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1 | INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) have played an
important role for the development of modern organic
chemistry from a synthetic, spectroscopic, and theoretical
point of view."' %! They have also served as active com-
ponents of (opto)electronic devices.'’™**! The versatile
design features for PAHs include mode of fusion of ben-
zene rings, edge type, heteroatom incorporation, and sub-
stitution.14-1¢!

In recent decades, PAH research has seen a major
renaissance, partly, stimulated by the rise of graphene as
2-D material and by the development of single-molecule

| Xinliang Feng>*

| Akimitsu Narita®’® |

Matteo Tommasini®

We report a detailed investigation by Raman spectroscopy of the holey
nanographene C216, a hexagon-shaped disk with armchair edges (1.4 nm
long), from which the central aromatic ring is missing. Density functional the-
ory (DFT) calculations allow to assign the main features of the Raman spectra
that have been recorded with several excitation wavelengths. In the Raman
spectra, we observe signatures of the hole in the structure, several G and D
modes, as well as their overtones and combinations—up to third order.

DFT modeling, G and D overtones and combinations, graphene molecules, multi-
wavelength Raman, polycyclic aromatic hydrocarbons

electronics."'78 Of particular value, thereby, is the per-

fect control of electronic characteristics by molecular
design!’®2*! that also rules supramolecular properties
such as packing in the solid state or the formation of
mesophases.?*">! The size of PAHs has been increased
toward the nanoscale, and the so-called nanographenes
(NGs) have shown immense value as molecularly defined
models of graphene.[30’31] Typical examples are hexagon-
shaped hexa-peri-hexabenzocoronene (HBC) and
CyxoHuy, or so-called €222, with 222 sp? carbons in its
aromatic core.!">*?! When overlooking these impressively
large, but nevertheless atomically precise, disk structures,
a good case can be made by relating their electronic and
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vibrational properties to their geometrical confinements
with respect to graphene.**>-* Further, extending NGs
into one direction has furnished graphene nanoribbons
(GNRs) as a new family of conjugated polymers.*%3¢-3
Like graphene, GNRs exhibit exciting electronic proper-
ties, but unlike graphene, they possess a non-vanishing
band gap, which qualifies them, in particular, as valuable
semiconductors for developing field effect transistors.

The above graphene-related structures are often spar-
ingly soluble in organic solvents, which hampers not only
their processability upon device fabrication but also their
detailed structure proof by nuclear magnetic resonance
(NMR) or single-crystal X-ray analysis. These characteris-
tics make vibrational spectroscopy an especially valuable
tool for studying such NGs and GNRs in the solid state or
as thin films. Notably, because of resonance effects and
of the strong coupling of n—n* excitations with peculiar
collective CC stretching vibrations,!**! Raman spectros-
copy of graphene-related structures has provided many
significant markers of molecular structure that proved
the success of the synthesis in guaranteeing a perfect
structure control.[40-4¢]

The vibrational states of NGs are strongly correlated
with the phonons of graphene: the Raman transitions of
NGs associated to collective CC stretching modes find a
counterpart in the Raman peaks of graphene.!**-3%47]
Interestingly, the wavenumber and the intensity of the
strong Raman bands of NGs depend on the confinement
of the = electrons due to the finite size of the molecule
and provide fingerprints of the molecular point group
symmetry.[*®! In addition, modes involving edges and/or
atoms/functional groups on the borders are sensitive to
the peculiar edge topology and chemistry, as is exempli-
fied by the case of the CH out-of-plane bending
modes.[*°!

With the exception of localized group modes associ-
ated to functional groups possibly decorating the borders
of the NGs, the strong and characteristic Raman active
modes involve the network of condensed aromatic rings
that constitute the NGs and provide markers of the NGs
as a whole. Therefore, only the detailed analysis of the
nuclear displacements associated with the Raman transi-
tions, computed by the available quantum chemistry
approaches (notably, density functional theory, DFT),
can provide specific Raman markers (peaks and relative
intensities) of the chemical structures featured by a given
NG. This is the main reason that the study of the Raman
spectra of NGs cannot be limited to empirical correlation
analysis of the experimental spectra, which are typical of
analytical spectroscopy and work very well in presence
of normal modes localized on specific functional groups.

