: no similar
mode is computed or observed in HBC-Cl.
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Chapter 4. Chlorinated graphene molecules

feature # HBC-Cl HBC
wavenumber

(DFT)
wavenumber

(expt.)
wavenumber

(DFT)
wavenumber

(expt.)
D3d, (ud)3 D6h

A0 - - 279 (E2g) 279
A1 276 (A1g) 292 352 (A1g) 355
A2 415 (A1g, Eg) 412 - -
B1 1095 (A1g) 1086 1022 (A1g) 1007
B2 1173 (Eg) 1157 - -
D1 1259 (Eg) 1235 1282 (E2g) 1255
D2 1280 (A1g) 1259 1184 (A1g) 1150
D3 1336 (A1g) 1321 1325 (A1g) 1304
D4 1399 (A1g) 1376 1426 (A1g) 1402
D5 - - 1384 (A1g) 1363
G1 1500 (Eg) 1470 1499 (E2g) 1476
G2 1544 (A1g) 1514 1647 (A1g) -
G3 1567 (Eg) 1536 1650 (E2g) 1606
G4a 1621 (Eg) 1589 1635 (E2g) -
G4b 1578 (E2g) 1533

Table 4.6: List of observed and computed (unscaled) Raman features in HBC-Cl and HBC.
The G and D features of HBC have been also discussed previously.29 The G2 feature is
unresolved in the experimental spectrum because it is very close to the strong G3 feature,
while feature G4a is too weak to be observed.

In the low wavenumber region we find in the experimental spectrum of HBC-
Cl a strong Raman line at 412 cm−1 (A2). Based on DFT calculations, this
corresponds to three very close Raman active modes computed at 415 cm−1 (see
Figure 4.14) which arise from the accidental degeneracy of an A1g mode with a
doublet of Eg species. The three modes computed at 415 cm−1 are characterized
by vibrational displacements which have a sizable contribution both along the
z-axis and within the (x, y) plane. For this reason we report in Figure 4.14 differ-
ent kinds of representations for these particular normal modes. DFT calculations
predict a significantly stronger intensity for the A1g mode than the degenerate
Eg doublet. For instance with 514 nm excitation one obtains 2946 Å4/amu vs.
110 Å4/amu and in off-resonance conditions one gets 119 Å4/amu vs. 1 Å4/amu.
Hence it is a reasonable approximation to associate the experimental A2 feature
mainly to the totally symmetric mode represented in Figure 4.14; looking at the
(x, y) representation of this A1g mode, one recognizes the breathing pattern of the
7 inner rings (which could be associated to a coronene moiety) in the center of
HBC-Cl. During this vibration the outer part of the molecule breathes out-of-
phase with respect to the center. As for the Eg degenerate doublet, the associated
nuclear displacements shown in Figure 4.14 display a collective pattern character-
ized by alternated out-of-plane displacements along the z-direction accompanied
by displacements in the (x, y) plane which are mostly localized at the molecular
periphery. The modes associated to the A2 feature are observed only in HBC-Cl
and do not find a counterpart in HBC.

At higher wavenumber, in the region located between the A-modes and the
D-band modes we find Raman active modes which are described as collective
breathing vibrations of the Clar rings which can be identified in the molecular
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structure and which have been also identified in a previous chapter on the graphene
molecule C78.11 Peak B1 is assigned to the ring-breathing mode of the central
Clar ring of HBC and HBC-Cl which vibrates out-of-phase with respect to the
six outer Clar rings. In HBC-Cl mode B1 is coupled with the collective C-Cl
stretching of the chlorinated aryl moieties. In particular C-Cl stretching at (1, 3)
(see Figure 4.3) are both out-of-phase with respect to C-Cl stretching at 2 (see
Figure 4.3). Compared to HBC, this mode is remarkably blue-shifted in HBC-
Cl (experimentally by 79 cm−1, while according to DFT by 73 cm−1). Mode
B2 is only found in HBC-Cl molecule and it is assigned to a doubly degenerate
mode which involves the CC stretching of the outer part of the molecule (mainly
bonds of kind c and d, see Figure 4.6) coupled with the C-Cl stretching of the
chlorinated aryl moieties.

At progressively higher wavenumbers one finds modes which can be related to
the pattern expected for D-modes.1 The weak Raman active doubly degenerate
mode D1 is assigned to a vibration which involves the breathing of four Clar rings
in both HBC and HBC-Cl. In HBC-Cl the D1 mode is coupled with the in-
phase C-Cl stretching of the chlorinated aryl moieties. In HBC the D1 mode is
coupled with in-plane CH bending.

The strong Raman active mode D2 is assigned to the ring breathing of the
central Clar ring, out of phase with respect to the stretching of the radial CC
bonds which emanate from the central Clar ring. It partially displays the canonical
D-mode pattern,1 the notable exception being the wrong phase of the stretching
of the bonds of kind d (see Figure 4.6). In HBC-Cl the D2 mode is coupled with
the in-phase C-Cl stretching of the chlorinated aryl moieties. In HBC the D2
mode is coupled with the collective in-plane bending of the CH bonds at positions
(1,3) (see Figure 4.3). Similarly to the case of the B1 feature, also D2 is notably
blue-shifted in HBC-Cl compared to HBC (experimentally by 109 cm−1, while
according to DFT calculations by 96 cm−1).

Mode D3 is assigned to the in-phase ring breathing of all the seven Clar rings
coupled with the CC shrinking of the bonds of kind c and e (see Figure 4.6). This
is the mode which fully displays the expected D-mode pattern.1 In HBC the D3
mode is coupled with the collective in-plane bending of the CH bonds at positions
(1,3) (see Figure 4.3). Interestingly, comparing modes D2 and D3 in HBC, one
finds that the relative phase between the inner Clar ring breathing and the outer
CH-bending inverts. Hence the modes D2 and D3 of HBC can be approximately
described as the doublet arising from the vibrational coupling between the collec-
tive breathing coordinate of the seven Clar rings and the collective CH bending
of the CH bonds at positions (1,3).

Mode D4 is assigned to the breathing of the central Clar ring, out-of-phase
with respect to the approximate breathing of the outer six Clar rings. In HBC
the D4 mode is coupled with the collective in-plane bending of the CH bonds at
(1,3) (see Figure 4.3) while in HBC-Cl the D4 mode is coupled with the collective
stretching of the C-Cl bonds at 2 (see Figure 4.3). Finally, feature D5 is found
just in HBC and it is assigned to the collective CC stretching at the edge of the
molecule, mainly at bonds of kind c and d (Figure 4.6) coupled with the collective
in-plane CH bending at positions (1,3) (see Figure 4.3).
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The G-modes are found in the next wavenumber region, above the D-modes. In
graphene molecules the G-modes display collective displacement patterns1 which
can be associated to that of the ν16 E2g ring-stretching mode of benzene.123

The experimental G1 feature of HBC and HBC-Cl (see Figure 4.12) is as-
signed to doubly degenerate modes of E species which mainly involve the CC
stretching of bonds in the center of the molecule. In HBC the mode G1 is cou-
pled with collective in-plane CH bending.

Feature G2 is assigned to a totally symmetric mode which involves CC stretch-
ing (i.e. ring stretching – see above) mainly at the outer rings of the molecule
(bonds of kind b in Figure 4.6). In HBC mode G2 is coupled with collective in-
plane CH bending at positions (1,3) (see Figure 4.3). In HBC-Cl the G2 mode
involves the collective C-Cl stretching of bonds at 2 (see Figure 4.3) and it is
significantly red shifted compared to HBC (according to DFT by 103 cm−1; the
experimental determination of the position of G2 for HBC is not feasible because
it is a weak mode overlapped with other G components).

The G3 Raman feature of HBC is assigned to a doubly degenerate mode which
involves CC stretching mainly in outer part of the molecule and it is coupled with
collective in-plane CH bending at positions (1,3) (see Figure 4.3). The G3 feature
of HBC-Cl is assigned to a doubly degenerate mode with a similar pattern as
HBC but, compared to HBC, it is remarkably red shifted (experimentally by 70
cm−1, while according to DFT by 83 cm−1).

Finally, the G4 feature of HBC-Cl is assigned to a doubly degenerate mode
which involves the ring stretching of the three central rings next to each other
along a row. In HBC there are two doubly degenerate modes with a similar
nuclear displacement pattern which have been named G4a and G4b. They both
involve ring stretching vibrations coupled with a collective in-plane CH bending.

4.5 Raman spectroscopy of C96-Cl

The experimental and simulated Raman spectra of C96-Cl over the (G, D) region
are reported in Figure 4.17. DFT calculations has been carried out for the two
lowest conformation based on Table 4.3. The experimental and simulated spectra
are in good agreement and it is possible to observe the expected D and G features.
The nuclear displacements of selected D and G modes have been reported in
Figure 4.18. The proposed assignment of these modes to experimental Raman
features is reported in Table 4.7. For the experimental G1 peak, two modes
computed by DFT should be considered since both these modes are intense and
they are computed at very close wavenumbers. Also in the case of G3, from DFT
calculations one finds three close and intense modes. The nuclear displacements
of these modes have been reported in Figure 4.18. The experimental and DFT
calculated Raman spectra of C96-Cl over the low wavenumber region are shown
in Figure 4.19. Also in this case DFT calculations of the Raman spectra have
been carried out for the two lowest conformation based on the results summarized
in Table 4.3. The experimental and simulated spectra are in good agreement
and it is possible to observe many peaks in this region. All these modes display
collective nuclear displacements with complex patterns and it is hard to find a
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4.5. Raman spectroscopy of C96-Cl

feature #
wavenumber (DFT)
cm−1, unscaled

Intensity (DFT)
Å4/amu

wavenumber (expt.)
cm−1

D1 1309 19937 1295
D2 1350 53824 1324

G1
1618 5064 15901619 5093

G2

1645 1897
16131645 3626

1646 4333

Table 4.7: List of observed and computed (unscaled) IR features in C96-Cl. The data from
DFT calculations are relative to the conformation 1 reported in Figure 4.10 and Table 4.3.

simple descriptor to name them. However, as observed in discussing the case of
IR of C96-Cl, they can be used as a reliable fingerprint of this molecule.

The second-order Raman spectrum of C96-Cl is shown in Figure 4.20, where
it is compared with the corresponding first-order Raman spectrum. Herein, we
observe the characteristic D and G peaks together with their associated second
order lines which are typical of structurally well-defined PAHs. Furthermore, the
observation of overtones and combinations in the Raman spectrum is consistent
with resonance conditions reached with the 514.5 nm laser excitation used in
the Raman experiment. In fact the UV-Vis spectrum of C96-Cl displays strong
absorption in a region close to 500 nm.23

As described in Chapter 3, the Raman intensity of a combination (or overtone)
is proportional to the product of the Raman intensities of the corresponding fun-
damentals. Hence, similarly to C78 and other PAHs (see Chapter 3), the relative
intensities and band shapes observed over the overtone and combination region
approximately match the corresponding fundamentals. For instance, the 2D fea-
ture is more structured than 2G, consistently with the fact that in the first order
spectrum the D feature is more structured than G.

In conclusion, the results presented in this Chapter show that out-of-plane
distortions in chlorinated graphene molecules are not seriously impairing the π-
conjugation. This is supported by DFT calculations on perchlorinated HBC
which shows a markedly non-planar equilibrium structure due to the steric hin-
drance of Cl atoms at the molecular edge, which is in agreement with the structure
by the single-crystal X-ray analysis. However, both the computed HOMO-LUMO
gap and the vibrational properties observed with Raman and IR spectroscopies
show that HBC-Cl possesses a π-conjugation similar to that of HBC. Inter-
estingly, even in the non-planar case of HBC-Cl, the π-stacking, which is a
very crucial property for charge transport in molecular electronics devices based
on HBC,31 is still possible due to specific steric interactions and interlocking of
chlorine hindrances, as depicted in Figure 4.2. Vibrational spectroscopy com-
plemented with DFT calculations proves to be informative about the chemical
structure of HBC and HBC-Cl: distinct markers can be directly associated to
specific moieties. For instance, the TRIO marker in the IR of HBC (766 cm−1) is
due to the symmetric hydrogen-terminated molecular edge, while the persistence
of the strong D3 peak in HBC (1304 cm−1) and HBC-Cl (1321 cm−1) proves
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Chapter 4. Chlorinated graphene molecules

the similar π-conjugated nature of the two molecules, independently of planarity.
A thorough analysis of the different stable conformers of HBC-Cl, carried

out by geometry optimization with DFT methods, revealed that a rich variety
of structures, including chiral enantiomers, can be obtained by suitable chemical
substitution at the edges of HBC. While, in the case under study, the lowest
energy conformation with achiral (ud)3 conformation is the structure found in
the crystal,23 we can infer that the introduction of selected edge substituents
and/or synthetic pathways could give rise to novel structures, for instance based
on propeller-shaped chiral units. These could exhibit appealing chiroptical prop-
erties, similar to the class of helicenes.124

66



i
i

“thesis” — 2016/1/29 — 23:58 — page 67 — #93 i
i

i
i

i
i

4.5. Raman spectroscopy of C96-Cl

1: 818 cm−1, 94 km/mol 2: 868 cm−1, 110 km/mol 3: 1136 cm−1, 40 km/mol

4: 1175 cm−1, 52 km/mol 5: 1188 cm−1, 47 km/mol 6: 1242 cm−1, 43 km/mol

7: 1290 cm−1, 426 km/mol 8: 1325 cm−1, 173 km/mol 9: 1348 cm−1, 51 km/mol

10: 1394 cm−1, 141 km/mol

Figure 4.11: Nuclear displacement of selected IR features of C96-Cl. These nuclear dis-
placements are based on DFT calculation on conformation 1 (see Table 4.3). Red segments
represent displacement vectors; CC bonds are represented as green (blue) lines of different
thickness according to their relative stretching (shrinking).
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Chapter 4. Chlorinated graphene molecules

Figure 4.12: Raman spectra of HBC and HBC-Cl excited with 458 nm and 325 nm laser
lines, respectively. The simulated Raman spectra computed in off-resonance conditions with
DFT method B3LYP/6-31G(d,p) are displayed below each experimental spectrum. For HBC-
Cl just the (ud)3 conformation has been considered in simulating the Raman spectrum.
Wavenumbers computed by DFT have been scaled by 0.98. For HBC-Cl the lower wavenum-
ber side of the simulated spectrum is also displayed with enhanced intensity (10×) to help the
assignment of the experimental features. This intensity mismatch in the simulation is due to
limitations in the treatment of resonance effects in the standard implementation of Raman
scattering currently available in Gaussian09.24
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4.5. Raman spectroscopy of C96-Cl

A0 A1

HBC A0: 279 cm−1 E2g A0: 279 cm−1 E2g 352 cm−1 A1g

HBC-Cl A1: 276 cm−1 A1g

Figure 4.13: Representation of the low wavenumber (A region) normal modes of HBC and
HBC-Cl relevant for Raman spectroscopy according to DFT calculations: A0: doubly degen-
erate mode of HBC; A1: breathing modes of HBC-Cl and HBC. Red segments represent
displacement vectors; CC bonds are represented as green (blue) lines of different thickness
according to their relative stretching (shrinking).

69



i
i

“thesis” — 2016/1/29 — 23:58 — page 70 — #96 i
i

i
i

i
i

Chapter 4. Chlorinated graphene molecules

(x, y) displacements z displacements

A′2: 415 cm−1 A1g

A2”: 415 cm−1 Eg

A2”: 415 cm−1 Eg

Figure 4.14: Representation of the A2 low wavenumber normal modes of HBC-Cl relevant
for Raman spectroscopy according to DFT calculations: the accidentally degenerate A1g and
Eg modes computed at 415 cm−1. Red segments represent displacement vectors; CC bonds
are represented as green (blue) lines of different thickness according to their relative stretch-
ing (shrinking). For out-of-plane modes the size of blue/red circles of the molecular sketch
is proportional to nuclear displacements in the out-of-plane direction (z); red indicates dis-
placements directed along +z and blue indicates displacements directed along −z.
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4.5. Raman spectroscopy of C96-Cl

HBC-Cl HBC

B1: 1095 cm−1 A1g 1022 cm−1 A1g

B2: 1173 cm−1 Eg

B2: 1173 cm−1 Eg

Figure 4.15: Representation of the normal modes of HBC-Cl relevant for Raman spectroscopy
in the B region according to DFT calculations. Red segments represent displacement vectors;
CC bonds are represented as green (blue) lines of different thickness according to their relative
stretching (shrinking).
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Chapter 4. Chlorinated graphene molecules

D region G region
HBC-Cl HBC HBC-Cl HBC

D1: 1259 cm−1 Eg 1282 cm−1 E2g G1: 1500 cm−1 Eg 1499 cm−1 E2g

D1: 1259 cm−1 Eg 1282 cm−1 E2g G1: 1500 cm−1 Eg 1499 cm−1 E2g

D2: 1280 cm−1 A1g 1184 cm−1 A1g G2: 1544 cm−1 A1g 1647 cm−1 A1g

D3: 1336 cm−1 A1g 1325 cm−1 A1g G3: 1567 cm−1 Eg 1650 cm−1 E2g

D4: 1399 cm−1 A1g 1426 cm−1 A1g G3: 1567 cm−1 Eg 1650 cm−1 E2g

D5: 1384 cm−1 A1g G4: 1621 cm−1 Eg G4a: 1635 cm−1 E2g

G4: 1621 cm−1 Eg G4a: 1635 cm−1 E2g

Figure 4.16: Representation of the normal modes of HBC-Cl and HBC relevant for Raman
spectroscopy in the D and G region according to DFT calculations. Red segments represent
displacement vectors; CC bonds are represented as green (blue) lines of different thickness
according to their relative stretching (shrinking).
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4.5. Raman spectroscopy of C96-Cl

Figure 4.17: Raman spectrum of C96-Cl over the D, G region. The simulated spectra are
based on DFT calculations of the lowest two energy conformers (see Table 4.3
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Chapter 4. Chlorinated graphene molecules

D1: 1309 cm−1, 19937 Å4/amu D2: 1350 cm−1, 53824 Å4/amu G1: 1618 cm−1, 5064 Å4/amu

G1: 1619 cm−1, 5093 Å4/amu G2: 1645 cm−1, 1897 Å4/amu G2: 1645 cm−1, 3626 Å4/amu

G2: 1646 cm−1, 4333 Å4/amu

Figure 4.18: Nuclear displacement of selected Raman features of C96-Cl in D, G region. These
nuclear displacements are based on DFT calculation on conformation 1 (see Table 4.3). Red
segments represent displacement vectors; CC bonds are represented as green (blue) lines of
different thickness according to their relative stretching (shrinking).
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4.5. Raman spectroscopy of C96-Cl

Figure 4.19: Raman spectrum of C96-Cl over the low wavenumber region. The simulated
spectra are based on DFT calculations of the lowest two energy conformers (see Table 4.3
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Chapter 4. Chlorinated graphene molecules

Figure 4.20: Second order Raman spectrum of C96-Cl. The lower panel represents the first
order spectrum plotted exactly over the range defined by half the limiting values of the top
panel. This allows a straightforward comparison of the position and lineshape of the 2D and
2G overtones with respect to their first order counterpart.
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CHAPTER5
Models of holes in molecular graphenes

This Chapter presents the investigation of the molecular structure of C216H48
(C216), the analogue of the C222H42 (C222) molecular graphene with the missing
central ring (hole). It is shown how Vibrational Spectroscopy, complemented by
DFT calculations, can be used as a very specific probe of molecular structure
and can provide direct signatures of the presence of the "hole" in such a novel
molecular graphene, which may serve as a model of holey graphene. It is shown
that, compared with the parent molecular graphenes, this type of functionalization
may alter the planarity of the molecule. While this out-of-plane distorsion does
not significantly impair π-conjugation, the presence of a hole in C216 alters the
conjugation pattern and affects more significantly the HOMO-LUMO gap.