Finally, the Raman spectra of NGs can be recorded
noninvasively on the as-obtained materials, on

concentrated solutions, or films ready for use in devices.
One may thus also obtain valuable insights into inter-
molecular interactions in aggregates and in solid phases
of interest for the applications of NGs.

By following the approach sketched above, this paper
highlights the wealth of information that can be obtained
by Raman spectroscopy and DFT calculations, consider-
ing the intriguing case of the C216 coronoid NG
(Figure 1). There is a further motivation from the side of
materials science. Cycloarenes and coronoids,®**?
namely, PAHs with cyclic structures featuring a cavity as
kekulene,'** have been revisited,!**®!! serving as model
structures of graphene nanomesh (GNM). GNM com-
prises graphene sheets with pores, where the size and the
size distribution of the pores can modulate the electronic
structure and also determine the behavior as membrane
material.'®>*”! We have recently reported a synthesis of
C16Hys (C216), as the coronoid analogue of C222, with
the missing central ring (hole), which demonstrated the
increase of the energy gap upon introduction of
the hole!®® (see Figure 1). More recently, Liu et al.
reported a theoretical study on C216, displaying its poten-
tial as ideal membrane for hydrogen purification.[”! As
discussed below, Raman spectroscopy and DFT calcula-
tions are used here as a probe of the specific molecular
structure of C216: indeed, they provide signatures of the
presence of the “hole.” Altogether, the detailed analysis
of defined model compounds is intended to highlight
Raman spectroscopy as an indispensable tool for the
characterization of graphenes and related materials.

2 | STRUCTURE OF C216

We show here that the occurrence of a hole in C216 may
affect the planarity of the molecule. Although this out-of-
plane distortion is not expected to significantly lower =
conjugation (similar to other distorted PAHs—see, for
instance, Maghsoumi et al.[40]), the presence of a hole in
C216 significantly affects the conjugation pattern and
modifies the HOMO-LUMO gap.

The molecular structure of C216 was recently dis-
cussed in the general context of kekulenes,*! a family of
cyclic arenes. The hole edge in C216 is capped with
hydrogen atoms that are close enough to exert some ste-
ric hindrance, which is responsible of the nonplanar
structure. The instability of the planar versus the non-
planar structure in a holey PAH can be straightforwardly
investigated by geometry optimization and calculation of
vibrational frequencies. For sake of simplicity, we investi-
gated in detail such instability considering C108, a
smaller analogue of C216 (Figure 2). The occurrence of
a sizable imaginary wavenumber (120i cm ') in planar
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(a) C216

FIGURE 1

The structures are sketched following the Clar's!”®’

(b) C222

Molecular structure of C216 (left), the analogue of the C222 (right) nanographene (NG) with the missing central ring (hole).
rule: accordingly, aromatic “Clar rings” (with a circle inside) are linked by longer CC

bonds. The occurrence of two different kinds of CC bonds in polycyclic aromatic hydrocarbons (PAHs) has been shown by theoretical
models, through geometry optimization*! and the related electronic structure was proven by Scanning Tunneling Microscopy (STM)
investigations.*! The network of CC bonds in PAHs can be regarded as a slightly relaxed geometry starting from a graphene-like structure

characterized by perfectly equalized CC bonds

AL 9
(a) Septulene: min:-1.6A, max:1.6A

FIGURE 2

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

. 20

Schematic representation of the nonplanar structure of C216 (D34 symmetry point group) compared with that of septulene

and of C108 (D34 symmetry), the smaller analogue of C216, ideally obtained from the giant polycyclic aromatic hydrocarbon (PAH) C114
(Den symmetry) by removal of the inner ring. The molecules are represented by means of an orthogonal projection (projection on the mirror

plane involved in the Sy symmetry operation). 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. Molecular structures have been obtained from geometry

optimization with density functional theory (DFT) method B3LYP/6-31G(d,p). For the structures illustrated, the diagonalization of the

Hessian does not give any imaginary wavenumber, thus confirming that they are stable structures. The six rings on the vertexes of C216 (and

C108) adopt an alternated up-down conformation. This structure can be schematically labeled (ududud) by following a path along the

periphery of the molecule

C108 indicates that such flat geometry corresponds to a
saddle point of the intramolecular potential energy sur-
face. As expected, the vibrational eigenvector associated
to the imaginary wavenumber describes nuclear displace-
ments involving alternated out-of-plane CH bending at
the hole edge.

By relaxing planarity in the guess geometry adopted
to start optimization, the C108 molecule escapes from the
saddle point and reaches a stable nonplanar minimum,
in correspondence of which no imaginary frequencies are
found anymore. With respect to the saddle point, this

minimum is more stable by only 0.16 kcal/mol; however,
despite the small energy difference, the wavenumber of
the collective in phase CH out-of-plane bending (a very
characteristic infrared (IR) marker of the hole, see
Figure 3), is affected by the break of planarity. This
marker is computed at 873 cm ' in the planar case, while
it shifts at 886 cm ' in the nonplanar case, showing a
remarkable blue shift of 13 cm ™.

Similar to C108, the steric hindrance at the hole edges
also drives out-of-planarity C216: the molecule takes a

shape where the six vertexes are alternatively pointing up
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or down with respect to the average molecular plane
(ududud shape—see Figure 2). Hence, even if steric hin-
drance is not as severe as in the perchlorinated case of
HBC-C1 (see Maghsoumi et al.l*!), also C216 adopts a
slightly bent nonplanar structure, at least in the gas
phase limit (see Figure 4). This molecular structure
belongs to the D34 symmetry point group.

3 |
C216

RAMAN SPECTROSCOPY OF

PAHs molecules show characteristic Raman spectra
whose common features arise from the honeycomb net-
work of condensed aromatic rings. Because of the high
polarizability of = electrons, some vibrational modes that
involve the collective stretching of the CC bonds of these
rings show very strong Raman bands. The analysis of the
normal modes allows to establish a connection between
such strongly Raman active modes of NGs and the pho-
nons of graphene, following to the so-called oligomer
approach.**7357 Moreover, the study of the Raman

i

(a) kekulene, 893 cm™’ (b) septulene, 895 cm™’

FIGURE 3

spectra of several PAHs with different size, symmetry,
and edge topology clearly proved that such structural
variety affects the Raman spectra, most notably in the D
region.[***>*8! Therefore, the analysis of the Raman spec-
tra of NGs has provided evidence of their structures in
several circumstances. 4144450721

The Raman spectra of C216 and C222 have been
recorded with different laser lines (325, 458, 488, 514,
633, and 785 nm—see Figure 5). As expected, all the
Raman spectra display the characteristic features of NGs,
that is, the occurrence of structured bands in the same
regions where the G and D lines of graphene are
observed. These Raman fingerprints of graphene/graphite
(in the first-order spectrum) are assigned to the phonons
sketched in Figure 6.

Before discussing in detail the Raman spectra of
C216, it is worth mentioning that the comparison
of experimental data with simulations of the Raman spec-
tra based on pre-resonance DFT calculations will show
some discrepancies in the pattern of relative intensities.
These shortcomings can originate from several issues.
The theoretical description of the energies of relevant

(c) C108, 886 cm™’ (d) C216, 881 cm™”

CH-out-of-plane nuclear displacements (from vibrational eigenvectors) associated to the infrared (IR) markers of the hole
topology in annular polycyclic aromatic hydrocarbons (PAHs) according to density functional theory (DFT) calculations. Red (or blue)
circles indicate atoms, which are displaced out-of-plane during the vibrational mode; the radius of the circle is proportional to the atom
displacement

FIGURE 4
Section 5 for details). (b) has been rotated by 60° compared to (a)

Side view of the C216 structure obtained from geometry optimization by density functional theory (DFT) methods (see
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and C222 recorded with different
laser wavelengths (top panel) and
simulated Raman spectra based on
density functional theory (DFT)
calculations of the Raman cross
section carried out for selected
excitation wavelengths (bottom panel)

Raman intensity

1234567 8910

Raman intensity

1 1

1200 1300 1400

(a) C216

FIGURE 6

1500
wavenumber/cm™

1200 1300 1400 1500 1600
wavenumber/cm’