5.1 IR spectroscopy of C216

The interesting case of C216 (see Figure 5.1) allows investigating theoretically
and for the first time also experimentally the effects of a "hole" (i.e., a missing ring
in the honeycomb network) in the vibrational spectroscopy of a large PAH. This
molecular structure was recently discussed125 in the general context of kekulenes,
a family of cyclic arenes. The hole structure of C216 is capped with hydrogen
atoms, which turn out to be rather close so to exert some steric hindrance. For
instance the geometry optimization of a close analogue of C216, namely C108
(Figure 5.2), as a planar structure provides an imaginary (negative in Gaussian24
phrasing) frequency of i120 cm−1 with associated nuclear displacements described
as alternated (ududud) out-of-plane CH bending at the hole edge.

By relaxing planarity in geometry optimization, the C108 molecule escapes
from this saddle point and reaches a minimum more stable by only 0.16 kcal/mol
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Chapter 5. Models of holes in molecular graphenes

(a) C216 (b) C222

Figure 5.1: Representation of the molecular structure of C216, the analogue of the C222
molecular graphene with the missing central ring (hole).

(a) septulene: min:-1.6Å,
max:1.6Å

(b) C108: min:-0.5Å, max:0.5Å (c) C216: min:-0.8Å, max:0.8Å

Figure 5.2: The non planar structure of C216 compared with that of septulene and that of
C108, the smaller analogue of C216 obtained from the giant PAH C114 by subtraction of
the inner ring. The molecules have been represented by means of an orthogonal projection
where the out-of-plane z-coordinate of the middle point of each bond is coded in shades of red
(z > 0) and blue (z < 0). In-plane bonds are coded with light gray shade. These structures
have been obtained from geometry optimization with DFT method B3LYP/6-31G(d,p). The
calculation of the Hessian does not produce any imaginary frequency, thus confirming that
these are all stable structures. With respect to the average plane on which the molecule is
lying, the six vertexes of C216 adopt an alternated up-down conformation. This can be
schematically labeled (ududud) by following a path along the periphery of the molecule. As
shown in Chapter 4 this non planar conformation reminds the one adopted by the six vertexes
of HBC-Cl.

in correspondence of which no imaginary frequencies are found anymore. However
little this strain energy is, the collective CH out-of-plane bending, a very charac-
teristic IR marker of the hole (see Figure 5.3), is affected and it is computed at
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5.2. Raman spectroscopy of C216

873 cm−1 in the planar case, while it is computed at 886 cm−1 in the non planar
case, i.e., blue-shifted by 13 cm−1.

(a) kekulene, 893 cm−1 (b) septulene, 895 cm−1 (c) C108, 886 cm−1 (d) C216, 881 cm−1

Figure 5.3: CH-out-of-plane nuclear displacements associated to the IR markers of the hole
topology in annular PAHs according to DFT calculations.

Similarly to C108, the steric hindrance at the hole drives also C216 out-of-
planarity with an overall (ududud) shape, as shown in Figure 5.2. Hence, even
if steric hindrance is not as severe as in the perchlorinated case of HBC-Cl and
C96-Cl (see Chapter 4), also C216, in the isolated molecule limit, adopts an
overall non-planar and slightly bent structure.

We report in Figure 5.4 the IR spectrum of C216 compared with the corre-
sponding simulated spectrum from DFT calculations. Three clear hydrogenated
edge markers are found in the low wavenumber region of the spectrum. Two of
them are associated to the outer edge. The peak observed at 786 cm−1 corresponds
to a collective CH-out-of-plane bending vibration which is more localized at the
six outer vertexes of C216 and it could be also named as TRIO marker.99 The
peak observed at 802 cm−1 is due to the collective CH out-of-plane vibration of
the six armchair edges of C216 and it could be named as DUO marker.99 Finally,
the third IR marker observed at 857 cm−1 is a characteristic feature of C216 hole.
Its position correlates well with results from DFT calculations (Figures 5.5, 5.4)
and experimental data on PAHs with related structures, such as kekulene126 and
septulene.127 We also observe at 887 cm−1 a weak peak (which finds a correspon-
dence in DFT calculations at 902 cm−1). Based on DFT, this is assigned to a
degenerate Eu vibration which can be described as a collective in-plane motion of
both hydrogen atoms at the hole and carbon atoms of the aromatic core.

5.2 Raman spectroscopy of C216

The Raman spectrum of C216 excited with the 514 nm laser line is shown in Fig-
ure 5.6. It displays several features which are characteristic of graphene molecules,
notably the G and D band in the first-order Raman. Furthermore, due to res-
onance conditions reached with the 514nm laser excitation, it is also possible to
observe clear second-order Raman transitions which involve two quanta, leading
to 2D, D+G and 2G signatures.11 Remarkably we also observe three quanta Ra-
man transitions assigned to 3D, 2D+G, 2G+D, 3G signals (see Figures 5.6 and
5.7).
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Chapter 5. Models of holes in molecular graphenes

Figure 5.4: DFT calculated and experimental IR spectrum of C216.

(a) TRIO, 799 cm−1 A2u (b) DUO, 818 cm−1 A2u (c) HOLE, 881 cm−1 A2u

(d) INPLA 902 cm−1 Eu (e) INPLA 902 cm−1 Eu

Figure 5.5: Representation of the nuclear displacements associated to the IR markers which
are characteristic of the hydrogenated edges of C216.

Notably the Raman intensity profiles in the two- and three-quanta transitions
are reminiscent of the intensity pattern found in the first-order Raman spectrum
(see Figure 5.7). This has been observed previously in Chapter 3 and rationalized
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5.2. Raman spectroscopy of C216

Figure 5.6: Raman spectrum of C216 displayed over the fundamental (150 – 1700 cm−1)
and overtones/combinations regions (2200 – 5000 cm−1). Two-quanta Raman transitions
assigned to (2D,G+D,2G) are easily observed between 2200 and 3500 cm−1 as well as weaker
three-quanta Raman transitions assigned to (3D,2D+G,D+2G,3G) which are observed above
3600 cm−1.

based on an a theoretical description of the Raman cross section for overtones and
combinations which, under resonance conditions, leads to the following approxi-
mate relation:11

Ih+k ≈ IhIk (5.1)

where Ih, Ik denote the Raman intensities of two first-order Raman transitions and
Ih+k denotes the Raman intensity of the corresponding combination, with h = k in
the case of an overtone. Eq. (5.1) qualitatively explains the experimental results
of Figure 5.7 and helps in assigning them straightforwardly. The position of the
overtones of the G and D peaks is clearly close to the one expected based on
harmonic approximation. The structured shape of the D band leads to 2D and
3D features which are progressively less structured. This is due to the increasing
number of possible combination bands among the several Di peaks which tend to
fill the gaps existing among the 2Di and 3Di overtones. Given the same set of Di

peaks, due to the greater number of three quanta states with respect to the two
quanta states, it is possible to realize that the 3D signal must be less structured
than the 2D signal, as observed in Figure 5.7. With a similar approach, supported
by Eq. (5.1), it is straightforward to justify the two features observed in the G+D
band, which are due to the relatively sharp G peaks combining with the structured
features observed in the D band.

Before dwelling more into the details of the Raman signals of C216 over the
different regions of the spectrum, it is worth mentioning that the comparison of
experimental data with simulations of the Raman spectrum based on DFT calcu-
lations reveals interesting details which can not be very accurately evaluated with
the currently available pre-resonance implementation of the Raman cross section
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Chapter 5. Models of holes in molecular graphenes

Figure 5.7: Raman spectrum of C216 in the overtones and combination regions involving
two and three quanta processes (recorded with 514 nm excitation). The first order Raman
spectrum is displayed in the bottom panel to help visually assigning overtones and combi-
nations based on the associated fundamentals. The bottom panel shows the simulated first
order Raman spectra based on DFT calculations of the Raman cross section carried out with
pre-resonance theory for selected excitation wavelengths.

available in Gaussian09 D.01,24 due to the onset of resonance conditions. For
instance, inspecting the simulated Raman spectrum obtained with several trial
excitation wavelengths reveals a strong dependence of the D vs. G intensity as
a function of the excitation wavelength, as displayed in Figure 5.7. The compar-
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5.2. Raman spectroscopy of C216

ison of these simulations against the experimental spectrum recorded with 514
nm excitation reveals that the spectrum computed with 514 nm excitation rea-
sonably accounts for the relative intensity of the G features compared to the D
features (see Figure 5.7). However, the relative intensities within the D region
are not accounted for reliably, presumably due to the above mentioned limita-
tions of the available theoretical approach. This is based on a far from resonance
approach, which may include pre-resonance effects for a given laser excitation on
molecular polarizability, but can not exactly cope with the vibronic details of the
Raman excitation profile: to this challenging task more accurate quantum chemi-
cal treatments have been very recently introduced128,129 which allow the accurate
evaluation of the required Franck-Condon factors, also including the effects of
Duschinsky rotation, and could be considered in the near future for further inves-
tigation of these interesting aspects.

The G band of C216 is analyzed in details in Figure 5.8. While the G peak
in PAHs with sixfold symmetry belongs to degenerate E species,1 in the present
case we observe for the first time a totally symmetric A1g component in the G
peak (named G1), together with the expected doubly degenerate Eg vibrations
(named G2, G3a and G3b, see Figure 5.8). When focusing the attention on the
external edge of C216 in Figure 5.8 one easily recognizes that the nuclear dis-
placements associated to G1 match the expected pattern for G-line modes.1 The
totally-symmetric pattern of the G1 mode is obtained by identically repeating the
characteristic G-mode pattern along each one of the six external edges of C216.
Hence G1 could be named as the tangential (or perimetral) G-mode of C216.
Being G1 totally symmetric, and in a situation close to resonance conditions, this
somehow unusual component acquires intensity and becomes comparable to the
typical Raman modes usually found in the G band region of six-fold and three-fold
symmetric PAHs, which belong to degenerate Eg species. In fact, the other two
components of the G-band of C216 which can be observed after the band de-
convolution procedure reported in Figure 5.8, namely G2 and G3, are all assigned
to Eg modes and display the characteristic vibrational pattern of G-modes.1 In
particular the nuclear displacements of the G2 feature are localized in the region
between the hole and a couple of nearby external vertexes of the C216 molecule.
On the other hand, the G3 feature encompasses two very close modes computed by
DFT with a sizeable intensity, named G3a and G3b, whose nuclear displacements
are somehow delocalized over large areas of the C216 disc. This is especially true
for G3b. See Figure 5.9 for representation of nuclear displacement of G modes.

The D band of C216 is analyzed in details in Figure 5.10. After band de-
convolution we can recognize several components and the most intense ones (D1,
D2, D3, D4) find a good counterpart in DFT simulations carried out with the
pre-resonance approach and 514 nm excitation, even though, similarly to the G-
band case, there are some inaccuracies. Notably the relative intensity of D3 vs.
D1 is not predicted correctly, as well as there are issues in reproducing the ob-
served spectral pattern above D4 and below D1 since the relative intensities of
the modes computed in these regions are not correct. The mode D3 represented
in Figure 5.11 displays the nuclear displacement pattern expected for D-modes in
molecular graphenes1 (blue breathing rings in Figure 5.11 are centered at the Clar
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Chapter 5. Models of holes in molecular graphenes

Figure 5.8: Band deconvolution of the G band region in the Raman spectrum of C216.

G1 1652 cm−1 A1g G2 1646 cm−1 Eg G3a 1636 cm−1 Eg G3b 1633 cm−1 Eg

Figure 5.9: Representation of the normal modes of C216 associated with the main experimental
G band features.

rings of C216 reported in Figure 5.1). Interestingly D3 is more localized toward
the hole of 216. Mode D1 nearly displays the expected D-mode displacement
pattern (almost completely green breathing rings in Figure 5.11 are centered at
the Clar rings of C216). Differently from D3, mode D1 has nuclear displace-
ments which are larger at the outer edge of C216. In any case both D1 and D3
modes are truly collective and basically involve the whole π-conjugated disc of the
molecule. Mode D4 displays the expected D-mode pattern at the vicinity of the
hole (almost completely blue rings in Figure 5.11) but the other blue breathing
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5.2. Raman spectroscopy of C216

rings are not corresponding to the remaining Clar rings of C216. With reference
to the discussion of the D-mode of graphitic systems within a periodic boundary
conditions approach,19 the situation found for mode D4 would correspond to the
linear combination of degenerate phonons picked up in the vicinity of the K point
at the 1st Brillouin edge of graphene (the D-mode of whole graphene would be
taken exactly at the K mode). Finally, the D2 mode presents a rather intricate
pattern of collective CC stretching vibrations over the whole C216 disc and it is
not straightforward to recognize the typical D-mode pattern.

Figure 5.10: Band deconvolution of the D band region in the Raman spectrum of C216.

(a) D1 1291 cm−1 A1g (b) D2 1327 cm−1 A1g (c) D3 1346 cm−1 A1g (d) D4 1385 cm−1 A1g

Figure 5.11: Representation of the normal modes of C216 associated with the main experi-
mental D band features.

The low wavenumber region of the spectrum displays several characteristic col-
lective deformations (A1, A2 and A6 – see Figure 5.12). Features A1 and A2 are
assigned to degenerate modes (by symmetry) which involve a shear-like deforma-
tion of the overall hexagonal shape of the C216 molecule. On the other hand A6
is assigned to a pair of close modes which can be described as the breathing vi-

85



i
i

“thesis” — 2016/1/29 — 23:58 — page 86 — #112 i
i

i
i

i
i

Chapter 5. Models of holes in molecular graphenes

bration of the hole. In fact, in correspondence of the experimental A6 signal DFT
calculations exhibit two normal modes with close wavenumber and a very similar
displacement pattern involving the radial displacement of the carbon atoms from
the center of the hole (see Figure 5.13). As observed for the G and D regions, sub-
tle resonance effects are also found in the low wavenumber region of the Raman
spectrum, where the experimental spectrum is rather rich of signals. Depending
on the chosen excitation in the DFT calculation of the Raman cross section some
of them can be evidenced (notably the A1 peak with 458 nm excitation and the
A2 peak with 514 nm excitation). Overall, the simulation with 514 nm excitation
appears as the best option currently available, in line with the fact that the ex-
periments have been carried out with this excitation and considering also the fact
that TDDFT calculations carried out on C216 reveal vertical transitions which
are close to experimental absorption features.44 See Table 5.1 for observing the
list of observed and computed Raman features of C216 in the low wavenumber
region.

Figure 5.12: Low wavenumber region of the Raman spectrum of C216 recorded with 514 nm
laser excitation.

5.3 UV/Vis absorption spectroscopy

Despite the very poor solubility of C216, by using an integration sphere its UV/Vis
absorption spectrum could be measured from a suspension in chlorobenzene (Fig-
ure 5.14). The obtained spectrum of C216 displayed a broad absorption centered
roughly at about 500 nm. A closer look at the spectrum by taking the second
derivative displayed subtle changes in the slope at 620, 520, and 450 nm, which
might correspond to different optical transitions (Figure 5.14). TD-DFT calcu-
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5.3. UV/Vis absorption spectroscopy

A1 (Eg, 184 cm−1) A2 (Eg, 242 cm−1) A6 (hole-breathing, A1g)

400 cm−1

403 cm−1

Figure 5.13: Representation of the normal modes of C216 associated with the main experi-
mental A band features.

feature # wavenumber (DFT) wavenumber (expt.)
A1 184 (Eg) 183
A2 242 (Eg) 241
A3 301 (Eg) 298
A4 323 (A1g) 329
A5 359 (Eg) 353
A6 400,403 (A1g, A1g) 395
A7 448 (Eg) 429
A8 458 (A1g) 440
A9 506 (Eg) 499
A10 614 (Eg) 603
A11 691 (A1g) 675
A12 798 (Eg) 788
A13 867 (A1g) 860
A14 922 (A1g) 912
A15 960 (Eg) 947

Table 5.1: List of observed and computed (unscaled) Raman features of C216 in the low
wavenumber region.

lations on C216 indeed revealed doubly degenerate transitions at 613 and 519
as well as a cluster of transitions at 455, 439, 426, and 414 nm. This respec-
tively corresponds to p-, β-, and β′-bands in Clar’s notation, and are consistent
with the positions estimated from the experimental spectrum. In contrast, the
absorption spectrum of C222 features a broad absorption roughly peaked at 750
nm.130 TD-DFT calculation reveals that the p-band, which is generally the one
most related to the HOMO-LUMO transition in PAHs, blue-shifts by about 100
nm (0.3 eV), when comparing C222 (714 nm) with C216 (613 nm). Further-
more, DFT calculations on coronoid C216 and C222 gave more insight into the
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Chapter 5. Models of holes in molecular graphenes

Figure 5.14: UV-Vis absorption spectrum of C216 in chlorobenzene suspension (top) with its
second derivative (bottom). The arrows indicate the positions of the transitions determined by
TD-DFT, which are also shown with black sticks whose length is proportional to the oscillator
strength. The simulated absorption profile from TD-DFT transitions is also reported for
comparison with experimental data.

effect of the "hole". The HOMO and LUMO levels of C216 are found at -4.7 and
-2.5 eV, respectively, with a HOMO-LUMO gap of 2.2 eV while the HOMO and
LUMO levels of C222 are found to be at -4.5 and -2.7 eV, respectively, with a
HOMO-LUMO gap of 1.8 eV.131

This result shows that the introduction of the hole in the C222 disk increases
the HOMO-LUMO gap by 0.4 eV (see Figure 5.15: decrease of the HOMO and
increase of the LUMO by 0.2 eV). This is in agreement with the blue shift of the
maximum of the UV-Vis absorption of C216 compared with that of C222.

In conclusion, the presence of a "hole" in the structure of an extended molecular
graphene as C216 is a source of non-planarity. This concept may be exploited
as well as chlorination to modulate the three dimensional structure of molecular
graphenes out of the usual two dimensions of the plane. However, this modification
of the structure is able to change to a greater extent the HOMO-LUMO gap of
the molecule compared to chlorination since the presence of the hole can partially
break π-conjugation pathways.
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5.3. UV/Vis absorption spectroscopy

Figure 5.15: HOMO and LUMO levels and HOMO-LUMO gap of C222 and C216 calculated
by TD-DFT at the B3LYP/6-31G(d,p) level.
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CHAPTER6
Thiophene-based heterophenoquinones

This Chapter deals with the characterization by vibrational spectroscopy of two
members1 of the bithiophene family substituted with cyclohexadienones, namely
QDTT and QBT (see Figure 6.1). In the paper by Tampieri et al.83 one can
find the synthesis procedure for both molecules and the results of characterization
techniques other than vibrational spectroscopy (namely, electron paramagnetic
spectroscopy (EPR), NMR and XRD). In QDTT the central units of QBT are
replaced by fused rings in order to investigate the influence of the QBT cis-trans
isomerization together with the stiffening of the central conjugated thienilenic
core. Hence the Dithieno[3,2-b:2’,3’-d] thiophene unit was chosen since it is char-
acterized by the same number of π-electrons as bithiophene. One thus expects
in the Dithieno[3,2-b:2’,3’-d] thiophene unit similar π-conjugation to that of cis
bithiopene. A minor influence of the trans vs. cis form of bithiophene could play
a role when comparing QDTT with QBT since QBT exhibits both cis (i.e., syn)
or trans (i.e., anti) conformations at the bond linking the two thiophene units.

(a) Molecular structure of QBT (b) Molecular structure of QDTT

Figure 6.1: Molecular structures of QBT and QDTT.