1600 1700 1700

(b) C222

(b)

Sketch of the graphene phonons associated to the first-order Raman features of graphene. (a) E,, phonon (I" point, first BZ),

responsible of the G line. (b) A, phonon (K point, first BZ): its nuclear displacements correlate with the vibrational pattern of the phonons at
q wave vector close to K that are responsible for the D line. These phonons describe a collective breathing of the rings and correspond to

forbidden Raman transitions for a perfect graphene sheet, which become strongly active by the occurrence of structural disorder

electronic excited states could not reproduce with the
needed accuracy the real situation, because of intrinsic
limitations of DFT and because experiments are carried
out on solid-state samples, while calculations model iso-
lated species. These limitations in the description of the
electronic structure affect the computed Raman intensi-
ties at a given excitation energy, thus describing reso-
nance or pre-resonance phenomena in a way which does
not match exactly the experimental situation. For the
sake of simplicity, and because time-dependent DFT (TD-
DFT) excitation energies are close enough to the broad
absorption band measured for €216,'°®! we decided to
compute Raman intensities at the same excitation wave-
length values used in our experiments. This simple com-
putational strategy allows to account for the observed

[73,74]

trends and provides us with the suitable tools for the
vibrational assignment and interpretation of the most rel-
evant spectral features. Other approaches are available
for the accurate calculation of resonance Raman intensi-
ties through the evaluation of Franck-Condon fac-
tors.”>7°1 However, given the large size of the
investigated molecules, they are presently deemed too
expensive from the computational point of view.

To ease the analysis of the Raman spectra, in the fol-
lowing discussion, we will consider separately three spec-
tral ranges, namely, (a) the medium wavenumber region
featuring the D and G bands (1000-1800 cm™ 1Y), (b) the
low-wavenumber region (<1000 cm™ '), and (c) the high-
wavenumber region comprising overtone and combina-
tion bands (>1800 cm ). The spectra of C216 and C222
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will be presented and discussed in a comparative way, in
order to highlight common features, and spectroscopic
markers specifically related to the presence of the hole.

31 | Medium wavenumber region (1000-
1800 cm %)

As reported in Figure 5, the experimental Raman spectra
of C216 and C222 excited with several laser lines show a
very broad and structured D band (1150-1450 cm ™). It
displays in both molecules several peaks and shoulders.
It is also evident that the Raman spectra in this region
are sensitive to the excitation energy. A good fit of the D
band requires at least 9 different Lorentzian components
(D,-Dy) for €216 and 10 components (D,-D,,) for C222.
In both molecules, the relative intensities are sensitive to
the excitation wavelength. We report in Tables 1 and 2
the positions of the D; peaks for C216 and C222, as
obtained from the deconvolution of the experimental
spectra. Because each D; component should be assigned
to a specific molecular normal mode, its wavenumber is
expected to be independent with respect to the laser exci-
tation, at least within experimental error and considering
some uncertainty related to the band deconvolution pro-
cedure. Indeed, this can be checked by inspection of the
data reported in Tables 1 and 2, which proves the sound-
ness of the deconvolution procedure.

We report in Tables 3 and 4 the results of a detailed
analysis of the Raman activities and wavenumbers com-
puted by DFT for C216 and C222. We settled the corre-
spondence between Raman transitions predicted by
calculations and the experimentally observed D; compo-
nents by considering the Raman activities determined by
DFT together with the associated wavenumbers. We
focused on DFT calculations carried out with

TABLE 1
signal in the D region of C216 as a function of the laser excitation
(from band deconvolution)

Position of the main components of the Raman

458 nm 488 nm 514 nm 633 nm 785 nm
D, 1219 1219 1221 1221 1218
D, 1250 1254 1254 1256 1252
D; 1269 1271 1271 1272 1269
D, 1295 1295 1298 1302 1302
Ds 1329 1328 1329 1329 1325
Dg 1348 1348 1349 1348 1348
D, 1363 1362 1364 1364 1365
Dg 1375 1376 1375 1374 1374
Dy 1395 1398 1395 1390 1389

TABLE 2
signal in the D region of C222 as a function of the laser excitation

Position of the main components of the Raman

(from band deconvolution)

458 nm 488 nm 514 nm 633 nm 785 nm

D, 1226 1222 1225 1222 1221
D, 1240 1244
D; 1257 1254 1261 1259 1256
D, 1273 1272 1273
Ds 1293 1293 1292 1296
Dg 1306 1311 1304
D, 1326 1322 1324 1320 1320
Dg 1353 1353 1357 1356 1351
Dy 1371 1369 1375

D,y 1393 1393 1397

Aexe = 514 nm. Among the many vibrational modes com-
puted in the D band region, we have selected some of
them based on the significance of their computed Raman
activity, which is reported in Tables 3 and 4 normalized
with respect to the strongest transition in the D band
region. These data show that several D; components,
determined by deconvolution of the experimental fea-
tures, can be associated with two or more vibrational
modes (labeled as d;,, dj,, ...) that are computed at close
wavenumbers. In the last column of Tables 3 and 4, we
report the sum of the Raman activities of the transitions
assigned to each individual D; experimental component.

The Raman activity data reported in Tables 3 and 4
indicate that for both C216 and C222, the D region of the
spectrum is dominated by a few main components that
show remarkable Raman intensities. For C222, we pre-
dict two comparably strong transitions (d; and ds) and a
weaker component at higher wavenumber (dg). These
three major components can be directly identified by
visual inspection in the experimental spectrum
(dexc = 514 nm) and correspond to the three sharp and
strong peaks of the computed spectra reported in the bot-
tom panel of Figure 5. As it was mentioned, the intensity
pattern predicted by DFT shows some inaccuracies. The
theoretical spectrum of C222 is dominated by the d; and
ds doublet with similar intensities, whereas in the experi-
mental spectrum, the higher wavenumber feature of the
doublet is remarkably stronger, probably because of a sig-
nificant contribution by D¢ and D, which are too weak
in the spectrum computed by DFT.

The structured Raman spectrum of C216 in the D
region is characterized by three strong lines (D5, D4, and
Ds) and a weaker line at higher wavenumber (Dg). Some
inaccuracies in the predicted intensity pattern are evident
also in this case. However, at least for the case of the
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TABLE 3 C216: Analysis of the DFT predicted Raman spectrum in the D region and correspondence with the experimentally

determined bands components (D;)

Normalized Normalized

Symmetry Assignment Expt. Raman  Theo. Raman shift Theo. Raman Raman activity = Raman activity
species (d; component)  shift (cm ™) (scaled, cm %) shift (cm %) (to ds) (to ds, + dsp)
Eg d; 1221 1235 1260 1.81 1.63
Eg d, 1254 1251 1277 5.27 4.76
Ay ds, 1271 1265 1291 100.00

100.00
E, dap 1271 1297 10.86
Eg dsa 1298 1294 1320 8.50
Eg dyp 1298 1324 5.92 53.09
Ajg dye 1300 1327 44.44
Eg dsa 1329 1317 1344 5.32
Aqg dsp, 1319 1346 60.74 65.99
E, ds. 1323 1350 7.10
Eg de 1349 1347 1374 2.79 2.52
E; d;, 1364 1355 1383 2.29
Ay dy 1357 1385 7.46 13.59
Eg d,. 1364 1392 5.32
Eg dga 1375 1370 1398 2.74 4.50
E, dgp 1372 1400 2.24
Aqg do 1395 1432 1461 2.89 2.61

Note: Normalized Raman activities from prediction at 514 nm. Bold characters indicate very strong or strong transitions.
Abbreviation: DFT, density functional theory.