1Chemically named: 4,4’-(dithieno[3,2-b:2’,3’-d]thiophene-2,6-di-yl)bis(2,6-ditert-butylcyclohexa-2,5-dienone)
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Chapter 6. Thiophene-based heterophenoquinones

6.1 Results and discussion

It has been shown that, due to the peculiar radicaloid electronic structure of
thiophene-based heterophenoquinones, DFT is not able to fully cope with their
molecular properties and structure.75 However, as a practical way to partially
overcome these limitations of current DFT methods, it has been demonstrated
that by displacing the geometry of the molecule along the Effective Conjugation
Coordinate (see below) it is possible to amend the most dramatic deviations of
the simulated Raman spectra from experimental observation.75 The computa-
tional cost of this procedure is very convenient, compared for instance with more
satisfactory multi-configuration computational approaches (e.g., Complete Active
Space Self-Consistent Field – CASSCF). Navarrete et al.132 reformulated the dy-
namical theory of polyconjugated molecules by defining an Effective Conjugation
Coordinate (ECC, also labeled as Я). It describes the vibrational trajectory which
best favors relative changes of C=C/C-C bond lengths, i.e., which mostly involves
π-electron delocalization along the conjugated polymer chain. In the case of poly-
thiophene, the Я coordinate has been defined by Navarrete et al. as a linear
combination of internal stretching coordinates in the following form:

Я = 1/N(R1 −R2 +R3 −R4 +R5 −R6 +R7 −R8) (6.1)

where the internal coordinates R, can be identified with the specific CC stretching
of the thiophene moieties in Figure 6.2; N is a normalization factor.

Figure 6.2: Definition of the Я coordinate (also named ECC) in polythiophene.

Hence, we have displaced by ∆Q = 0.15 Å amu1/2 the geometry optimized at
B3LYP/6-31G(d,p) level of both QBT and QDTT. The mode with largest Ra-
man intensity at the optimized geometry was selected for displacing the geometry,
following the procedure described by Canesi et al.75 This implies that the mode
with largest electron-phonon coupling is selected: in fact, a characteristic feature
of the ECC is the strong electron-phonon coupling (see for instance the work by
Tommasini et al.et al.10 and references therein). As can be seen in Figure 6.3
below, the mode computed at 1467 cm−1 (the strongest Raman mode of QBT at
the optimized geometry) presents the alternated CC stretching pattern expected
based on the definition of ECC described above (see Figure 6.2 and Equation 6.1).

After displacing the geometry of QBT as described above, the mode signifi-
cantly changes its wavenumber, which improves the simulated Raman spectrum
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6.1. Results and discussion

(a) 1467 cm−1; 0 km/mol; 162052 A4/amu; ECC
mode, B3LYP/6-31G(d,p) optimized geometry

(b) 1335 cm−1; 0 km/mol; 81855 A4/amu; ECC
mode, displaced geometry

Figure 6.3: Representation of the ECC normal modes of QBT in the optimized and displaced
geometries. The reported wavenumbers have not been scaled by the 0.98 factor. Red segments
represent displacement vectors; CC bonds are represented as green (blue) lines of different
thickness according to their relative stretching (shrinking).

(see Figure 6.4). However the ECC character of the mode is maintained after in
the displaced geometry, which can be taken as an indication of the soundness of
this approach.

Figure 6.4: Raman spectrum of QBT recorded with 632.8 nm excitation (red line). The Raman
spectra simulated with DFT methods (B3LYP/6-31G(d,p), frequency scaled by 0.98) before
and after displacing geometry are displayed with blue and green lines respectively.

Compared with the standard DFT calculation carried out at equilibrium ge-
ometry, this peculiar geometry displacement significantly improves the simulation
of the Raman spectra of QDTT as well, as reported in Figure 6.5. For both
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Chapter 6. Thiophene-based heterophenoquinones

Figure 6.5: Raman spectrum of QDTT recorded with 632.8 nm excitation (red line). The
Raman spectra simulated with DFT methods (B3LYP/6-31G(d,p), frequency scaled by 0.98)
before and after displacing geometry are displayed with blue and green lines respectively.

molecules, the simulated Raman spectrum after geometry displacement is in a
good agreement with the experimental one. In particular, the experimentally ob-
served intense ECC features fall in the correct spectral range in the simulated
spectra at displaced geometries. In order to further check the reliability of the ge-
ometry displacement method, it is also worth analyzing the normal modes relevant
for Raman spectroscopy of QDTT before and after the displacement procedure.
One expects that the pattern of the nuclear displacement relevant for assigning
the Raman spectra does not substantially change upon geometry displacement,
so that the description of vibrational structure is renormalized but qualitatively
preserved. Figure 6.6 reports the graphical representation of the ECC modes
in QDTT before and after geometry displacement. In QDTT, upon geometry
displacement, it is possible to find three intense ECC modes. These have been
labeled ECC0, ECC1 and ECC2 and are shown in Figure 6.6. In QDTT, just
ECC2 strictly follows completely the ECC definition reported above. ECC0 and
ECC1 follow this definition partially. For instance (see Figure 6.6), in the case of
ECC0, the bond at position 6 should stretch (while it shrinks) and for ECC1, the
bonds at positions 3 and 9 would have to stretch (while they shrink).

Further support to the displaced geometry approach is given by the analysis
of the IR spectra reported in Figure 6.7. At the B3LYP/6-31G(d,p) equilibrium
structure the simulated IR spectra do not capture correctly the experimental
features in the vicinity of 1600 cm−1 (labeled a and b in Figure 6.7). However, for
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6.1. Results and discussion

(a) 1482 cm−1; 2 km/mol; 131755 A4/amu; ECC
mode, B3LYP/6-31G(d,p) optimized geometry

(b) 1455 cm−1; 1 km/mol; 43930 A4/amu; ECC0
mode, displaced geometry

(c) 1311 cm−1; 0 km/mol; 41204 A4/amu; ECC1
mode, displaced geometry

(d) 1273 cm−1; 0 km/mol; 54400 A4/amu; ECC2
mode, displaced geometry

Figure 6.6: Representation of the ECC normal modes of QDTT in the optimized and displaced
geometries. The reported wavenumbers have not been scaled by the 0.98 factor. Red segments
represent displacement vectors; CC bonds are represented as green (blue) lines of different
thickness according to their relative stretching (shrinking).

both QBT and QDTT, the two features a and b nicely emerge in the simulated
IR spectra at the displaced geometries. These are assigned to the anti-symmetric
C=O stretching (band a) and to the anti-symmetric ring stretching (band b) of
the quinoid end groups of each molecule. The normal modes of QBT and QDTT
associated to bands a and b are sketched in Figure 6.8 and Figure 6.9, respectively.

Interestingly, DFT calculations on QBT and QDTT reveals that the IR in-
tensity of the antisymmetric C=O stretching bands (computed at 1625 cm−1 –
unscaled) are remarkably strong: the absorption intensity is 2448 km/mol in QBT
and 2322 km/mol in QDTT. This intensity is a magnitude higher compared to
the intensity of the C=O stretching in the molecule without a radicaloid character
(see Figure 6.10). Because of this large absorption, and in agreement with the
experimental spectra, the antisymmetric C=O stretching bands dominate the IR
spectra over the whole fingerprint region (see Figure 6.7).

In conclusion, compared with the previously reported investigation on rad-
icaloid thiophene-based heterophenoquinones,75 the presented investigation shows
the reliability of the “displaced geometry” approach not only for helping the anal-
ysis of experimental Raman data (as initially proposed) but also for supporting
the assignment of IR spectra.
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Chapter 6. Thiophene-based heterophenoquinones

(a) QBT (b) QDTT

Figure 6.7: IR spectra of QBT and QBT recorded with micro-IR setup (red line). The IR
spectra simulated with DFT methods (B3LYP/6-31G(d,p), frequency scaled by 0.98) before
and after displacing geometry are displayed with blue and green lines respectively.

(a) 1625 cm−1; 2448 km/mol; 0 A4/amu; Mode
a, antisymmetric C=O stretching

(b) 1679 cm−1; 211 km/mol; 0 A4/amu; Mode b,
antisymmetric ring stretching

Figure 6.8: Normal modes assigned to features a and b in the IR spectra of QBT (from DFT
calculations on displaced geometries). The reported wavenumbers have not been scaled by the
0.98 factor. Red segments represent displacement vectors; CC bonds are represented as green
(blue) lines of different thickness according to their relative stretching (shrinking).
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6.1. Results and discussion

(a) 1625 cm−1; 2322 km/mol; 6 A4/amu; Mode
a, antisymmetric C=O stretching

(b) 1674 cm−1; 171 km/mol; 194 A4/amu; Mode
b, antisymmetric ring stretching

Figure 6.9: Normal modes assigned to features a and b in the IR spectra of QDTT (from DFT
calculations on displaced geometries). The reported wavenumbers have not been scaled by the
0.98 factor. Red segments represent displacement vectors; CC bonds are represented as green
(blue) lines of different thickness according to their relative stretching (shrinking).

(a) nuclear displacement (b) structure

Figure 6.10: Nuclear displacement of the C=O stretching vibration of the end group of the thio-
phene derivatives considered in this work. This is a closed shell molecule with no radicaloid
character. DFT calculations determine this mode at 1692 cm−1, with absorption intensity
of 227 km/mol. Red segments represent displacement vectors; CC bonds are represented as
green (blue) lines of different thickness according to their relative stretching (shrinking).
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CHAPTER7
Other applications of molecular spectroscopy:

rubbers and π-stacking in Amphotericin B

In this chapter, vibrational spectroscopy has been used to investigate orientational
and crystallization properties of rubbers and intermolecular interactions in Am-
photericin B (AmB). In particular, in first section IR spectroscopy has been used
to analyze strain induced crystallization and orientation in natural rubber (NR),
polybutadiene rubber (BR) and their blend (NR/BR); and in second section Res-
onance Raman spectroscopy has been used for monitoring aggregation of AmB
in solution state as a function of concentration.

7.1 Molecular spectroscopy of natural rubber, cis-polybutadiene and their
blend

7.1.1 Introduction

Several methods are available for the analysis of the crystal structure of poly-
mers. Among these X-ray diffraction is considered one of the most powerful tools
available. However, since vibrational spectroscopys provides information at the
molecular level, it is capable to support the analysis of polymers, also disclos-
ing details on their crystal structure.133 In particular, among non-destructive
quantitative methods, vibrational spectroscopy provides valuable information on
the molecular orientation and crystallization. These data can be used to corre-
late the physical and mechanical properties of polymers to their structure at the
molecular level.134 In our research, we have focused on the relation between the
micro-structure and the mechanical properties of rubber, an important polymeric
material with several applications in industry and engineering.
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Chapter 7. Other applications of molecular spectroscopy: rubbers and π-stacking in
Amphotericin B

From the point of view of vibrational spectroscopy, upon crystallization of
polymers, several bands in their spectra may remarkably increase their intensity.
These are named crystallization-sensitive bands and can be used as markers of the
degree of crystallinity of the polymeric material. Some polymers may crystallize
into in different crystal structures associated to different molecular conforma-
tions. For example, poly(vinylidene fluoride) (PVDF) crystallizes into at least
four crystal modifications depending on the preparation condition. The vibra-
tional spectra of these crystal forms are different from each other and the bands
characteristic of the associated conformers can be detected. Hence, by analysing
conformation-sensitive bands, one can investigate the molecular structure existing
in the crystalline phase of the polymer and detect changes in the crystal structure
of samples depending on the preparation conditions.133,135

In the case of natural rubber (NR) it is possible to orient and crystallize it
under tension, while it reverts to its original amorphous state by relaxation of the
stress.136 The mechanical properties of the crystallites (e.g., the Young’s modulus
along the chain axis) are very sensitive to molecular conformation, even if the
chemical structure of the different conformers is necessarily the same.137 Such a
dependence in the Young’s modulus on the chain conformation can be investigated
by understanding the deformation mechanism of the polymeric material at the
molecular level, i.e., by describing it in terms of the atomic displacement induced
by the external force. Hence vibrational spectroscopy, being a molecular structure
sensitive technique, can be profitably employed to sensitively detect even slight
changes in structure and conformation of the polymer chains under mechanical
stress.133

While almost complete data are present in the literature for NR and BR,25–28
little is known for NR/BR blends. This motivates the experimental study re-
ported in this chapter.

In this work FT-IR spectroscopy has been used to study the strain induced
orientation and crystallization of NR, Polybutadiene rubber (BR) and their blend
(NR/BR). The vibrational frequencies of characteristic spectral features of the
samples have been shown to be sensitive to the structure of the molecules of
interest and to changes in their environment induced by mechanical stress.

For selected FT-IR experiments a polarizer was used to help distinguishing
between orientation and crystallization effects. Finally, FT-IR results were com-
pared with the outcomes from X-Ray diffraction (XRD) experiments.

Finally, it has been shown that it is possible to find the onset strain induced
crystallization by FT-IR spectroscopy in NR and BRs. Also, it is possible to
analyze orientation by polarized FT-IR spectroscopy. In the future, it is probable
to analyze onset and propagation of cracks by polarized FT-IR spectroscopy in
different types of rubbers.

7.1.2 Materials

Natural rubber (NR), different cis-1,4-polybutadiene rubbers (BR) and their
50/50 blends have been studied. The BRs have been selected with a different cis-
unit content, molecular weight (Mw) and molecular weight distribution (MWD)
of the uncured rubber. BRLL means BR sample with low cis-unit content and
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7.1. Molecular spectroscopy of natural rubber, cis-polybutadiene and their blend

low molecular weight, and BRMM means BR sample with medium cis-unit con-
tent and medium molecular weight (see Table 7.1). All materials were supplied
by Versalis S.p.A (Ravenna, Italy), together with the structural characterization
data reported in Table 7.1. The interested reader may find further information
about the sample preparation and molecular weight characterization in the cited
literature.87

Material cis-content Mw MWD
BRLL 94 384000 2.5

BRMM 96.4 487000 4.1

Table 7.1: Structural characteristics of the different BRs.

7.1.3 Experimental methods
Preparation of the thin samples for FT-IR measurements

Sheets of 0.12 mm thickness were cured according to the method described by
Mohammad Poor87 by using two flat discs. Sample strips with dimensions 25 ×
10 × 0.12 mm3 were then cut and stretched at room temperature with nominal
strain rate of 1.8 min−1 from ε= 0 to ε= 8.

FT-IR

Micro FT-IR measurements were carried out with Nicolet Nexus equipment cou-
pled with a Thermo-Nicolet Continuµm infrared microscope using a 15× infrared
objective and a cooled MCT detector (77 K) or DTGS detector. The spectra of
the stretched samples were acquired with 4 cm−1 resolution in the 400 - 4000 cm−1

spectral range by accumulating at least 128 scans. The PIKE Technologies wire
grid IR polarizer was used in some experiments to polarize the IR light parallel
and perpendicular to the stretching direction of the samples.

XRD

Wide angle X-ray spectroscopy (WAXS) was carried out using a Bruker D8 ad-
vanced X-ray diffractometer. An X-ray radiation (λ = 1.5406 Å) with the inci-
dence angle (2θ) from 15◦ to 40◦ was used. Scanning rate was 0.02◦s−1. The
specimens were stretched in a controlled way and fixed onto a rigid holder. After
about 30 minutes, WAXS patterns were obtained at room temperature.

7.1.4 Results and discussion

The representative FT-IR spectra of NR and BR samples are reported in Fig-
ure 7.1. Comparing these spectra with literature data,25–28 it is possible to
straightforwardly assign all the relevant bands. Figure 7.1 is given as a refer-
ence helpful for listing the spectral markers which will be later considered for
the characterization of the rubber samples. In particular CH out-of-plane bend-
ing (840 cm−1), C-CH3 stretching (980 cm−1), C-C stretching (1126 cm−1), CH2
twisting (1240 cm−1) and CH2 wagging (1361 cm−1) bands for NR, and CH2
twisting (1240 cm−1) and CH2 in-plane asymmetrical bending (1404 cm−1) bands
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Chapter 7. Other applications of molecular spectroscopy: rubbers and π-stacking in
Amphotericin B

for BR, will be shown to be dependent on strain and sensitive to strain-induced
crystallization.

Figure 7.1: FT-IR spectra of NR and BR samples recorded at imposed strain ε=5 with the
relevant band assignments deduced from literature.25–28

Since the applied strain causes molecular orientation phenomena which are
also leading to crystallization for higher strain values, it is of interest to record
polarization dependent FT-IR spectra.136 In particular, it is useful to record the
IR spectra as a function of the angle θ formed by the stretching direction and the
direction of the electric field associated to the IR light (which is controlled by a
polarizer). Both directions lie within the plane defined by the thin rubber sheet
which constitutes the sample; in the FT-IR experiments this plane is perpendicular
to the propagation of the IR light beam.

The experiments have been planned as follows:
(1) FT-IR spectroscopy of NR samples over a range of strains (ε=0 to ε=5).
(2) FT-IR spectroscopy of BRMM samples over a range of strains (ε=0 to ε=5).
(3) FT-IR spectroscopy of NR/BRMM samples over a range of strains (ε=0 to
ε=8).
(4) Polarized FT-IR spectroscopy of NR/BRMM and NR/BRLL samples over
a range of strains (ε=0 to ε=8).
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7.1. Molecular spectroscopy of natural rubber, cis-polybutadiene and their blend

NR samples

Strips of NR samples have been stretched over a range of strains, i.e., from ε=0
to ε=5. The IR spectra of unstretched and stretched samples are compared in
Figure 7.2. Due to the thickness of the sample (of the order of 10 to 100 µm
depending on the applied strain) the IR spectra are saturated in the wavenumber
range extending from 1370 cm−1 to 1500 cm−1, where two IR transitions are
present, namely the symmetric CH3 deformation (1376 cm−1) and the asymmetric
CH3 deformation (1450 cm−1).138

Figure 7.2: Infrared spectra of NR samples recorded on specimens stretched at different strain
(ε=0-5) in the 650 – 1750 cm−1 wavenumber range. The two bands at 1376 cm−1 and 1450
cm−1 are saturated.

The intensities of the reported spectra have been normalized with respect to the
C=C stretching band at 1663 cm−1.139 The intensity of the C=C stretching band
have been used for normalization because it does not depend on the strain (refer
to Siesler et al.140) This was proved during a series of experiments on NR/BRLL

samples, which have been stretched over a range of strains (from ε = 0 to ε = 7).
At each strain, the thickness of the samples was measured and the FT-IR spectra
were recorded. The intensity of the C=C stretching band divided by the thickness
of the sample has been plotted in Figure 7.3. As it is possible to observe in this
figure, the C=C stretching intensity is stable and it does not depend on strain.
Hence it can be used reliably for normalization purposes.

In the FT-IR spectra of NR samples reported in Figure 7.2 it is clearly possi-
ble to observe systematic changes induced by stretching. Some of these changes
are related to strain-induced crystallization of NR and will be further discussed
below.
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Chapter 7. Other applications of molecular spectroscopy: rubbers and π-stacking in
Amphotericin B

Figure 7.3: IR intensity of the C=C stretching band versus strain for the NR/BRLL sample.
The reported data are proportional to the measured IR intensity (absorbance) divided by the
sample thickness.

The FT-IR spectra reported in Figure 7.2 reveal that by increasing ε the out-
of-plane CH bending vibration blue shifts from 836 cm−1 (observed in amorphous
NR at ε=0) to 842 cm−1 (observed in partially crystallized NR at ε=5). Healey
et al.26 determined that this blue shift is due to the existence of a crystalline
phase in the sample. To analyze the behavior of the out-of-plane CH bending
band, its position is plotted as a function of the strain values in Figure 7.4. The
large part of the blue-shift occurs in correspondence of the onset of the strain-
induced crystallization, which XRD measurements locate for ε values between 3
and 4. This nicely shows the potential of FT-IR analysis for precisely following
this phenomenon. XRD data of NR samples which have been stretched over a
range of strains, have been depicted in Figure 7.5 which made in collaboration
with Prof. Marano (Dipartimento di Chimica, Materiali e Ingegneria Chimica –
Politecnico di Milano, Italy) group.87 Peak at 2θ = 21.9± 0.4◦ is ascribed to the
diffraction angle of the (120) plane of the orthorhombic cell of crystalline NR.141
As shown in the Figure 7.5, we can clearly see that this peak appears after ε=3
indicating the crystallinity of NR.

A behavior opposite to that of the out-of-plane CH bending band can be ob-
served for the band located at about 1240 cm−1, which is assigned to CH2 twist-
ing.26 By increasing ε, this band red shifts from 1240 cm−1 (amorphous NR,
ε=0) to 1233 cm−1 (partially crystallized NR, ε=5). However, similarly to the
case of the out-of-plane CH bending band, the major changes of the position of
the CH2 twisting band occurs in the range 3<ε<4 (Figure 7.6), which is close to
the onset of strain induced crystallization of natural rubber obtained from XRD
experiments.

For increasing strain values (ε> 3, see Figure 7.7), it is also possible to observe
two new bands showing up around 980 cm−1 and 1210 cm−1. The peak at 980 cm−1
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7.1. Molecular spectroscopy of natural rubber, cis-polybutadiene and their blend

Figure 7.4: Position of CH out-of-plane bending band vs. applied strain for NR samples. The
red region shows the onset of crystallization determined by XRD.

Figure 7.5: XRD diffraction recorded on NR samples as a function of strain.

is assigned to C-CH3 stretching.26 These peaks appear at ε>3, hence, consistently
with present XRD data and literature data,26 they can be ascribed to the onset
of strain induced crystallization of natural rubber.

In addition to the spectral changes discussed above, strain-dependent FT-IR
data recorded on NR also display evident changes in the intensity of the bands at
1126 cm−1 (cis C-C stretching), and 1361 cm−1 (CH2 wagging).26,138 Consistently
with the observed onset of crystallization in NR (see above), one can note in
Figure 7.8 a rather sharp stepwise increase of the intensity of the C-C stretching
band at the expected strain value close to ε= 3.

Finally, the CH2 wagging band at 1361 cm−1, appears as a shoulder of the
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Figure 7.6: Position of the CH2 twisting band as a function of the applied strain for a repre-
sentative NR sample. The region shaded in red shows the onset of crystallization determined
by XRD.

Figure 7.7: New peaks appear for ε>3 in the IR spectra of NR. The spectra have been magnified
for a better visualization of the trends.

CH3 deformation band (1376 cm−1). In this case, the diagram of intensity vs.
ε has not been plotted due to the inaccurate intensity determination of the CH2
wagging band. The reason for this inaccuracy is the saturation of the nearby CH3
deformation band. However, from a qualitative point of view, it is possible to
note in Figure 7.2 the increasing intensity induced by higher strain values.

BR and NR/BR samples

Similarly to the case of NR, strips of BRMM samples have been stretched with
different strains in the range from ε=0 to ε=5. The FT-IR spectra of unstretched
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7.1. Molecular spectroscopy of natural rubber, cis-polybutadiene and their blend

Figure 7.8: Intensity change of the C-C stretching band vs. strain for the NR sample. The
red region shows the onset of crystallization as determined by XRD.

and stretched samples are shown in Figure 7.9, where they have been normalized
by the intensity of the C=C stretching band observed at 1650 cm−1. As we
discussed above, the intensity of the C=C stretching band does not depend on
the strain.

Figure 7.9: IR spectra of BRMM recorded on specimens stretched at different strain values in
the range 0<ε<5.

BRMM samples were breaking by applying strain values larger than ε= 5.
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Based on the reported Mooney-Rivlin plot discussed by Mohammad Poor87 this
strain is lower than the one needed for the onset of crystallization (ε=5.5). Ac-
cordingly, the changes observed in spectra are negligible and are not related to
crystallization.

It is however possible to stretch samples up to ε=8 by preparing blends of NR
and BRMM , and then analyze the onset of BRMM crystallization. NR and BR
crystallizes separately in the blend based on XRD data (see Figure 7.10), and
based on this fact it is possible to analyze the onset crystallization of them in the
blend separately by FT-IR spectroscopy. The XRD data of NR/BRMM samples
during stretching have been shown in Figure 7.10. NR part has been crystallized
at ε > 4 (peak at 2θ = 21.9± 0.4◦ is ascribed to the diffraction angle of the (120)
plane of the orthorhombic cell of crystalline NR141) and then BR part has been
crystallized at ε > 5 (peak at 2θ = 19◦ is ascribed to the diffraction angle of the
(020) plane of the equator cell of crystalline BR87).

Figure 7.10: XRD diffraction recorded on NR/BRMM samples as a function of strain.

Strips of NR/BRMM samples have been stretched with different strain values,
ranging from ε=0 to ε=7. The corresponding FT-IR spectra of the stretched and
unstretched samples are shown in Figure 7.11 where they have been normalized
by the intensity of C=C stretching band at 1650 cm−1.

The analysis of the spectra reported in Figure 7.11 is helped by the comparison
among the FT-IR spectra of NR, BRMM and NR/BRMM samples. This is
offered in Figure 7.12), where one can observe some isolated bands which are
related to the NR component or to the BRMM component of the blend. Hence, for
investigating the onset of crystallization of BRMM , the band located around 1240
cm−1 has been considered. This band is assigned to the CH2 twisting vibration of
BRMM .25 As it is shown in Figure 7.13, a sharp change in intensity of this band
appears at a strain value close to the expected onset of crystallization of BRMM .

7.1.5 Polarization-dependent FT-IR measurements

The results discussed in the paragraphs above show that, in general, it is possible
to apply IR spectroscopy as a method for assigning the onset of crystallization
in NR and NR/BR blends. It was also shown that the onset of strain induced
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7.1. Molecular spectroscopy of natural rubber, cis-polybutadiene and their blend

Figure 7.11: Infrared spectra of NR/BRMM recorded on specimens stretched at different
strain (ε=0-8). The band around 1400 cm−1 saturates. The spectra have been normalized by
the C=C stretching band at around 1650 cm−1.

crystallization happens at lower strain in NR (3 < ε < 4) compared to NR/BR
(ε > 5). However, the maximum degree of crystallinity reached in NR is higher
than that found in BR (respectively 20% and 11%, see Mohammad Poor87).

Since molecular orientation can also affect the mechanical behavior, it is impor-
tant to investigate the use of FT-IR to assess strain induced molecular orientation
in the samples. This can be done by using polarized light in the FT-IR experiment,
i.e., by placing a polarizer after the IR light source. The blends of NR/BRLL

and NR/BRMM have been analyzed by polarized FT-IR spectroscopy to study
the effect of microstructure on the orientability of rubber.

In the experiments IR light was polarized either parallel (θ = 0◦) or perpendic-
ular (θ = 90◦) to the stretching direction of the sample. The orientation effects
on a particular band in the spectrum can be assessed by the dichroic ratio (R):140

R = I‖
I⊥

(7.1)

where I‖ and I⊥ denote the IR absorbance of a given band measured with polarized
IR light either parallel (θ = 0◦) or perpendicular (θ = 90◦) to the stretching
direction (respectively). Through the dichroic ratio R the orientation function
(f) f can be calculated by Equation 7.2:140

f = R− 1
R + 2 (7.2)

The dichroic ratio and the orientation function of two selected bands (CH2
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Figure 7.12: Comparison among the FT-IR spectra of NR, BRMM and their blend. The three
spectra have been recorded at ε=5.

Figure 7.13: Changes in the intensity of the CH2 twisting band of BRMM vs. strain in
NR/BRMM . The region shaded in red shows the onset of crystallization as determined by
XRD.

twisting at 1240 cm−1 and CH in-plane asymmetrical bending at 1404 cm−125)
have been calculated and plotted versus the applied strain in Figures 7.14 and
7.15 (respectively). R and f have been calculated using the intensities of the two
selected bands mentioned above.

As it is possible to see in Figure 7.14, the dichroic ratio is close to unity for ap-
plied strain values less than 3. By increasing the strain above 3, the dichroic ratio
increases sharply, which marks the starting point of molecular orientation phe-
nomena. Consistently with XRD results, for both NR/BRMM and NR/BRLL
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(a) CH2 twisting (1240 cm−1) (b) CH in-plane asymmetrical bending (1404
cm−1)

Figure 7.14: Dichroic ratio vs. applied strain calculated for two different bands. Blue:
NR/BRLL; Red: NR/BRMM . Red and blue regions show then onset of crystallization
determined by XRD for NR/BRMM and NR/BRLL, respectively.

(a) CH2 twisting (1240 cm−1) (b) CH in-plane asymmetrical bending (1404
cm−1)

Figure 7.15: Orientation function vs. applied strain calculated for two selected bands. Blue:
NR/BRLL; Red: NR/BRMM . Red and blue regions show the onset of crystallization
determined by XRD for NR/BRMM and NR/BRLL, respectively.

samples (and for both analyzed IR bands), a sudden change in the dichroic ratio
is seen for strain values close to the onset of crystallization. This shows that also
polarized IR spectroscopy, through the use of the dichroic ratio, is sensitive to
crystallization phenomena in rubber systems.

On the other hand, by analyzing the orientation function (Figure 7.15), it is
possible to note that orientation significantly occurs for ε>3. For the NR/BRMM

sample it is possible to observe a step in the orientation function around the onset
of crystallization determined by XRD. For the NR/BRLL sample, at least one
more point is needed to determine exactly the onset crystallization by the use of
the orientation function, but it is not possible to stretch sample more than ε > 8
related to the rupture of the sample.

For both selected bands the orientation function is higher in the NR/BRMM

111



i
i

“thesis” — 2016/1/29 — 23:58 — page 112 — #138 i
i

i
i

i
i

Chapter 7. Other applications of molecular spectroscopy: rubbers and π-stacking in
Amphotericin B

sample compared to the NR/BRLL sample. This means that higher molecular
orientation is reached under strain in the NR/BRMM sample. This observation
may justify the onset and propagation of sideways cracks occurred in NR/BRMM

(for more information on crack propagation in different samples refer to Moham-
mad Poor87). However, in order to correlate satisfactorily the behavior of the
orientation function and the crack propagation, further analysis and statistics on
different samples would be required. This constitutes the natural follow up of the
research activity described in this chapter.

7.2 Raman investigation of the aggregation of Amphotericin B in methanol

Probing molecular aggregation is important in several fields such as drug delivery
and materials science (e.g. producing homogeneous films with dispersed active
molecules). Amphotericin B (AmB) is a well known polyene antibiotic macrolide
with 7 π-conjugated C=C bonds (see Figure 7.16). AmB can be used as a proto-
type of a bent oligoene and its electronic absorption falls in the blue-violet region.
It is widely used in the treatment of systemic fungal infections.142 The poor water
solubility of AmB is one of the important factors limiting its application, but the
main disadvantage is related to its toxic effects, which depend on its aggregation
state in vitro as well as in vivo.143 Several efforts have been devoted to the inves-
tigation of AmB aggregation process in different solvents, employing a variety of
electronic spectroscopy techniques (UV-Vis absorption, fluorescence and circular
dichroism).144–147

As far as the author is aware of, Raman spectroscopy has been considered for
characterizing aggregation of AmB just by monitoring the position148 of the Я
mode (i.e., the effective conjugation coordinate mode of the π-system1). However,
the Raman intensity of the Я line was not considered. Compared to electronic
spectroscopy, Raman spectroscopy (as well as other vibrational spectroscopy tech-
niques) offers a better sensitivity to molecular structure. This may help addressing
signal assignment concerns which have been pointed out in the literature for the
interpretation of the fluorescence spectrum of AmB dimers.149

Figure 7.16: Molecular structure of AmB calculated by DFT at the B3LYP/6-311G(d,p) level.

AmB has been dissolved in methanol (MeOH) at different concentrations, in
the 0.3×10−3 – 1.5×10−7 M range. Resonance Raman spectra have been recorded
on these solutions with 325 nm laser excitation (see Figure 7.17). In Figure 7.18,
the experimental Raman spectrum of AmB is compared with a simulated spec-
trum obtained from DFT calculations. The characteristic Я mode of AmB ( 1560
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7.2. Raman investigation of the aggregation of Amphotericin B in methanol

Figure 7.17: Experimental Raman spectra of AmB dissolved in methanol at different concen-
trations (325 nm excitation).

cm−1) can be clearly identified and reliably assigned. The characteristic Я mode

Figure 7.18: Experimental Raman spectrum of AmB dissolved in methanol (1.5 mM, 325
nm excitation) compared with results from DFT calculations (B3LYP/6-311G(d,p) level, fre-
quency scaled by 0.98).

of AmB ( 1560 cm−1) and the CH stretching mode of MeOH ( 2835 cm−1) have
been used for determining the relative Raman intensity (IЯ/ICH), thus obtaining
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the Raman cross section of AmB through Equation 7.3:

IAmB ∝ CAmB × σAmB × Ilaser

IMeOH ∝ CMeOH × σMeOH × Ilaser

}
( σAmB

σMeOH

) = IAmB

IMeOH

× CMeOH

CAmB

(7.3)

where I denotes the Raman (or laser) intensity, C denotes concentration and σ is
the Raman cross section.

By plotting σAmB/σMeOH vs. AmB concentration (see Figure 7.19), it is pos-
sible to distinguish three regions: the free state of AmB in MeOH, a transition
state and the formation of aggregates at high concentrations of AmB. The Ra-
man cross section of AmB turns out to be a sensitive probe of the aggregation
state of AmB as a function of concentration, and by resonance Raman spec-
troscopy, it is possible to monitor aggregation in solution state as a function of
AmB concentration.

Figure 7.19: Relative Raman cross section of AmB vs. concentration. It is possible to distin-
guish three different regions in this plot (see text).

By plotting the UV/Vis absorption spectra of AmB at different concentra-
tions, the same behavior can be observed for the molecular absorbivity (ε, see
Figure 7.20).

Figure 7.20: UV/Vis absorption spectra of AmB at different concentrations.
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It is found that π-stacking consistently reduces by about a factor of two both
the Raman cross section and molar absorptivity. The Raman cross section of
AmB follows the behavior of molecular absorptivity in UV-Vis absorption, but
offers improved molecular specificity. In general, the π-stacking of AmB is alike
that of π-conjugated materials used in molecular electronics. Hence the method
proposed here may be useful to probe aggregation phenomena in π-conjugated
materials. Controlled aggregation (self assembly) is known to be a key-ingredient
affecting the transport properties of films produced with π-conjugated materials.
The method proposed here for AmB may then find useful applications in materials
science.

115



i
i

“thesis” — 2016/1/29 — 23:58 — page 116 — #142 i
i

i
i

i
i



i
i

“thesis” — 2016/1/29 — 23:58 — page 117 — #143 i
i

i
i

i
i

CHAPTER8
Conclusion

The analysis and discussion of the results presented in this thesis highlight the role
of vibrational spectroscopy as a reliable probe of molecular structure in several
systems of current interest in materials science. Molecular graphenes, thiophene
derivatives, rubber blends have been successfully characterized revealing interest-
ing aspects related to their molecular structure. IR and Raman spectroscopy of
molecular graphenes allowed establishing a true spectroscopic fingerprint of molec-
ular shapes, size and chemical functionalization (e.g., chlorination). Through dif-
ferent markers, Raman and IR spectroscopy have shown a great sensitivity to
the peculiar radicaloid character of novel phenoquinone thiophene derivatives.
Vibrational spectroscopy was also found useful in investigating intermolecular in-
teractions: IR spectroscopy revealed the onset of strain induced crystallization in
rubber blends, while Raman intensity was found to be sensitive to π-stacking ag-
gregation phenomena in solution state, through the analysis of the representative
case of Amphotericin B (AmB).

Current standard DFT methods (B3LYP/6-31G(d,p)) were found to provide
a computationally very convenient first approach for assigning the observed tran-
sitions in IR and off-resonance/pre-resonance Raman of the advanced materials
examined in this thesis. In specific cases (thiophene derivatives with radicaloid
character) ad-hoc treatments helped to partially overcome the shortcoming of
DFT.

It has been possible to rationalize the resonance Raman behavior of several
graphene molecules in terms of Nafie-Stein-Peticolas theory complemented by the
use of DFT calculations. This allowed to carry out quantitative calculations of
resonance Raman of one selected graphene molecule (C78) which provided a very
good simulation of the observed resonance Raman spectra. Interestingly, even
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Chapter 8. Conclusion

in its qualitative form, Nafie-Stein-Peticolas also allowed to justify the observed
relative intensities of overtones and combinations in a representative series of
molecular graphenes with different size and shape.

The analysis of chlorinated graphene molecules led to the rationalization of
their non-planar molecular structure based on DFT calculations. DFT also pro-
vided sound simulations of the observed IR and Raman spectra which fostered
the assignment of the main features. DFT models supported the concept that in
chlorinated graphene molecules π-conjugation is not impaired by the significant
out-of-plane distorsion of the molecules.

An unprecedented model of holey graphene was experimentally investigated by
IR, Raman and UV/Vis spectroscopy. A specific IR marker of the hydrogenated
hole structure was found. Compared with the parent graphene molecule not pos-
sessing the central hole, UV/Vis spectroscopy and TDDFT calculations revealed a
significant blue shift of the electronic transition with largest HOMO-LUMO char-
acter. Furthermore resonant Raman spectroscopy revealed well-resolved third
order transitions, which have not been observed previously in other graphene
molecules.

Finally Clar annellation theory and TDDFT calculations were successful in
rationalizing the observed marked red-shift of the UV/Vis absorption of a novel
molecular graphene with partial zig-zag edge. Raman and IR spectra were also
found to provide several useful markers of its molecular structure.
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CHAPTER9
Experimental and Theoretical Methods

This Chapter briefly presents the methods used to carry out the experimental and
theoretical works presented in this Ph.D. Thesis.

Raman spectroscopy

All reported Raman spectra in this Ph.D thesis have been recorded with a Jobin-
Yvon Labram HR800UV spectrometer equipped with different laser lines, namely
325 nm excitation of a He-Cd laser, 457.9 and 514.5 nm excitations of a Ar+ laser,
632.8 nm excitation of a He-Ne laser and 785 nm excitation of a high power diode
laser. The laser power at the sample was always of the order of a few mW to
prevent (or reduce as possible) laser-induced effects on the samples and care has
been adopted to verify the reproducibility of the spectra. Samples were analyzed
by using the microscope with the 50× objective for all laser lines except the one
at 325 nm for which an UV-grade 15× objective was used, in a back-scattering
geometry on glass slides. The intensity of the all presented Raman spectra (325
nm excitation excluded) have been corrected with white light calibration.

FT-Raman spectra have been recorded with a Nicolet NXR 9650 FT-Raman
spectrometer collecting 4096 scans with a resolution of 4 cm−1 on powder samples
gently placed on a metallic sample holder. Laser excitation at 1064 nm has been
kept focused on the sample (50 µm beam diameter) with a power of 50 mW.

Temperature dependent Raman

For recording temperature dependent Raman spectra, the Linkam THMS600 stage
was used. Increasing temperature has been started from room temperature (RT)
and increased stepwise by 25◦C up to 200◦C. In correspondence of each tempera-
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ture step, the Raman spectra have been recorded, allowing the sample to reach a
stable equilibrium temperature.

IR spectroscopy

The micro FT-IR measurements reported in this Thesis were carried out with
a Nicolet Nexus equipment coupled with a Thermo-Nicolet Continuµm infrared
microscope and a cooled MCT detector (77 K). The spectra of the samples (as
powders) were acquired by using the diamond anvil cell technique with a 15×
infrared objective in 650 – 4000 cm−1 spectral range.