TABLE 4 (C222: analysis of the DFT predicted Raman spectrum in the D region and correspondence with the experimentally
determined bands components (D;)

Theo. Raman Normalized Normalized

Symmetry Assignment (d; Expt. Raman shift (scaled, Theo. Raman Raman activity Raman activity
species component) shift(cm™) cm™) shift (cm ™) (to d3) (to d3)

Eg d, 1225 1238 1263 1.81 1.81

A d, 1240 1255 1281 0.24 0.24

Agg ds 1261 1266 1292 100.00 100.00

Agg dy 1273 1273 1299 3.29 3.29

Aqg ds 1292 1292 1318 60.08 60.08

Eg de 1306 1298 1324 0.48 0.48

E, dsa 1324 1317 1344 0.48 76

Asg dyp, 1320 1347 1.29

Ajg dg 1357 1348 1376 15.63 15.63

Asg doa 1375 1366 1394 1.33 sl

Aqg dop, 1369 1397 0.48

Asg dyo 1397 1395 1423 0.43 0.43

Note: Normalized Raman activities from prediction at 514 nm. Bold characters indicate very strong or strong transitions.
Abbreviation: DFT, density functional theory.
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excitation at 458 nm, DFT calculations provide the cor-
rect intensity trend.

The analysis of the nuclear displacements (vibrational
eigenvectors) computed by DFT can be used for drawing
a close correlation between the Raman spectroscopy of
NGs and that of graphene. Furthermore, it also provides
information about spectral markers specifically related to
the molecular structure. We report the graphical repre-
sentation of the most representative eigenvectors of C216
and C222 in Figures 7 and 8, respectively.

The d; and ds eigenvectors of C222 clearly describe
the collective ring breathing vibrations of the Clar rings
of the molecule (cf., for instance, with the chemical struc-
ture of Figure 1b). This nuclear displacement pattern is
very similar to that of the phonon at K wave vector of
graphene (see Figure 6b). The ds mode principally
involves the central region of the molecule, whereas the
d; mode shows the largest vibrational displacements for
the rings at the molecular periphery. The d; mode also
shows a remarkable contribution of CH wagging motions
dynamically coupled with the CC stretching on the edges.
Both d; and ds are collective modes spanning over the
whole n-conjugated network of the molecule.

The dg mode of C222 is peculiar because the ring
breathing is well localized in the inner rings. Focusing on
the central ring and on the six rings condensed on its
edges, one can realize that this mode mimics the vibra-
tional pattern of the D mode of a central coronene sub-
unit, which of course cannot find any correspondence in
the holey C216. This observation suggests that dg is a

- ,;oi assescsssy
IRAHERY  FIHSHRE
T th Rt 18
TSR €2

(./})((_‘,“j" '\C/C/_\/_\_)\Dl"

hesT TR
d>, 1277 emr” ds, 1291 cm™
’)-\r\r(\
09000908
<§-,<>_<\<>.Q>-
L‘()\’,o'_;
C/\_/\_/O
>-"-"—(/

dg(g) 1277 cm

FIGURE 7

characteristic feature of C222. We report in Figure 8 also
the sketch of the normal modes assigned to the weak d;
feature. These form a degenerate pair belonging to the E,
symmetry species, and it is described by two orthogonal
vibrational patterns involving collective breathing vibra-
tions of sequences of rings close to the edges.

The d; and d, modes of C216 (Figure 7) display the
characteristic nuclear displacement pattern found in
the D-modes of NGs'**! d, is more localized in the inter-
nal region of the circular crown, while mode d; has
nuclear displacements, which are larger at the outer
edge. C216 shows a third remarkable and strong feature
above 1300 cm ™ * (ds); this is still a collective breathing of
the rings but also involves the CC stretching of the bonds
forming the edge of the hole. For this reason, we can take
ds as a nice Raman marker of the hole.

We note that the D3, D4, and Ds triplet of C216
(experimental wavenumbers: 1271, 1298, and 1329 cm ™ b)
overall shifts at higher wavenumbers with respect to the
D; and Ds doublet of C222 (1261 and 1292 cm ™ ?). This is
an expected feature of the Raman D lines of NGs (PAHSs)
of decreasing x conjugation/molecular size,** as the hole
in C216 breaks m conjugation with respect to C222.