In preparing the samples for the diamond anvil cell, care was taken to minimize
their thickness while keeping a good signal to noise ratio. This was mandatory to
avoid saturation of the IR spectra. In particular the very strong C=O stretching
band of both QBT and QDTT samples (see Chapter 6) proved to be more
challenging than the other samples investigated in this Thesis. Compared with
the KBr pellet technique, the micro FT-IR setup allows recording spectra with
a minimal sample amount, which is a very appealing experimental advantage
when sample availability is scarce or multiple experiments on a given sample are
planned.

UV/Vis spectroscopy

The UV/Vis spectra reported in this Thesis have been recorded on a Jasco
UV/Vis/NIR V-570 spectrometer. The integrating sphere equipment was used
in order to reliably detect the absorption spectrum in presence of scattering con-
tributions due to the formation of dispersed aggregates.

Quantum chemical calculations

Quantum chemical calculations in this chapter have been carried out within Den-
sity Functional Theory. The selected method, B3LYP/6-31G(d,p), is a good com-
promise between accuracy and computational costs when simulating the vibra-
tional properties of sizable π-conjugated compounds such as those examined in
the Chapters dealing with graphene molecules (3, 4, 5) and thiophene-based het-
erophenoquinones (6). Gaussian09 rev. D.0124 was employed to carry out all
calculations here reported on molecular species.

Simulated Raman and IR spectra were obtained from the corresponding peak
intensities and wavenumber determined by DFT methods. A sum of lorentzian
lineshapes with FWHM = 10 cm−1 was used to determine the final simulated
spectrum. When comparing against experimental data, the computed wavenum-
ber were uniformly scaled by values equal to 0.98 (or very close).

The calculation of the IR spectrum of theMP sample (see Chapter 3) has been
carried out within 1D periodic boundary conditions with the CRYSTAL14 code150
(B3LYP/6-31G(d,p) level) in collaboration with Alberto Milani (Dipartimento di
Chimica, Materiali e Ingegneria Chimica "Giulio Natta" – Politecnico di Milano).
Furthermore, in order to limit the computational cost the DFT molecular model
of this polymer was built considering shorter alkyl substituents.
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To foster the interpretation of UV/Vis absorption data, Time-Dependent (TD)
DFT has been employed, at the same level considered for the description of vibra-
tional spectroscopy (i.e., B3LYP/6-31G(d,p)). The calculation of the lowest fifty
excited states provided a converged description of the observed UV/Vis absorption
spectra.

Custom computer codes (developed by Matteo Tommasini, Dipartimento di
Chimica, Materiali e Ingegneria Chimica "Giulio Natta" – Politecnico di Milano)
have been used to post-process the output from Gaussian09 and CRYSTAL14
calculations and provide a graphical representation of normal modes.
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In this section are enclosed the copies of two published papers related with this Ph.D. thesis work.

1 Overtone and combination features of G and D peaks in resonance Raman spectroscopy of the
C78H26 polycyclic aromatic hydrocarbon.

2 Bottom-Up Synthesis of Necklace-Like Graphene Nanoribbons.

It also attached the submitted manuscript by Tampieri et. al which describes the investigation on
thiophene derivatives with radicaloid structure (Chapter 6): "Meeting the challenging magnetic and
electronic structure of thiophene-based heterophenoquinones"

Other manuscripts related with the results presented in Chapters 3, 4 and 5 are currently in prepa-
ration:

1 Ali Maghsoumi, Akimitsu Narita, Renhao Dong, Xinliang Feng, Chiara Castiglioni, Klaus Müllen,
and Matteo Tommasini; "Edge chlorination of hexa-peri-hexabenzocoronene investigated by den-
sity functional theory and vibrational spectroscopy"

2 Uliana Beser, Marcel Kastler, Ali Maghsoumi, Manfred Wagner, Chiara Castiglioni, Matteo Tom-
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Defined Cavity as Extended Coronoid"
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Xinliang Feng, and Klaus Müllen; "Bottom-Up Approach Toward Graphene Nanoribbons with
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) have inspired scientific re-
search for several reasons. They have provided models to develop
and test elementary π-bond theory.[1] The extended π-conjugation
and self-organizing properties of PAHs are important properties for
molecular electronics.[2] Their carcinogenic activity is of concern be-
cause PAHs occur as intermediate combustion products upon soot
formation.[3] Furthermore, PAHs are organicmolecular species pres-
ent in interstellar space, and they represent an important research
field in astrophysics.[4]

It is well-known that Raman spectroscopy is a convenient probe
for analyzing PAHs[5–7] and graphenes[8] because, it is fast, is non-
destructive, provides structural and electronic information, and
can be adopted not only in academic laboratories but also, as a per-
spective, for the characterization of materials in industrial produc-
tion frameworks.

The Raman spectroscopy of graphene, graphite and PAHs has
been extensively investigated.[5–10] The first-order Raman spectra
of these materials show a characteristic pattern constituted by two
strong bands located at around 1600 cm�1 and 1300 cm�1. For
PAHs these Raman signals are also structured, i.e. they show several
components. These signals are characteristic of sp2 carbonmaterials
and have been traditionally called G and D bands, respectively.

The D band (from ‘disorder’) appears in graphitic systems when
some kind of disorder or discontinuity of the lattice occurs. Raman
features in the D region are also observed in amorphous carbon sys-
tems with mixed sp2/sp3 content.[11] In PAHs the D peak is an intrin-
sic Raman signal that can be taken as signature of the confinement
of π electrons and relaxation of the molecular structure with respect
to the equalized CC bonds characteristic of graphene/graphite. It is
worth considering that the Raman investigation of PAHs (as oligo-
mers of graphene) can provide information that could be used for
a better characterization of graphene itself. Obviously, since the
J. Raman Spectrosc. (2015)
advent of graphene,[12,13] this point may disclose important practical
applications. For instance this kind of a situation occurred in the
past, when the origin of the Raman D peak was debated[7,14,15]

and the right early assignment of the phonon dispersion curves of
graphene was the result of calculations originated from molecular
models[10,16,17] later confirmed by first principles calculations.[18]

Wemay expect a similar situation here, because the D peak over-
tone in the Raman spectra of graphene and few layer graphenes is
routinely used to characterize the quality of the materials
produced.[8] However, even though a connection of the G and D
peaks in graphene and PAHs does exist,[7] as far as the authors
are aware of, the same cannot be said for the higher order Raman
processes, such as 2D or 2G. This work is a first attempt to dwell
more into this issue, by considering in details the Raman spectra
of C78H26 (C78, for short—see Fig. 1) including overtones and com-
binations, and the dependence of the spectra with respect to the
excitation wavelength.

On one side we have carried out a series of experiments in order
to determine the Raman behavior of C78 taken as representative
model of D2h PAHs. On the other side we have provided an inter-
pretation of the experimental data by means of calculations of
the Raman response, including overtones and combinations, which
is based upon Density Functional Theory (DFT) and Nafie–
Peticolas–Stein theory of resonant Raman.[19,20] Compared with
Copyright © 2015 John Wiley & Sons, Ltd.



Figure 1. Molecular structure of C78, a PAH belonging to the D2h point
group. Clar’s aromatic sextets are evidenced.

A. Maghsoumi et al.
previous investigation of resonance Raman response of PAHs[6,7]

the present method allows a substantial computational saving, be-
cause it does not require the optimization of the excited states. A
resonance Raman approach has to be adopted because for C78
with the excitations wavelengths adopted by us (785, 632.8, 514.5,
457.9 and 325nm) we match electronic resonance conditions.[6,21]

Because C78 represents a confined graphitic structure exhibiting
peculiar G+D Raman combination signals, the results presented
here could be useful to characterize with Raman spectroscopy
other confined graphene systems such as graphene islands[22–25]

or graphene ribbons.[26,27]
1The present approach does compute the Raman intensities of fundamentals,
overtones and combinations within the harmonic approximation of the potential
energy surface. Hence the assessment of the anharmonic effects of Fermi and
Darling–Dennison resonances[33] in the simulated spectra is not straightforward
within this theoretical framework.
Experimental and theoretical methods

The powder of C78, already investigated in the past,[6] was synthe-
sized as described by Watson et al.[21] To improve the quality of the
Raman spectra, in this work we have repeatedly washed the sample
with tetrahydrofuran (THF) in which C78 is insoluble. This allowed
reducing effectively the fluorescence background signal thus eas-
ing the collection of the weaker Raman features. The C78 powder
(about 2mg) was dispersed in THF (about 3ml) and sonicated for
15min, hence centrifuged for 10min at 5000 RPM. Then 2ml of
surnatant was removed and replaced with fresh THF. Thereafter
the dispersion was sonicated again, and the whole procedure was
repeated 3 times. The cleaned C78 powder was recovered after
complete evaporation of residual THF.
The Raman spectra presented here have been recorded with a

Jobin-Yvon Labram HR800UV spectrometer. Different laser lines
have been used, namely 325nm (He–Cd laser), 457.9 and
514.5 nm (Ar+ laser), 632.8nm (He–Ne laser) and 785nm (high
power diode laser). The laser power at the sample was always of
the order of a few mW to prevent (or reduce as possible) laser-
induced effects on the samples; care has been adopted to verify
the reproducibility of the spectra. Samples were analyzed in a
back-scattering geometry on glass slides by using the microscope
with the 50× objective for all laser lines except the one at 325nm
for which an UV-grade 15× objective was used. The intensity of all
reported Raman spectra (325 nm excitation excluded) have been
corrected with white light calibration.
The Linkam THMS600 stage was used for temperature-

dependent Raman spectra starting from room temperature (RT)
and increasing stepwise by 25 °C up to 200 °C. The Raman spectra
were recorded in correspondence of each temperature step,
allowing the sample to reach a stable equilibrium temperature.
We have modeled the Raman response of C78 by means of DFT

calculations carried out at the B3LYP/6-31G** level. At first, we have
computed the off-resonance Raman spectra with the standard pro-
cedure available within the selected quantum chemistry code
(Gaussian09 D.01[28]). When comparing experimental data with
computed peak wavenumber we adopted a scaling factor of
0.9793 that has been adopted so to fit the position of the G peak
wileyonlinelibrary.com/journal/jrs Copyright © 201
in the simulated and experimental spectra. We have then evaluated
the resonance Raman response of C78 adopting the theoretical ap-
proach introduced by Nafie, Stein and Peticolas[19] which is
discussed in details in[20] where it is applied to π conjugated systems
(polyenes). It requires the calculation of the gradient at the Franck–
Condon point on the potential energy surface of the excited state of
interest. We adopted a Time-Dependent DFT (TDDFT) approach
(B3LYP/6-31G**) to evaluate the gradient. From it, the electron–
phonon coupling parameters of all normal modes can be deter-
mined, and the relative intensities of first-order Raman processes,
overtones and combinations can be evaluated.[20]1 In the present
treatment we have considered perfect resonance conditions with
selected excited states of C78 (namely S1, S4 and S6). Based on our
calculation we have analyzed the experimental spectra recorded
with different excitations and rationalized the observed spectra in
the low wavenumber, D, G, overtone and combination regions.

The chosen theoretical approach for the evaluation of resonance
Raman has the benefit of requiring a limited computational effort,
compared to more accurate treatments[29] of resonance Raman
which can deal in more details with Raman excitation profiles and
non-totally symmetric normal modes (see Section on Low Wave-
number Region). The consideration of the computational effort is
particularly relevant inmolecular graphenes, which are usually size-
able systems.
Discussion of the Raman spectra

Before addressing the experimental Raman spectra of C78, it is
worth describing briefly the nature of the main Raman signals of
PAHs, which are named G and D after their analogy with the corre-
sponding Raman signals of graphene/graphite systems.

Graphite’s G band (from ‘graphite’) is assigned to the degenerate
q=0 (where q is the phonon wave vector) optical phonon of E2g
symmetry of the graphene lattice.[10] Because, compared with
graphene, point group symmetry lowers in C78 and becomes D2h

(see Fig. 1), the modes of the molecule which correspond to the de-
generate G modes of graphene may formally belong to either Ag or
B3g irreducible representation. For Ag modes the nuclear displace-
ments of the molecular core (i.e. the seven innermost condensed
rings) occur along the longmolecular axis, while for B3gmodes occur
along the short molecular axis (see Fig. 2 and Table S1 (Supporting
Information)). However, it is worth noticing that the totally symmetric
modes are significantly stronger than the B3gmodes (this is expected
in Raman spectroscopy, see also Table S1 (Supporting Information)).
Hence the G peak of C78mainly features longitudinal modes.

The Raman intensity of the D peak is vanishing by symmetry in
graphene, and it becomes sizeable only because of translational
symmetry breaking (e.g. by the presence of defects/edges in the
graphene flake, or by confinement of π electrons in finite size PAHs
—see for instance[7,8,30]). The D peak is assigned to a specific vibra-
tional mode that can be described as a cooperative breathing of al-
ternated hexagonal rings in the core of the molecule[6,9] (see Fig. 3).

To simplify the discussion of the Raman spectra we divide the
analysis in three sections, namely (a) the medium wavenumber re-
gion comprising the D, G signals (1000 – 1800 cm�1), (b) the low
5 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2015)



Figure 4. Comparison between experimental Raman spectra of C78
recorded with different laser wavelengths.

2One can see this effect as a sort of mode mixing, i.e. the modes computed at a
higher level can be expressed as a linear combination of the modes computed at
the lower level.

Figure 2. Representation of selected G-peak normalmodes of C78: (a) transversal B3g mode computed at 1643 cm�1; (b) longitudinal Ag mode computed at
1635 cm�1. Results from B3LYP/6-31G** calculations. Red arrows represent displacement vectors; CC bonds are represented as green (blue) lines of different
thickness according to their relative stretching (shrinking).

Figure 3. Representation of the D-peak normal mode of C78 computed at
1294 cm�1 (B3LYP/6-31G** calculation). It is worth noticing that the rings
corresponding to Clar’s sextets in Fig. 1 are those involved in the collective
breathing vibration, which is a characteristic feature of the modes in the D
region. Red arrows represent displacement vectors; CC bonds are
represented as green (blue) lines of different thickness according to their
relative stretching (shrinking).

Raman spectra of C78H26 polycyclic aromatic hydrocarbon
wavenumber region (<1000 cm�1) and (c) the high wavenumber
region (1800–3500 cm�1) featuring overtone and combination
lines. The temperature dependence of the G peak will be discussed
in the ending paragraph of this section.

(a) D, G region. The experimental Raman spectra of C78 excited
with several laser lines are presented in Fig. 4. It is evident that
the Raman spectra in this region are significantly sensitive to
the variation of the excitation energy. Between 1150 cm�1

and 1450 cm�1 at least 11 D peaks (D1–D11) are observed,
whose relative intensities are highly sensitive to the excitation
wavelength. The positions of D1–D11 are reported in Table 1
based on deconvolution of spectra (details are given in Fig.
S1 (Supporting Information)). Within experimental error and
band convolution uncertainty the position of these compo-
nents is expected to be independent with respect to the laser
excitation (as can be judged in Table 1). This is because of the
assignment of each D component to a specific molecular nor-
mal mode. The relative intensity of the most distinguished
peaks in the D region redistributes to the higher wavenumber
transitions by increasing the laser excitation energy. In partic-
ular, the relative intensity of the D2–D3–D4 triplet (collectively
labeled Dlow) comparedwith the quintuplet D5–D6–D7–D8–D9

(collectively labeled Dhigh) decreases by increasing the laser
excitation energy: the Dlow dominates the D-region with the
632.8 nm excitation while the Dhigh dominates with 457.8
and 325nm; excitations (see Fig. S2 (Supporting Information)
for the quantitative Dlow/Dhigh intensity ratio behavior as a
function of excitation wavelength). The lowest wavenumber
peak observed in the D region (D1, 1170 cm

�1) is not particu-
larly strong; however its relative intensity is significantly en-
hanced going form 325nm to 785nm laser excitation.
J. Raman Spectrosc. (2015) Copyright © 2015 John Wiley
Simulations of Raman spectra of C78 in perfect resonance with
the low lying bright exited states (S1, S4, S6—see Table S2
(Supporting Information)), which are reported in Fig. 5, allow ratio-
nalizing the observed intensity redistribution within the D region.
The lower wavenumber tail of the D region is comparatively stron-
ger in S1 than it is in S6. To obtain a more quantitative agreement
of theoretical data with experiments (i.e. a fine peak assignment
going beyond the identification of the strongest features in the
D region) one would require (i) a better determination of the vi-
brational structure of the molecule and (ii) a more accurate deter-
mination of the excited states to get more reliable relative
intensities. We think that for the typical spectroscopic practice
and the present case, issue (i) may be slightly more important
than (ii). Issue (i) is important because, given the spectral conges-
tion of the D peak region, small changes in the description of the
normal modes (e.g. going from a lower to a higher level of calcu-
lation) may already affect the simulated Raman profile, even keep-
ing the Raman polarizability tensors of the lower level
calculation.2 Of course, this point just considers the shape of the
Raman spectrum, not the value of the absolute Raman intensities
& Sons, Ltd. wileyonlinelibrary.com/journal/jrs



Table 2. Position of the threemain components of the Raman signal in
the G region as a function of the laser excitation (from band
deconvolution)

325 nm 457.9 nm 514.5 nm 632.8 nm 785 nm

G1 1601 1601 1601 1601 1599

G2 1609 1609 1609 1608 1608

G3 — 1615 1615 — —

Table 1. Position of themain components of the Raman signal in the D
region as a function of the laser excitation (from band deconvolution)

325 nm 457.9 nm 514.5 nm 632.8 nm 785 nm

D1 — — 1168 1170 1170

D2 1239 1241 1240 1242 1241

D3 1268 1266 1266 1264 1267

D4 1287 1286 1284 1286 1286

D5 1310 1310 1310 — 1310

D6 1320 1320 1324 1318 1322

D7 1344 1341 1340 1339 1340

D8 1357 1350 1350 1350 1350

D9 1378 1378 1375 1374 1371

D10 1409 1411 1412 1414 1409

D11 1429 — 1428 — 1427

A. Maghsoumi et al.
or the excitation dependence of the Raman spectrum, which are
known to depend on issue (ii). Unfortunately C78 is too large to
allow, with present technology, the straightforward use of more
accurate basis sets and/or quantum chemistry methods.
The experimental Raman spectra show a structured G-band;

however, the shape of the G-band is less sensitive to the laser exci-
tation energy compared to the D-band. As it is shown in Fig. 4, the
spectra recorded with 457.9nm and 514.5 nm excitations have a
good signal-to-noise ratio in the G region and clearly show that
the G signal is contributed by at least three overlapped peaks cen-
tered at 1601, 1609 and 1615 cm�1. Within experimental error and
band convolution uncertainty the position of these components is
expected to be independent with respect to the laser excitation (as
can be judged in Table 2). This is because of the assignment of each
G component to a specific molecular normal mode. The analysis of
DFT calculations (Table S1 (Supporting Information)) shows the
presence of five modes with sizeable Raman activity in the G peak
region. However, their wavenumbers are such that they cluster into
three groups, which explains the number of peaks experimentally
observed. Based on this observation the G-band has been
deconvoluted taking into account three components for the
Figure 5. Comparison between calculated perfect resonances spectra and
experimental spectra with different laser excitation in D region.

wileyonlinelibrary.com/journal/jrs Copyright © 201
457.9 and 514.5 nm excitations. For the other laser excitations
(325, 632.8 and 785nm) we have just considered two components,
because the third one is too weak to allow for a reliable peak
deconvolution. The summary of the experimental G peak data is re-
ported in Table 2 (Fig. S3 (Supporting Information) shows the result
of the peak deconvolution).

The relative intensity of the G versus the D region does depend
significantly upon the laser excitation energy, as it can be judged
by inspecting Fig. 4. Because of the presence of several D (and G)
signals, we have considered the integrated area under the G and
D regions. The ID/IG ratio so evaluated (Fig. S2 (Supporting Informa-
tion)) increases as the laser photon energy decreases (i.e. going
from 325nm; to 785nm excitation). This behavior parallels a similar
observation made by Pócsik et al. on microcrystalline graphite.[31]

In addition to the main G and D features, the 1000–1800 cm�1

spectral range shows other minor Raman signals, which have been
labeled B (breathing modes) and M (middle modes). They are, re-
spectively, found at lower wavenumbers than the D band and in
the middle between the G and D bands. B and M signals are very
weak, but they can be observed with good reliability with green la-
ser excitation and also find a match in DFT calculations (see Fig. S4
(Supporting Information) and Fig. S5 (Supporting Information) for
details about the B and M regions).

(b) Low wavenumber region. The Raman spectra of C78 re-
Figure
with 51

5 John
corded with 514.5 and 632.8 nm laser excitations are pre-
sented in Fig. 6 over the 130–1000 cm�1 range. The inset
plot of Fig. 6 allows judging the sizeable relative intensity
6. Raman spectra of C78 in the low wavenumber range recorded
4.5 nm and 632.8 nm laser excitation.
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Table 3. Experimental Raman peaks in the low wavenumber region recorded with 514.5 nm and 632.8 nm laser excitations

A1 A2 A3 A4 A5 A6 A7 A1 + A4 A8 A9 A10 A11 A12 A13 A14

Computed wavenum. Ag 181 — 281 324 373 — 447 505 565 616 790 849 — 911 966

B3g — 202 284 — — 414 — — — — — — 874 — —

Scaled wavenum. 177 198 275 278 317 365 405 438 494 553 603 774 831 856 892 946

Expt. (514.5 nm) 181 203 279 324 368 — 437 477 557 — 776 831 854 898 961

Expt. (632.8 nm) 180 201 281 321 369 401 438 479 556 606 779 833 864 897 960

Figure
(Ag, 18
(Ag, 28
represe
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J. Rama
of the low wavenumber region compared to the G–D region.
Wehavenamed the Raman signals in this regionAk, after acous-
tic modes (see Table 3 for the full list). Their nature was already
established in the past.[6] The signal-to-noise ratio is remarkably
improved compared to previous results,[6] which allows de-
tecting more features than before (mainly A1 and A4 were de-
tected). In our analysis we have considered also the Raman
signals of the region from 500cm�1 to 1000 cm�1 obtained
with 514.5nm and 632.8nm laser excitations. The use of two
excitation wavelengths allows to reliably detecting also the
weak features in this spectral region, totaling 15 Raman lines.
The nuclear displacements of the normal modes associated to
these peaks can be related to those of in-plane acoustic phonons
of a graphene sheet.[6] In particular, it has been shown that the po-
sition of A1 is related to the longitudinal size of a series of PAHs with
similar shape as C78.[6] The comparison between the experimental
spectrum recorded with the 632.8nm, and the spectrum calculated
in perfect resonance with S1 shows good agreement, which allows
assigning the main peaks. The missing peaks in the simulation (A2,
A6 and A12) are related to non-totally symmetric modes belonging
to the B3g irreducible representation. Based on the theory that has
been used for evaluating the resonance Raman response,[19,20] the
diagonal matrix element of the electron–phonon coupling operator
is responsible for Raman scattering (i.e.< α | ∂H/∂Qk | α >, with
| α>being a given excited state electronic wavefunction and
∂H/∂Qk the derivative of the electronic Hamiltonian with respect
to the normal coordinate Qk). It can be noticed straightforwardly
that this integral vanishes when the normal coordinate Qk belongs
to any non-totally symmetric representation, as it is the case for A2,
7. Representation of five most intense collective acoustic-like motion b
1 cm�1); A2 shear-like stretching (B3g, 202 cm

�1, this mode is absent in t
1 cm�1); A4 transversal stretching (Ag, 324 cm

�1); A5 collective bending
nted as green (blue) lines of different thickness according to their relativ

n Spectrosc. (2015) Copyright © 2015 John Wiley
A6 and A12. This implies that the strength of non-totally symmetric
modes (e.g. B3g) is zero when evaluating the resonance Raman
response with this level of approximation of the theory. The
calculation of the Raman intensity of fundamental transitions for
non-totally symmetric modes would require the off-diagonal
terms< α | ∂H/∂Qk | β >, which, however, are not straightforwardly
evaluated by available TDDFT codes.

Interestingly, it is also possible to observe a peak attributed to the
A1 +A4 combination (see Fig. 6 and Table 3). Compared to the com-
binations and overtones of G and D peaks, the position of the sum
of wavenumber of A1 and A4 is more significantly blue shifted with
respect to the experimental observation. This may be because of
stronger anharmonicity of this lower wavenumber region com-
pared to the CC stretching modes (G, D).

The representation of the nuclear displacements of the first five
peaks (A1 to A5, whose relative Raman intensity is stronger) is given
in Fig. 7, and it is based on results from DFT calculations. Informa-
tion about the other peaks in this region is available in Supporting
Information (Fig. S6 (Supporting Information)).

(c) Overtones and combinations. Inspection of the Raman
ased o
he spe
(Ag, 37
e stret

& Son
spectrum of C78 over a wider wavenumber range
(150–3500 cm�1, see Fig. 8) reveals the presence of signals
that in graphene/graphite systems are attributed to D and G
overtones and combinations (i.e. 2D and 2G[8]). These Raman
transitions are also predicted by the simulation of the reso-
nance Raman spectrum obtained in perfect resonance condi-
tion with the S1 state, which is compared in Fig. 8 with the
spectrum recorded with red excitation at 632.8 nm. The over-
all agreement between theory and experiment in Fig. 8 is
n computed results from B3LYP/6-31G** calculation. A1 longitudinal
ctrum calculated in perfect resonance with S1); A3 collective bending
3 cm�1). Red arrows represent displacement vectors; CC bonds are
ching (shrinking).

s, Ltd. wileyonlinelibrary.com/journal/jrs



Figure 8. Comparison between calculated S1 perfect resonance spectrum (black line) with experimental spectrum recorded with 632.8 nm laser excitation
(red line).
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wiley
good. Notably the relative intensity of the A region is over-
estimated compared to experiment. This is because of the as-
sumption of the perfect resonance condition, whichmostly af-
fect the Raman intensities of the lower wavenumber normal
modes. Interestingly, C78 also provides signals which can be
attributed to G+D and G+A combinations and which will
be described later.
The Raman spectrum of C78 in the overtone and combination
region has been also recorded with excitation lines other than
632.8 nm. These spectra are plotted in Fig. 9. To ease the assess-
ment of the relative intensity of overtones and combinations the
G peak is also reported in the Fig. 9. Furthermore, overtones and
9. Raman spectra of C78 in overtone and combination region
red with G peak, recorded with different laser wavelength
ion. For clarity the overtone and combination region has been also
d overlaid by applying a 10× intensity magnification factor.

onlinelibrary.com/journal/jrs Copyright © 201
combinations are also plotted with a 10× magnification factor to
help capturing their secondary features. Overall we observe 15
peaks in this region that we label with letters ‘a’ to ‘p’ to make a dis-
tinction with the labeling scheme adopted for fundamentals. It is
possible to distinguish five groups of Raman signals in this region.
Based on their wavenumber range, they must be related to 2G
overtones, G+D combinations, 2D overtones, Dj +Dk combination
and G+A combination. In fact, they match with results from calcu-
lations in perfect resonance with S1 (see Fig. 8 above). In more de-
tails, peaks a, b, c, d are related to G+A, peaks e, g, h, j are related to
Dj +Dk, peaks f, i are related to 2D, peaks k, l, m, n are related to D
+G and peak p is related to 2G (see Table 4).

Interestingly, according to Ferrari[8] the G+D combination is nor-
mally absent in graphene, because of the selection rule based on
phononmomentum: the phonon associated to the G peak is found
at q=0, while the phonon associated to the D peak is found at
q=K≠0. Hence, the transition associated to the G+D combination
would require Δq≠0. However, G+D combinations are observed
in molecular graphenes because for them the phonon wave vector
qmay cease to be an effective quantum number, because of strong
confinement over the molecular size. Hence, the intensity of the
G+D combination could be used as an experimental measure of
phonon confinement effects in graphitic materials. The G+D peak
is expected to increase as a consequence of the fact that theqwave
vector progressively loses its precise meaning as the density of
defects increases in the graphitic lattice.

It is also possible to observe four peaks attributable to G+A
combinations. In particular, from the analysis of their positions,
it turns out that these peaks are related to the combination of the
most intense peaks in the A region with the G peak (see Table 4).
Interestingly, the G+A2 combination is not observed. This is
explained by the fact that A2 is not totally symmetric (B3g, see
Table 3); hence, it cannot combine with any of the strongest
components of the G signal, which belong to the totally symmet-
ric representation.

Inspection of Fig. 9 also reveals that, in the overtone and combina-
tion region, the relative intensity changes with excitation match the
observed behavior of the fundamentals (G, D—see Figs. 4 and 5).
This is because of the fact that the Raman intensity of a combination
is roughly proportional to the product of the Raman intensities of
the corresponding fundamentals. The same holds for overtones
too. This can be proved easily by recalling the equations for funda-
mental Raman transitions[20]
5 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2015)



Figure 10. Raman spectra of C78 over the G region as a function of
temperature (632.8 nm excitation).

Figure 11. Position of the G peak deconvoluted by three Lorentzian peaks
(from the data presented in Fig. 10).

Table 4. Experimental peak position of overtones and combinations
recorded with different laser excitations. The proposed assignments
are based on the numerical data presented in Tables 1 and 2. When
the G peak is involved in the assignment we do not try to identify any
specific G component because the experimental signals are too broad
to allow reliable peak analysis

Assignment 325 nm 457.9 nm 514.5 nm 632.8 nm

a G+A1 — 1788 1786 1791

b G+A3 — — 1884 —

c G +A4 — — 1929 1924

d G+A5 — — 1969 1968

e D2 +D3 — — 2507 2507

f 2D3 — — 2527 2530

g D2 +D7 — 2585 2586 2582

h D3 +D7 — — 2607 2607

i 2D6 — 2636 — —

j D7 +D8 — 2691 2686 —

k G+D2 — — 2844 2845

l G +D3 — 2878 2872 2867

m G+D7 — 2951 2948 2942

n G+D8 2961 2957 — —

p 2G 3210 3213 3209 3206

Raman spectra of C78H26 polycyclic aromatic hydrocarbon
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and combinations (the case of overtones is obtained considering
the same normal mode index, i.e. h= k):
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(2)

where ℏΩk represents the vibrational quantum of the k-th normal
mode and the scalar product (ℏg·Lh) represents the electron–
phonon coupling relative to mode h. The 3N-components vector
g (with N the number of atoms) represents the gradient on the ex-
cited state potential energy surface, evaluated with TDDFT
methods at the Franck–Condon point. Lh is the 3N-components
vector describing the Cartesian nuclear displacements relative to
mode h. Further details can be found in reference.[20] Provided
that the resonance broadening parameter Γ is significantly larger
than the typical vibrational quantum (Γ≫ ℏΩ), one easily gets
from the comparison of Eqn (1) and (2) that Ih + k∝ Ih× Ik.

Temperature dependence

We have recorded the Raman spectra of C78 with 632.8 nm laser
excitation over a temperature range extending from 25 °C to
200 °C. As one can see in Fig. 10, the position of G peak shifts to
lower wavenumber with increasing temperature. These G peak
shifts with temperature have been attributed to thermal expansion
phenomena[8] that also affect intermolecular distances and interac-
tion strengths. The position of the three G peak components (by
Lorentzian deconvolution, see Fig. S7 (Supporting Information))
markedly red shifts for increasing temperature, as can be clearly ob-
served in Fig. 11. The three components behave fairly similarly and
J. Raman Spectrosc. (2015) Copyright © 2015 John Wiley
the average slope of the linear dependence of their wavenumber
versus temperature is �0.016 cm�1/°C.

A qualitatively similar behavior has beenmeasured in graphite by
Atashbar,[32] but a different slope was obtained (�0.031 cm�1/°C).
Because π–π interactions are expected to be similar in graphite
and C78, the larger value of graphite may be explained with the
additional contribution from phonon-phonon scattering,[32]

which is not expected to play a major role in a molecular material
such as C78.
Conclusions

In this work we report the experimental and theoretical pre-reso-
nance/resonance Raman spectra of C78. Compared with a previous
investigation[6] the experimental data show better signal-to-noise
ratio. More features can be distinguished in the lower wavenumber
& Sons, Ltd. wileyonlinelibrary.com/journal/jrs



A. Maghsoumi et al.
region of the spectra, which is associated to in-plane acoustic like
vibrations that depend on the molecular size.[6] Moreover, we have
extended our analysis to the overtone and combination region
(2000–3500 cm�1), which were not explored in the past. We have
observed that for selected wavelengths (514.5 and 457.9nm, which
better match resonance conditions) it is possible to observe Raman
signals ascribed to 2D and 2G overtones. Furthermore, G+D
combinations are also evident in the Raman spectra. This feature
is a specific signature of confinement and is usually absent in
graphene.[8] The intensity of the G+D combination could be used
as an experimental measure of confinement in graphitic materials,
and it is expected to increase as a consequence of the fact that
the q wave vector progressively loses its precise meaning as the
density of defects increases in the graphitic lattice.
Finally, we havemeasured the temperature dependence of the G

peak in C78, and we have found a linear dependence of
�0.016 cm�1/K, because of thermal expansion effects.[8]
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Bottom-Up Synthesis of Necklace-Like Graphene Nanoribbons 

Matthias Georg Schwab,[a,f] Akimitsu Narita,[a] Silvio Osella,[b] Yunbin Hu,[a] Ali Maghsoumi,[c] Alexey 

Mavrinsky,[a] Wojciech Pisula,[a,d] Chiara Castiglioni,[c] Matteo Tommasini,[c] David Beljonne,[b] Xinliang 

Feng,*[e] and Klaus Müllen*[a] 

Dedication ((optional))

Abstract: Graphene nanoribbons (GNRs) with an unprecedented 

“necklace-like” structure were synthesized through a bottom-up 

chemical approach, based on the oxidative cyclodehydrogenation of 

tailor-made polyphenylene precursors. A polycyclic aromatic 

hydrocarbon consisting of 84 sp
2
 carbons (C84) was also 

synthesized and characterized as a model compound. 

Characterizations by a combination of MALDI-TOF MS and FTIR, 

Raman, and UV–Vis absorption spectroscopy validated the 

formation of the necklace-like GNRs. The absorption spectrum and 

DFT calculations revealed a bandgap of approximately 1.4 eV for 

this novel GNR system, which has not been attained with other GNR 

structures, enabling further fine-tuning of GNR bandgaps by 

structural modulation. 

Graphene nanoribbons (GNRs) are ribbon-shaped segments of 

graphene, which are attracting an increasing attention for their 

promising electronic properties.[1] With non-zero bandgaps 

induced by the lateral quantum confinement, GNRs are 

promising for future nano- and opto-electronic applications, in 

stark contrast to zero-bandgap graphene itself.[2] Whereas 

GNRs fabricated by top-down methods such as lithographic 

patterning of graphene[3] and unzipping of carbon nanotubes[4] 

lack the structural precision and reproducibility, bottom-up 

chemical synthesis based on solution-mediated[5] or surface-

assisted[6] cyclodehydrogenation has enabled reproducible 

fabrication of GNRs with chemically defined and uniform 

structures.[7] Especially, the solution synthesis allows bulk-scale 

preparation of the GNRs, which can be processed from a liquid 

phase for fabrication of nanoelectronic devices.[8] 

     The width and the edge configuration of the GNRs have a 

critical effect on their optoelectronic properties, such as 

bandgaps, as theoretically[9] and experimentally[5d, 6c, 7] 

demonstrated. However, studies on the structure-property 

relationships of the GNRs have been mostly limited to those with 

specific edge structures, such as armchair, zigzag, and their 

hybrids, namely chiral, leaving the effect of the edge 

configurations still underexplored. Here, we report the synthesis 

of GNR 1 with an unprecedented “necklace-like” structure,[10] 

which features an armchair edge configuration (Figure 1). We 

further demonstrate the synthesis of a polycyclic aromatic 

hydrocarbon (PAH) C84, bearing 84 sp2 carbon atoms in the 

aromatic core, as a model compound. 

     The electronic structures of C84 and necklace-like GNR 1 

has been investigated at the DFT level, with the HSE 

functional[11] and 6-31G* Pople basis set.[12] C84 is thus 

predicted to have the highest occupied molecular orbital 

(HOMO) at –4.58 eV and the lowest unoccupied molecular 

orbital (LUMO) at –2.41 eV with an energy gap of 2.17 eV. 

Periodic boundary conditions applied to assess GNR 1 yield a 

band structure with the top of the valence band and the bottom 

of the conducting band located at –4.38 and –2.98 eV, 

respectively (see the SI). The corresponding bandgap of 1.40 eV 

is relatively larger as compared to other GNRs of similar 

width.[9c] Importantly, there has hitherto been no report on a 

synthesis of GNRs exhibiting a bandgap of around 1.4 eV.[5-7] 

 

Figure 1. Structures of PAH C84 and necklace-like GNR 1. R: dodecyl. 

     Next, in order to investigate the feasibility of the fabrication of 

necklace-like GNR 1 through the oxidative 
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cyclodehydrogenation of polyphenylene precursor 10, the 

synthesis of model compound C84 was carried out as displayed 

in Scheme 1. 4,4'-Dibromo-2,2'-diiodo-1,1'-biphenyl (2)[13] was 

subjected to Sonogashira coupling with trimethylsilyl (TMS) 

acetylene at room temperature to selectively yield TMS-

protected diethynylbiphenyl 3, which was subsequently 

deprotected with potassium carbonate to form 4,4'-dibromo-2,2'-

diethynyl-1,1'-biphenyl (4). Two-fold Diels–Alder cycloaddition of 

4 with tetraphenylcyclopentadienone 5[14] afforded 

oligophenylene 6, which also serves as a monomer in the 

preparation of polyphenylene precursor 10 for necklace-like 

GNR 1 (Scheme 1). 

 

Scheme 1. Synthesis of C84 and necklace-like GNR 1. Reagents and 

conditions: (i) trimethylsilyl acetylene, Pd(PPh3)2Cl2, CuI, NEt3, rt, 62%; (ii) 

K2CO3, THF/MeOH, rt, 75%; (iii) ortho-xylene, 160 °C, μW, 300 W, 79%; (iv) 

Pd(PPh3)4, K2CO3, toluene, Aliquat 336, reflux, 8: 76%; (v) FeCl3, 

CH2Cl2/CH3NO2, rt, C84: 91%. R: dodecyl. 

     Suzuki coupling of oligophenylene 6 with 4-

dodecylphenylboronic acid pinacol ester (7) provided 

corresponding oligophenylene precursor 8. The 

cyclodehydrogenation of precursor 8 was successful with 7.5 

equivalents of iron(III) chloride per hydrogen to be removed, 

providing C84 in 91% isolated yield. Matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry (MS) analysis clearly demonstrated the elimination 

of 32 protons upon the cyclodehydrogenation and displayed the 

isotopic pattern of C84 in perfect agreement with the simulation 

(Figure 2), proving the formation of C84 without any partially 

fused species.[5a, 15] Signals from chlorinated products were also 

observed, but such peaks could be overestimated.[15] 1H NMR 

analysis of C84 was attempted in 1,1,2,2-tetrachloroethane-d2, 

but peaks from aromatic protons could not be observed even at 

140 °C, which was attributable to the strong aggregation in 

solution, similar to other large PAHs (Figure S4).[5a, 16] 

Nevertheless, the Fourier transform infrared (FTIR) spectrum of 

C84 showed fingerprint peaks in agreement with DFT-based 

simulation, which provided further structural proof (Figure S16). 