The details of the G Raman band of C216 and C222
are represented in Figure S1 (supporting information).
The experimental spectra of both molecules show a single
feature with a broad and asymmetric profile, which
changes its shape with the laser excitation. The case of
C216 requires at least three components to properly fit
the G band at different excitation energies. Two

sepRd, i
Do O TN - 992080 ® ~
TR B3t Ty SR
‘-) 0e20% el OO\)O_)

RELETT SRR

dye, 1327 cm™ dsp, ‘1346-cm'1

Representation of the normal modes of C216 associated with the main experimental D band features. Red arrows represent

displacement vectors; CC bonds are represented as green and blue lines of different thicknesses according to their relative stretching

(shrinking)
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components are enough for C222. Indeed, the G band of
C216 shows a more evident structure, with a marked
shoulder on the lower wavenumber wing. DFT calcula-
tions predict several fairly close vibrational transitions
that can be put in correspondence with the experimental
features (Gj)—see Tables 5 and 6, and the bar plots
reported in the bottom of each panel of Figure S1.

The relevant g; modes with strongest Raman activity
are represented in Figures 9 and 10, and they all show
displacements patterns that are very similar to one of the
degenerate components of the G mode of graphene (E,
species—see Figure 6a).**] Modes g, (C216) and g,
(C222) belong to E, symmetry species and show the clos-
est resemblance to the G mode of graphene. Very inter-
estingly, based on DFT results, both experimental
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features G, and G, of C222 receive contributions from A,
modes: the intensity of the G, component is mostly
ascribed to the two strong modes gy, and g,. (Table 6).
For gy, the G-phonon pattern (Figure 6a) can be identi-
fied by looking at the radial displacements occurring at
the six corners of C222 (Figure 10). In g,., the G phonon
pattern runs parallel to the six armchair edges of C222,
following the molecular contour. The same pattern of g,
of C222 is also found for the totally-symmetric gz, mode
of C216, which corresponds to the strongest Raman tran-
sition in the G band. With respect to the collective g;,
mode of C222, the patterns of g;. and g, (E, symmetry) of
C216 are more localized.

As a final remark about the G band region, we
observe that it is difficult to identify there a marker of the
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Representation of the normal modes of C222 associated with the main experimental D band features. Red arrows represent

displacement vectors; CC bonds are represented as green and blue lines of different thicknesses according to their relative stretching

(shrinking)

TABLE 5
determined bands components (G;)

C216: Analysis of the DFT predicted Raman spectrum in the G region and correspondence with the experimentally

Theo. Raman Normalized Normalized
Symmetry Assignment Expt. Raman shift (scaled, Theo. Raman Raman activity Raman activity
species (g; component) shift (cm™) cm ) shift (cm ™) (to gzp) (to g3)
Asg ga 1593 1626 7.63 7.63
E; 1 1596 1600 1633 41.29
64.05

Eq g1c 1603 1636 19.61
E; g2 1612 1613 1646 98.52 92.09
E 1617 1650 6.99

¢ 8aa 100.00
A b 1618 1619 1652 100.00

Note: Normalized Raman activities from prediction at 514 nm. Bold characters indicate very strong transitions.

Abbreviation: DFT, density functional theory.
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determined bands components (G;)
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C222: analysis of the DFT predicted Raman spectrum in the G region and correspondence with the experimentally

Theo. Raman Normalized Normalized
Symmetry Assignment Expt. Raman shift (scaled, Theo. Raman Raman activity Raman activity
species (gi component) shift (cm %) cm ) shift (cm 1) (to g12) (to g,)
Esg E1a 1595 1597 1630 100.00
Ag £1b 1600 1633 341 72.08
Eog Lic 1602 1635 1.36
Ejg 2 1617 1650 1.63
Ag b 1615 1617 1650 76.02 100.00
A, 82c 1619 1652 61.44
E,q 2 1619 1652 6.27
Note: Normalized Raman activities from prediction at 514 nm. Bold characters indicate very strong transitions.
Abbreviation: DFT, density functional theory.
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Sketch of the normal mode eigenvectors of C216 associated with the main experimental G band features. Red arrows

represent displacement vectors; CC bonds are represented as green and blue lines of different thicknesses according to their relative

stretching (shrinking)

hole, even though the number of G; components in C216
is larger than in C222. Moreover, the G band features do
not show any remarkable wavenumber shift in presence
of the hole, at difference from the case of the D band.