Among the great variety of PAHs thus far synthesized,[17] C84 

reported here is the first PAH with 84 sp2 carbons in the 

aromatic core.  

     C84 with six dodecyl chains shows in the differential 

scanning calorimetry (DSC) scan one phase transition at 74 °C, 

which is related to the reorganization of alkyl side chains (Figure 

S5), slightly affecting the supramolecular order. Two-

dimensional wide-angle X-ray scattering (2D-WAXS) patterns of 

C84 recorded at 30 and 90 °C indicate liquid crystallinity and the 

formation of columnar superstructures at both temperatures 

(Figure 3). Similar thermotropic properties have been observed 

for other core extended PAHs.[18] Equatorial small-angle 

reflections are assigned to a hexagonal unit cell of ahex = 3.25 

nm for the intercolumnar arrangement. In the stacks, the 

molecules are packed on top of each other due to -stacking 

interactions with an intermolecular distance of 0.35 nm as 

derived from the wide-angle meridional reflections. The broad 

isotropic amorphous halo is attributed to side chains disordered 

in the columnar periphery, which is characteristic for a liquid 

crystalline phase. The LC organization remained unchanged for 

C84 after cooling down the sample to 30 °C below the phase 

transition (Figure 3a). However, broadening of the meridional 

reflections suggests a slightly decreased intracolumnar order. 

This minor change can be explained in terms of increased steric 

demand of the alkyl substituents.  

 

Figure 2. MALDI-TOF spectra of oligophenylene precursor 8 (top) and C84 

(bottom); the inset shows a comparison between experimental (black) and 

simulated (gray) isotopic pattern of C84.  
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     Next, the synthesis of necklace-like GNR 1 was carried out 

starting from polyphenylene precursor 10 (Scheme 1). The 

repeating units of precursor 10 has the same arrangement of the 

aromatic rings as precursor 8, which was demonstrated to 

undergo highly efficient cyclodehydrogenation, leading to the 

formation of C84. Hence, precursor 10 was prepared via a A2B2-

type Suzuki polycondensation[8c, d, 19] of oligophenylene 

monomer 6 and 1,4-benzenediboronic acid bis(pinacol) ester (9). 

To circumvent the stoichiometry problem of the A2B2-type 

polymerization[7, 20] and achieve the highest possible 

polymerization efficiency, the monomers were thoroughly 

purified by using a recycling preparative size-exclusion 

chromatography (SEC) system before use and weighed with a 

great care (see the SI). After three days of refluxing, excess 

amounts of bromobenzene and then phenylboronic acid were 

added for the end-capping of the polymer. MALDI-TOF MS 

analysis of the resulting polymer precursor 10 showed a pattern 

of peaks, corresponding to the expected m/z values for 10, 

extending over 17000 (Figure S9). Precursor 10 with molecular 

weight of ca. 17000 has ten repeating units and is expected to 

yield GNR 1 with a length of approximately 13 nm.  

 

Figure 3. 2D-WAXS of C84 at a) 30 °C and b) 90 °C. 

     SEC analysis of precursor 10 indicated its weight-average 

molecular weight (Mw) of 6900 g/mol and polydispersity index 

(PDI) of 1.7 against polystyrene (PS) standards. When poly(p-

phenylene) (PPP) standards were applied Mw and PDI values 

were estimated to be 5100 g/mol and 1.5, respectively. Although 

these values based on the SEC analysis are only rough 

estimations according to the hydrodynamic volume of the 

solubilized polymer, they are useful for the comparison of 

different polyphenylene precursors of similar structures. The Mw 

of precursor 10 was smaller than that of a related polyphenylene 

prepared by AA-type Yamamoto polymerization,[5e] which is 

presumably because of the intrinsic stoichiometry problem of the 

A2B2-type Suzuki polymerization (see the SI)[7, 20] as well as the 

higher steric demand in this system.[8e]  

     The cyclodehydrogenation of precursor 10 was performed 

using the condition optimized for precursor 8 to afford necklace-

like GNR 1 (Scheme 1). MALDI-TOF MS analysis of GNR 1 

revealed a pattern of broadened peaks for up to octamers with 

intervals approximately corresponding to the molecular weight of 

one repeating unit (Figure S9). However, precise analysis was 

hindered by the limitation of the MALDI-TOF MS analysis for 

large aromatic molecules with broad molecular-weight 

distribution.[5e, 8e, 21]  

     Whereas elemental analysis is not reliable for such carbon-

rich materials due to possible soot formation,[15] FTIR analysis 

provided more information about the efficiency of the 

cyclodehydrogenation (Figures 4a). Precursor 10 reveals a peak 

at 4050 cm–1, a non-fundamental IR absorption associated to the 

presence of free-rotating benzene rings, as well as a group of 

signals at 3026, 3053, and 3084 cm–1 characteristic for C–H 

stretching vibrations of aromatic rings.[5a, d, e, 8e] These peaks are 

all starkly attenuated in the spectrum of GNR 1. Moreover, out-

of-plane (opla) C–H deformation bands at 699 and 764 cm–1 

from mono-substituted benzene rings are strongly diminished 

and those at 815, 838, and 894 cm–1 from di-substituted 

benzene rings all disappeared after the cyclodehydrogenation.[5a, 

d, e, 8e] Considering the short length of GNR 1, the remaining 

peaks at 693 and 758 cm–1 are probably from the phenyl groups 

introduced by the endcapping. Additionally, the peak at 719 cm–1 

originates from the alkyl chains. Moreover, Raman spectrum of 

GNR 1 reveals characteristic D and G peaks as well as second-

order peaks (Figure 4b), which are typical of other structurally 

well-defined GNRs in the literature.[5a, b, d, e, 6a] These 

observations underline the successful transformation of 

precursor 10 into GNR 1. 

 

Figure 4. (a) Representative regions of the FTIR spectra of GNR 1 (red) and 

polyphenylene precursor 10 (blue). (b) Raman spectrum of GNR 1 at 

measured with 514.5 nm excitation. (c) Normalized UV–Vis absorption spectra 

of C84 in THF and GNR 1 in NMP. 

     Thanks to the long alkyl chains placed at the peripheral 

positions, GNR 1 could be dispersed in N-methylpyrrolidone 

(NMP) by mild sonication.[5a, e] UV–Vis absorption spectrum of 

GNR 1 was thus measured in NMP and compared with that of 

C84 in tetrahydrofuran (THF) (Figures 4c, S6, and S12). C84 
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was measured in THF, because it’s solubility in NMP was limited. 

C84 showed a prominent -band at 473 nm with a molar 

extinction coefficient of 6864 m2/mol, with smaller peaks at 564 

and 620 nm, corresponding to the p- and -bands, respectively. 

The HOMO-LUMO gaps of PAHs are related to the p-bands, 

and this experimental observation is in good accordance with 

the theoretical gap of 2.17 eV (571 nm). On the other hand, 

GNR 1 displayed broadened peaks with an absorption maximum 

at around 465 nm and shoulders approximately at 510, 680, and 

780 nm. The broadening of the spectrum is most likely caused 

by the presence of shorter GNRs, possessing different 

bandgaps that are dependent on the length.[5a, e, 8e] Based on the 

absorption edge of 860 nm, the optical bandgap of longer GNRs 

contained in the obtained sample is estimated to be 1.44 eV, 

which again is well in line with the theoretically estimated 

bandgap of 1.40 eV. This result further validates the successful 

formation of GNR 1 and indicates that longer GNRs in the 

obtained sample are sufficiently elongated to possess the 

electronic band structure of the infinite GNR 1. 

     In summary, we have synthesized an unprecedented PAH 

C84 with 84 sp2 carbons in the aromatic core and extended its 

synthesis to necklace-like GNR 1 applying A2B2-type Suzuki 

polymerization. Characterization by MALDI-TOF MS and FTIR, 

Raman, and UV–Vis absorption spectroscopy validated the 

successful formation of GNR 1 and demonstrated its optical 

bandgap of 1.44 eV in very good agreement with the theoretical 

value of 1.40 eV, which has not been attained with other GNR 

structures. Although the polymerization efficiency still needs to 

be improved to obtain longer necklace-like GNRs, this result 

contributes to the elucidation of structure-property relationships 

of GNRs and enables more precise tuning of their bandgap, 

which is of high importance for the future development of GNR-

based nano- and opto-electronic devices. 

Experimental Section 

All the experimental and theoretical details are provided in the Supporting 

Information. 
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Graphene nanoribbons (GNRs) with an unprecedented “necklace-like” structure 

was synthesized through a bottom-up solution synthesis approach, together with a 

polycyclic aromatic hydrocarbon C84 as a model compound. The necklace-like 

GNRs revealed a bandgap of ~1.4 eV, which has not been attained with other GNR 

structures. 
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ABSTRACT: Two thiophene-based heterophenoquinones, representing a family of molecules that exhibit biradicaloid character, have been 
studied by a combination of Electron Paramagnetic Resonance (EPR), Nuclear Magnetic Resonance (NMR), Raman, Infrared (IR) and X-
ray diffraction measurements. This combined approach resolved and provided a detailed picture of the so far bleared electronic structure of 
the molecules in terms of two nearby states: a closed-shell diamagnetic state and a nearby biradical state, which is thermally populated.  

INTRODUCTION 
Conjugated quinoidal molecules are used in molecular electronics 
and optoelectronic devices for a wide range of applications because 
of their intriguing, non-trivial electronic properties.1 For instance 
they have been used as a hole donor in an organic photodetector 
for polymer optical fibers.2 Interestingly, thiophene-based hetero-
quinones have shown also to enhance photovoltaic activity. It has 
been reported that the addition of a small quantity (0.6 wt%) of 
5,5’-bis(3,5-di-tert-butyl-4-oxo-2,5-cyclohexadiene-1-ylidene)-5,5’-
dihydro-2,2’-bithiophene (QBT) to classical bulk heterojunction 
P3HT:PCBM (poly-3-hexylthiophene:fullerene) cells results in 
47% increase in power conversion efficiency.3 An interesting im-
provement of the photovoltaic performance was also observed in a 
standard poly(3-hexylthiophene)/1-(3-
(methoxycarbonyl)propyl)-1-1-phenyl)-(6,6)C61 solar cell upon 
the addition of the 3 wt% of galvinoxyl radicals as a third active 
component. In this case the efficiency increased by 18% and the 
enhancement was attributed to a conversion of the polaron pair 
spin state from singlet to triplet mediated by the paramagnetic mol-
ecule.4 In both cases3,5 the third active component is characterized 
by the presence of unpaired electrons, since an unexpected radica-
loid character was reported for QBT and its derivatives.5 Hence-
forth, the increase in photovoltaic efficiency could be related to the 
paramagnetic character of these compounds. For this reason, in this 
work we address in details the unprecedented characterization of 
selected thiophene-based heterophenoquinones by electron para-
magnetic spectroscopy. This investigation is corroborated by 
NMR, quantum chemical calculations, vibrational spectroscopy 
and X-ray diffraction. 
Molecules in an open shell state with an even number of electrons 
normally exhibit high energy and therefore they are highly reac-
tive;6 although open shell states with two unpaired spins can be cre-
ated by the promotion of an electron from one electronic state to 

another, this is an energy-demanding process that requires photo-
excitation with visible or UV light. There are only few cases of iso-
lated open-shell molecules in the ground-state, among them are 
non-Kekulé molecules, carbenes, nitrenes and few others.7 Owing 
to their proximity, the interaction between the two electrons is ra-
ther strong (normally much higher than 1 cm-1). These systems are 
properly called diradicals.6  
When two unpaired spins with 𝑆 = 1/2 localized on the same 
molecule are coupled by electron-electron interaction, two types of 
states are generated: a singlet and a triplet state (this latter being 
triply degenerate in the absence of dipolar interactions), whose en-
ergy difference is given by twice the spin exchange interaction 𝐽.8 
This energy difference is associated to an equivalent spin Hamilto-
nian,9 normally described as 𝐻 = −2𝐽𝑆)𝑆*, but it is worth noting 
that the interaction is electrostatic in nature. 
 
 



 

 

 
Figure 1. An overview on the studied quinoidal molecules. The colored atoms refer th1 (blue), th2 (red), ph1 (orange) and ph2 (green) protons. 
 
The theory of spin exchange has been well described (for the case 
of the hydrogen molecule see ref 5); an extension of the model to 
polyatomic systems leads the exchange interaction to be written in 
a similar manner as: 𝐽 = 2𝛽𝑆 + 𝐾, where 𝛽 is a resonance integral, 
𝑆 is an overlap integral and 𝐾 is the classical electronic exchange 
integral.10 The sign of 𝐽 depends on the relative weight of the two 
terms: 2𝛽𝑆 and 𝐾. The first term gives an antiferromagnetic con-
tribution as 2𝛽𝑆 < 0, whereas the second one gives a ferromagnet-
ic contribution, as 𝐾 > 0, thus the ground state is the singlet if 𝐽 <
0. In this case, the fraction of molecules in the excited triplet state 
(𝑝2) can be obtained from the statistical thermodynamics as 𝑝2 =
3𝑒*5 62 1 + 3𝑒*5 62 .8  
A pursued method to overcome the problem of the stability of open 
shell molecules, while at the same time limiting the exchange inter-
action, is to construct a molecule by connecting two radicals 
through a spacer that keeps them far apart; such molecules are 
termed biradicals. The major difference with the diradicals is that, 
normally, in biradicals a close shell ground state is not formed as 
the pairing of the two electrons in one of the two singly-occupied 
molecular orbitals (SOMO) is thermodynamically unfavorable due 
to the strong electron-electron interaction that would rise the ener-
gy of the system. 
When the interaction between the two electrons is almost negligi-
ble, the triplet and the singlet states can be considered degenerate, 
and the behavior of the molecule is equivalent to that of two inde-
pendent radicals (in this case the degeneracy of the state is four). 
Molecules with diradicaloid character have been observed in a 

number of systems: polyaromatic hydrocarbons and graphene,11 
hydrocarbons with non-Kekulé structutes. For some of these sys-
tems EPR spectra have been recorded, but either with featureless 
lineshape12,13 or with a lineshape typical of triplet or higher states 
(diradical)6,14,15. 
To our knowledge, the only observed systems that exhibit real bi-
radicaloid character are oligothiphenes13, even if in the EPR spec-
trum well resolved hyperfine interactions are not observed. 
So far, the description of biradical states is mostly done by consid-
ering the real state as a combination of biradicaloid and non biradi-
caloid states, estimated on the basis of the natural orbital occupa-
tion number (NOON). In a multiconfigurational approach, the 
state is a linear combination of the ground state and the excited 
state configurations. The occupation number of the LUMO orbital 
is a direct computational measure of the amount of biradical char-
acter16,17. In this framework, the systems that we have studied, 
namely thiophene-based heterophenoquinones, have unusual non-
trivial behavior. Infact, they are closed-shell molecules in the 
ground state, but they possess biradicaloid character in the excited 
state; this is a quite an uncommon property because this open-shell 
state is at relatively low energy, and because the state is not a dirad-
ical state (no exchange interaction), as described later. 
These systems were firstly synthesized by Takahashi and cowork-
ers,18 and they consist of dihydrothiophenediylidene moieties 
capped with two phenoquinones, namely (4-oxo-cyclohexa-2,5-
dien-1-ylidene). For these molecules it is formally possible to write 
two resonance forms, a close-shell with quinoidal character, and an 
open-shell with aromatic phenyls. In our case phenoquinones are 



 

substituted with tert-butyl groups in meta- positions, thus enhanc-
ing the solubility and the stability of the molecules. Despite of their 
short length, these materials are characterized by a very low band 
gap. The effective conjugation increases as the number of dihy-
drothiophenediylidenes increases, four being the maximum num-
ber of thienylene rings obtained so far.18 Although this family of 
materials have been widely characterized in the past, highlighting 
intense absorption bands and peculiar amphoteric behavior,19 a def-
inite description of their electronic nature has never been reported. 
Recently, the role of the π-conjugation length on the occurrence of 
a biradical ground state has been demonstrated within a homolo-
gous series of thiophene-based heterophenoquinones (2,6-di-tert-
butylcyclohexa-2,5-dienone). Specifically, a combined experi-
mental and theoretical study showed that by increasing the number 
of thiophenes, from one (QMT) to two rings (QBT), a biradica-
loid character was stabilized (Figure 1).20 By following the same 
approach, it has later been shown that this electronic character 
could be tuned not only by increasing the conjugation length, but 
also by the presence, nature, and position of electroactive groups 
linked to the molecular skeleton.21 Therefore, the introduction of 
substituents is a convenient molecular tool that enables a separate 
control over the optical band gap and the electronic character of 
the ground state. 
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Figure 2. cw-EPR spectra of samples QBT (top) and QDTT (bottom) 
in toluene recorded at room temperature (black lines) together with 
their simulations (red lines). 
This work is aimed at studying the paramagnetic character of two 
members of the family of bithiophenes substituted with cyclohexa-
dienones, as it was deduced indirectly in previous studies5 and to 
mark the differences with respect to the diamagnetic ground state. 
Here we report a detailed EPR investigation that, by combining the 
measurement of the spin distributions and hyperfine coupling con-
stants (hfccs) with calculated DFT values, demonstrates the actual 
occurrence of a biradical state in QBT. 
Indeed we show that the unpaired electrons act as two isolated 1/2 
spins, each localized on one half of the molecule. Hence, the diradi-
caloid character for the paramagnetic state is ruled out. Moreover, 
it is here demonstrated that the biradicaloid state is a low-lying ex-
cited electron state, and not the electronic ground state, as previ-
ously thought, which is destabilized by introducing electron-
donating OR substituents, like for QOO (see Figure 1). IR, Raman 
and NMR measurements clearly support our findings. 

Finally, by considering also the influence of the QBT cis-trans 
isomerization versus the stiffening of the central conjugated 
thienilenic core, the bithienylene central unit was replaced by fused 
rings. Dithieno[3,2-b:2′,3′-d] thiophene was chosen because it is 
characterized by the same number of π-electrons as bithiophene, 
demonstrating that the electronic distribution is not influenced by 
the isomers forms, but it is ruled by the conjugation of the back-
bone. 
 
RESULTS AND DISCUSSION 
4,4’-(dithieno[3,2-b:2’,3’-d]thiophene-2,6-di-yl)bis(2,6-di-tert-
butylcyclohexa-2,5-dienone), namely QDTT (see Figure 1), has 
been synthesized following mainly the same route reported for 
QBT.5 The quinoidal molecule is the result of the oxidation, using 
K3Fe(CN)6, of the corresponding aromatic compound, which is 
obtained through a Suzuki coupling between tris[3,5-di(tert-butyl)-
4-(trimethylsilyloxy)phenyl]bo-roxine and 2,6-dibromo-
dithieno[3,2-b:2`,3`-d]thiophene (see Supporting Information). 
The continuous wave (cw)-EPR spectra of samples QBT and 
QDTT in toluene were recorded at room temperature and are 
shown in Figure 2 together with their simulations. We also tried to 
record the EPR spectrum for a QOO (see Figure 1) solution, but 
no signal was detected. This observation confirms what already 
been described in the literature5, namely that the presence of elec-
tron-donor groups (in this case alkoxy groups) linked to the thio-
phene core, stabilizes the quinoidal character of the molecule com-
pletely suppressing the biradicaloid one. The spectra of samples 
QBT and QDTT are relative to radical species interacting with a 
few sets of protons: there is no possibility of simulating the spectra 
using models of diradical species (two interacting electrons with 
coupled protons), rather, we obtained an excellent simulation of 
the experimental spectra by considering a simple radical model. 
The hyperfine interactions and the number of equivalent protons 
obtained from the fitting of the cw-EPR spectra, are collected in 
Table 1. Both the number of the sets of coupled protons, and the 
number of equivalent protons in each set, give two major infor-
mation: first, the function describing each of the unpaired electrons 
is extended only to one half of the molecule, where the monomer is 
the cyclohexandienone-thiophene unit, with one or two links be-
tween them, and second there is no interaction with the partner 
electron localized on the other side of the molecule. 
From the hfccs 𝑎 values we can make an estimate of the spin distri-
bution at selected sites, in fact, by using the McConnel equation 
𝑎8 = 𝑄𝜌8 ,22 in aromatic radicals the hyperfine coupling constant of 
a proton bound to the i-th carbon is proportional (𝑄 =	22 G ca) to 
the spin density 𝜌8resinding on the i-th carbon of the π-system. It 
results that around ¼ of the spin density is located on the carbons 
bound to protons ph1, ph2 and th1 (see Figure 1 for the labels).  
We note that the spectra of both samples are due to two compo-
nents with ratio of about 85:15 with the same structure, but with 
slightly different hfccs values. Whereas for QBT the second com-
ponents might be explained by considering the cis/trans isomeriza-
tion effect, for the rigid QDTT this is not possible. Instead, we opt 
for invoking the tendency of these molecules to form stacks, a fea-
ture that has also been observed by NMR spectroscopy (see fur-
ther). Unfortunately, we could not detect the expected subtle 
changes of the EPR spectra with the changing of the experimental 
conditions (sample dilution or temperature variation) due to the 
low experimental signal-to-noise ratio. 



 

In order to provide further evidence that the system is in an excited 
biradical state rather than in a pure radical state, we recorded the 
EPR spectra while changing the temperature. The variation of the 
EPR intensity for QBT in the 215 K - 320 K temperature range is 
reported in Figure 3; sample QDTT shows a similar behavior (not 
shown). For both samples, the EPR intensity decreases with the 
temperature. 
The observation that, in our systems, the exchange interaction is 
negligible is a quite surprising result. However, it can be explained 
in terms of the contributions to this interaction: 2𝛽𝑆 and 𝐾 (calcu-
lated over the molecular orbital containing the two unpaired elec-
trons), which have opposite sign. We have to deduce that in this 
particular case the two terms are comparable in module. 
Overall, the combination of the EPR experimental data confirm the 
existence of an excited non-zero spin state with unusual behavior. 
The interpretation of the data is not trivial, as from this type of 
measurements routinely gives information on the exchange interac-
tion 𝐽.5 In the present case a correct interpretation of the data can 
be done by assuming that, in the studied molecules, there are two 
thermally accessible states: a closed shell ground state, and a biradi-
cal paramagnetic (P, two independent radicals) excited state. The 
energy difference between them has been estimated for QBT by 

the fitting of the EPR intensity, which is proportional to the sample 
magnetization22, as function of the temperature (Figure 3). In our 
model, the paramagnetic state is an excited n-times degenerate 
state, whereas the ground state is not degenerate. The generaliza-
tion of the statistical model in the Introduction leads to the fraction 
of molecules in the paramagnetic state calculated as 
 

𝑝= =
𝑁=
𝑁2?2

=
𝑔=
𝑍
=

𝑛 ∙ 𝑒DEF 6G2

1 + 𝑛 ∙ 𝑒DEF 6G2
≈ 𝑛 ∙ 𝑒DEF 6G2  (1) 

 
where 𝑁=  and 𝑁2?2  are the number of molecules in the excited and 
in the ground state, 𝑍 is the partition function, 𝐸=  is the excitation 
energy and 𝑘K  the Boltzmann constant; for room temperature 
𝐸= ≫ 𝑘K𝑇, and the second term of the denominator is negligible. 
In a magnetic field, the magnetization is proportional to the small 
difference distribution of the population within the spin manifold, 
so that the magnetic susceptibility is 
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Table 1. Parameters obtained from the simulation of the cw-EPR spectra of QBT and QDTT samples in toluene recorded at room temperature: g-
factor, the linewidth, the number of equivalent protons and their hfccs (a) and attribution. 

Molecule g-factor Linewidth (G) Number of 
equiv. H a (G) Attribution 

QBT 

Specie 1 (50%) 2.0035 0.47 
1 3.86 Hth1 
2 1.38 Hph 
1 0.72 Hth2 

Specie 2 (50.%) 2.0035 0.40 
1 3.87 Hth1 
2 1.42 Hph 
1 2.22 Hth2 

QDTT  2.0048 0.37 1 
2 

3.98 
1.40 

Hth1 
Hph 

 
The fitting of the data with the function in equation (2) allowed the 
determination of the excitation energies 𝐸=  of 2130 ± 30 K (17.7 ± 
0.2 kJ/mol). Note that this value is independent from the degener-
acy of the state. The 𝐸=  value is fully consistent with quantitative 
EPR measurements: a determination of the number of spins was 
done for a 1∙10-3 M solution of QBT in chloroform at 300 K pre-
pared by weighting. As reference a 1∙10-4 M solution of TEMPO 
((2,2,6,6-tetramethylpiperidin-1-yl)oxyl, g = 2.0058) in toluene 
was used. By comparing the double integral of the EPR spectrum22 
we determined that the fraction of molecules in the biradical state is 
(2.0 ± 0.7)·10-3. This number is in a good match (within the error) 
with the fraction of molecules in paramagnetic state that can be ob-
tained from the 𝐸=  value, in fact, by using equation (1), the result is 
𝑝P = (3.3 ± 0.3)·10-3 at 300 K. For the calculation the value of 𝑛 = 
4 was used, as the paramagnetic excited state is a biradical state. 
The EPR measurement suggests that the two states differ not just 
for the spin function, but also in the electronic part. The hypothesis 
could not be verified by a full calculation, as the biradical molecules 

are far too large to enable the use of appropriate computational 
methods (i.e. CASSCF5, that is particularly indicated in the pres-
ence of low-lying excited states). 
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Figure 3. Plot of the EPR intensity of sample QBT as function of the 
temperature and the fitting of the data (red line) by using equation 2. 
 
 
Table 2. Calculated hfccs for the cis/trans isomers of QBT molecule in 
a doublet state and for the half molecule (monomer end-capped with a 
proton (-H) or with a methyl group (-Me). 

Proton a (-H, G) a (-Me, G) 

Hph1 1.98 1.81 
Hph2 2.02 1.87 
Hth1 -4.07 -3.94 
Hth2 0.94 0.83 

Nevertheless, for QBT, based on EPR results, we tested the asser-
tion that the two electrons act independently, and that they are lo-
calized on different halves of the molecule, interpreting the mole-
cule as a combination of two monomers linked by the thiophene-
thiophene bond. We have then obtained an estimation of the pro-
ton hfccs by DFT methods, which are instead extensively used in 
the case of monoradicals,23 for the single radical monomer end-
capped with a methyl group or a hydrogen atom. Indeed, calcula-
tions were in a very good agreement with the experimental values 
(compare Tables 1 and 2), thus suggesting that the electronic dis-
tribution obtained from this calculation is appropriate. Because of 
the good matching between the experimental and the calculated 
hfccs, we decided to study by EPR also the torsional flexibility of 
the phenyl groups about the thiophene-phenyl moiety. Incidental-
ly, we observed a NMR line broadening effect that can likely be ex-
plained by this motion, as described later. This was done by calcu-
lating the hfccs for various phenyl rotation angles. The calculations 
(see Supporting Information) showed that the hfccs of the phenyl 
protons vary with the out-of-plane torsion from 1.81 to 2.43 G, for 
th1 protons from -3.90 to -0.90 G and for th2 protons from 0.83 to 
0.95 G. The good agreement with the experimental values is lost 
upon with a 10-15 degrees from planarity. This tolerance is within 
the tilt angle found from X-ray data (see further). 
The same calculation was also done for QDTT, although in this 
case, the presence of a bridging sulfur atom in the molecule was 
expected to introduce some difference with respect to QTT. We 
did the calculation by considering two fused thiophene rings, and 
we tested the results obtained when the terminal thiophene was 

substituted by methyl groups or hydrogen atoms. Indeed most of 
the π density is located on the phenyl-thiophene system, and the 
results of the hfccs are very similar to those of QBT. 
Because of the relatively low energy difference between the ground 
state and the excited state, a multi-configurational approach for the 
molecules can be adopted16,17. We used NMR, Raman and FT-IR to 
observe anomalous behavior that might be indication of a biradica-
loid contribution to the ground state. 
With Raman and FT-IR we used the approach to show peculiar 
experimental features which stand out compared to the results from 
DFT models. In fact this quantum mechanical method is robust for 
closed shell molecules, but in the presence of contributions from 
biradical states it cannot properly treat the electronic structure of 
the molecule and consequently account for the peculiar molecular 
structure5. However, as a practical way to partially overcome these 
limitations of the DFT method, it has been shown that by carefully 
relaxing the molecular geometry along the Effective Conjugation 
Coordinate (ECC, also named Я coordinate)5 it is possible to 
amend the most dramatic deviations of the simulated Raman spec-
tra from experimental observation, at a computational cost that is 
more convenient than that associated with more appropriate but 
computationally much more demanding multi-configuration ap-
proaches. 
 

 



 

 
Figure 4. IR spectra of (a) QBT and (b) QDTT recorded with micro-
IR setup (violet line). The IR spectra simulated with DFT methods 
(B3LYP/6-31G(d,p), frequency scaled by 0.98) are displayed with 
light blue and green lines. See text for details. 
 
Hence, we have followed the procedure introduced by Canesi et 
al.5, and we displaced by 𝛥𝑄 = 0.15 Å amu1/2 the geometry of 
both QBT and QDTT starting from the geometry optimized at 
B3LYP/6-31G(d,p) level. The mode chosen for displacing the ge-
ometry was selected as the one displaying the largest Raman inten-
sity at the optimized geometry. This ensures that the mode with 
largest electron-phonon coupling is considered: in fact, the strong 
electron-phonon coupling is a characteristic feature of the ECC 
(see for instance the work of Tommasini et al.24 and references 
therein). 

 

 
Figure 5. Raman spectra of (a) QBT and (b) QDTT recorded with 
632.8 nm excitation (violet line). The Raman spectra simulated with 
DFT methods (B3LYP/6-31G(d,p), frequency scaled by 0.98) are dis-
played with light blue and green lines. See text for details. 
 
As shown in Figure 4, this kind of geometry displacement is able to 
significantly improve the simulation of the IR spectra of QBT and 
QDTT. While at the B3LYP/6-31G(d,p) equilibrium structure the 
simulated IR spectra do not capture correctly the features (1, 2) in 
the vicinity of 1600 cm-1 correctly, at the displaced geometry (for 
both QBT and QDTT) these two features emerge nicely in the 
simulated IR spectra. These can be assigned to the anti-symmetric 
C=O stretching (1) and to the anti-symmetric ring stretching (2) 
of the quinoid end groups of each molecule. Based on DFT calcula-
tion, IR intensity of the anti-symmetric C=O stretching (1625 cm-1, 
unscaled DFT) is really strong (2448 km/mol in QBT and 2322 
km/mol in QDTT) and it dominates over the whole mid-IR range 
(see Figure 4), in agreement with experimental spectra (see Figure 
S3 in Supporting Information for the graphical representation of 
the associated normal modes). 
As for the Raman spectra of the two compounds (see Figure 5) 
their intense Raman features, associated to collective CC stretching 
vibrations involving the ECC (see Figure S4 in Supporting Infor-
mation), are not correctly simulated by adopting the optimized 
B3LYP/6-31G(d,p) structure. 
However, for the simulated spectra at displaced geometries, the 
intense ECC Raman features fall in the correct spectral range ob-
served (see Supplementary Information for a graphical representa-
tion of the ECC modes selected for geometry displacement and of 
the ECC modes computed for the displaced geometries). We con-
clude that the “displaced geometry” approach provides an easy way 
to account for both IR and Raman observations. 
 



 

 
Figure 6. 1H-NMR (600 MHz) spectra of sample QDTT (1 mM) in 
deuterated acetone at different temperatures in the aromatic region. 
The blue asterisks refer to proton th1 and the red asterisks to protons 
ph1 and ph2. 
 
From NMR spectroscopy, possible indication of the biradicaloid 
presence could be line broadening and line shift.25  
Since QBT suffers from a line broadening effect that is associated 
with conformational changes, we first present the NMR spectra of 
the more rigid QDTT molecule. The spectra were obtained in deu-
terated acetone, a low viscosity solvent which does not interfere 
with intramolecular motion, and shows no solvent signals (like in 
the case of CDCl3) in the region of the thiophene and phenyl pro-
tons. We also used a rather low sample concentration in order to 
exclude band broadening due to stacking effects (observed for con-
centrations higher than 1 mM). 
The 1H-NMR spectra in the aromatic region of sample QDTT in 
deuterated acetone at different temperatures are collected in Figure 
6, and indeed at 298 K these lines are narrow. The spectra show 
three distinct peaks, which are attributed to the thiophene protons 
th1 (blue asterisks in Figure 6) and to the phenyl protons ph1 and 
ph2 (red asterisks) by comparison with those of parent mole-
cules.18,19 With the rising of the temperature above room tempera-
ture, the increasing contribution of the paramagnetic state might 
lead to line broadening and shift and this might explain the experi-
mental observation. 
Unfortunately this mechanism cannot unambiguously be deter-
mined as responsible of the broadening, as another possible mech-
anism might be the presence of a thermally activated vibrational 
motion.  The observations in favour of this mechanism is the sepa-
ration between the phenyl protons (red starred lines) which de-
creases from 0.35 ppm at 298 K to 0.33 ppm at 320 K moreover the 
linewidth broadening of the relative lines is more pronounced,  
For QBT analogous results have been obtained; we focus on the 
behavior of the NMR spectra above room temperature as the NMR 
of this species has been already properly studied19 at room tempera-

ture and below. The spectrum in acetone is characterized at room 
temperature by four narrow lines in the aromatic region as due to a 
fast interconversion between cis and trans isomers. On rising of the 
temperature, the broadening of the lines of the phenyl protons is 
observed (see Supporting Information).  
NMR results confirm that the bonds between the phenyls and the 
central thiophene core are not single bonds as there is not free rota-
tion about them. However, some degree of limited flexibility has 
been observed. The partial double bond character is a further indi-
cation that the quinoidal structure is not fully appropriate to de-
scribe the electronic distribution. 
 

 
Figure 7. Molecular structure of QBT, a) Top view and b) side view. 
 
 

 
Figure 8. Molecular structure of QDTT, a) Top view and b) side view. 
 
While for QDTT (Figure 8), the structure is almost completely 
planar, as the phenyl rings show a 179.7(9)˚ and -172.4(7)˚ torsion 
angles with the central core of the molecule (see Tables S6, S7 and 
S9 in Supporting Information). 
The length of the bond between C4 and C5 is 1.40(3) and 1.39(1) 
Å for QBT and QDTT respectively. These lengths are consistent 
with a partial double bond character, supporting the NMR data. 
 
 
CONCLUSION 
 



 

We have characterized the paramagnetic state of two thiophene-
based heterophenoquinones, QBT and QDTT, by EPR spectros-
copy. From the simulation of the EPR spectra, we determined that 
their paramagnetic state is not diradical (triplet state), as previously 
believed. Instead, we showed that both molecules are biradicals. 
The two unpaired electrons are localized in different parts of the 
molecules and are not coupled with each other. This was also con-
firmed by DFT calculations of the hyperfine coupling constants of 
the unpaired electrons with the protons in the molecules. 
Another major finding of this paper is that the paramagnetic biradi-
cal state is not the ground electronic state. The temperature-
dependent EPR measurement led to the conclusion that the 
ground state is diamagnetic; the biradical state is an excited elec-
tron state, thermally accessible at room temperature. 
These results have also enabled to highlight that the biradical state, 
and therefore the possibility to image the molecule as two uncon-
nected portions, is not favored by the possible rotation around thi-
ophene-thiophene bond of QBT and therefore by the presence of 
the isomers. Indeed the analysis of QDTT reveals that stiffening 
the central moiety, therefore excluding the possible splitting of the 
molecule in two parts, the molecule is characterized by the same 
electronic biradicaloid distribution. We demonstrated that the con-
jugation rules the electronic character of these structures, neglect-
ing any geometrical interaction. 
On the basis of the measurement on QOO, lacking an EPR signal, 
we confirm that electron-donor groups (in this case alkoxy groups) 
linked to the thiophene core destabilizes the paramagnetic biradical 
state. 
 
 
EXPERIMENTALS 
 

 
Scheme 1. Synthesis of QDTT : a) Pd(PPh3)4, DME, Na2CO3, 
H2O ; b) K3Fe(CN)6, DCM, KOH, H2O. 
 

EPR measurements were obtained with a Bruker ECS106 spectrom-
eter working at X-band and equipped with a 4108 TMH high sensi-
tivity resonator; the temperature of the sample was controlled by a 
VT100 system. Solution for EPR measurements were prepared by 
dissolving weighted amount of the powders in toluene. Once trans-
ferred in quartz tubes, the samples underwent few freeze-pump-
thaw cycles to remove dissolved gasses, and were sealed under vac-
uum. 
1H-NMR spectra were obtained on 1 mM solution in deuterated 
acetone, in tubes of 3 mm i.d. after the same freeze-pump-thaw cy-
cles to remove dissolved gasses, and were sealed under vacuum. 
The NMR spectrometer was a 600-MHz Bruker Avance, where the 
temperature at the sample was controlled by means of a thermo-
stated nitrogen flow. Typically, a total of 64 acquisitions were ob-
tained for each NMR spectrum. The FID (free induction decay) 
signal was zero filled to 65 K and exponentially multiplied with a 
line broadening of 0.5 Hz before Fourier transformation. Phase and 
baseline were corrected manually. 
The Raman spectra have been recorded with a Jobin-Yvon Labram 
HR800UV spectrometer equipped with the 632.8 nm excitation of 
a He-Ne laser. The laser power at the sample was always of the or-
der of a few mW to prevent (or reduce as possible) laser-induced 
effects on the samples; care has been adopted to verify the repro-
ducibility of the spectra. Samples were analyzed in a back-scattering 
geometry on glass slides by using the microscope with the 50× ob-
jective. The intensity of the reported Raman spectrum has been 
corrected with white light calibration. 
Micro FT-IR measurements were carried out with Nicolet Nexus 
equipment coupled with a Thermo-Nicolet Continuμm infrared 
microscope and a cooled MCT detector (77 K). The spectra of the 
QBT and QDTT samples (as powders) were acquired by using the 
diamond anvil cell technique with a 15× infrared objective (256 
scans, 2 cm-1 resolution, 650 – 4000 cm-1 spectral range). 
Quantum chemical calculations have been carried out within Density 
Functional Theory. The selected method, B3LYP/6-31G(d,p), 
proved to be a good compromise between accuracy and computa-
tional costs in simulating the vibrational properties of compounds5 
similar to those investigated in this work. Gaussian09 rev. D.0126 
was employed to carry out all calculations here reported. 
X-ray data collection. Single crystal data collection of QBT was done 
at 100 K using synchrotron radiation (𝜆 = 0.77489 Å) at the BL-
13-Xaloc Beamline27 at Alba-CELLS Synchrotron, Barcelona under 
the Proposal Number 2013100590. Single crystal data collection of 
QDTT was done at 100 K using a Bruker X8 Prospector APEX-
II/CCD diffractometer equipped with a microfocusing mirror (Cu-
Kα radiation, 𝜆 = 1.54178 Å). The structures were determined us-
ing direct methods and refined (based on F2 using all independent 
data) by full-matrix least-square methods (SHELXTL 97). All non-
hydrogen atoms were located from different Fourier maps and re-
fined with isotropic displacement parameters.  
The structures have been deposited in the Cambridge Crystallo-
graphic Data Center (CCDC), accession numbers QBT: 1436973 
and QDTT: 1436972. 
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