3.2 | Low wavenumber region

The low-wavenumber region of the spectrum of C216 has
been recorded with 458, 514, and 633 nm excitations:
thanks to the varying resonance conditions, the joint
analysis of the spectra allows to clearly identify several

Raman transitions in this region (see Figure 11 and
Table 7). In the bottom of Figure 11, we report for com-
parison also the Raman spectrum of C222, recorded with
458 nm (the most effective resonance condition).

C216 shows several collective deformation modes (A,
A,, and Ag). Features A; and A, are assigned to E; modes
that involve a shear-like deformation of the large hexa-
gon in which C216 can be inscribed (Figure 12). A¢ is
assigned to a pair of modes at close wavenumbers that
can be described as the breathing vibration of the hole.
These two modes show a very similar displacement pat-
tern involving the radial displacement of the carbon
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FIGURE 11
Raman spectrum of C216, recorded with different laser excitations.

Low wavenumber region of the experimental

Raman spectra computed by DFT at the same excitation
wavelength are also shown. The bottom panel shows the
experimental spectrum of the C222, recorded with 458-nm laser
excitation

atoms on the edge of the hole (Figure 12). Resonance
effects take place in the low-wavenumber region of the
Raman spectrum, where the experimental spectrum is
rich of signals. Consistently, Raman spectra simulated
with DFT calculations are very sensitive to the selected
excitation wavelength: for instance, the A; peak acquires

strong intensity with 458-nm excitation, and the A, peak
with 514-nm excitation (Figure 11).

3.3 | High wavenumber region

Due to resonance Raman conditions, in NGs, it is possi-
ble to observe second-order Raman transitions,[m similar
to defective graphite!’®! and graphene.!*”! As discussed in
Maghsoumi et al.,””! for NGs such transitions involve
two quanta, thus leading to 2D, D+ G, and 2G
bands.!4778]

In graphene and NGs,”” it is possible to observe
second-order Raman transitions which involve two
quanta, thus leading to 2D, D + G, and 2G bands. This is
also the case of C216, for which we can observe such
overtones and combination bands thanks to the reso-
nance conditions that are expected for the 514 nm excita-
tion (see Figure S2—supporting information).
Remarkably, we observe not only two quanta Raman
transitions but also three quanta Raman transitions
assigned to 3D, 2D + G, 2G + D, and 3G overtone/
combination bands (Figure 13). A survey of the Raman
spectrum of C216 excited with the 514-nm laser line in
the region from 150 to 5000 cm ' is shown in Figure 13,
and the close comparison of the first-, second-, and third-
order regions is shown in Figure 14.

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 14). This has been observed previously by
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TABLE 7 List of observed and computed (unscaled) Raman features of C216 in the low-wavenumber region

Feature # Wavenumber (DFT) Wavenumber (458 nm) Wavenumber (514 nm) Wavenumber (633 nm)
A 184 (Eg) 182 183 184
A, 242 (Eg) 239 241 239
As 301 (Ey) 296 298 302
Ay 335 (Eg) 329 329 329
As 359 (Ey) 355 353 358
As 400, 403 (Asg, Arg) 397 395 396
A, 448 (Eg) 440 440 441
Ag 506 (Eg) 500 499 499
Ao 614 (Ey) 602 603 603
Ao 691 (A1) 676 676 677
Ay 798 (E,) 785 788 789
A 867 (A1) 860 860 861
A 922 (Ayy) - 912 -
Ay 960 (Eg) 947 947 947

Abbreviation: DFT, density functional theory.

Ay, 184 em™ B, A,, 242 em™ B, A, 403 cm” hole-breathing, A,

FIGURE 12 Sketch of the normal modes of C216 associated with the main experimental A band features. Red arrows represent
displacement vectors; CC bonds are represented as green and blue lines of different thicknesses according to their relative stretching
(shrinking)

Maghsoumi et al.'””) and rationalized based on a theoreti- Tniie = Ind (1)
cal description of the Raman cross section for overtones
and combinations, which, under resonance conditions, where I, and I; denote the Raman intensities of two

leads to the following approximate relation: first-order Raman transitions and I,+k denotes the
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FIGURE 13
fundamental (150-1700 cm ') and overtones/combinations regions
(2200-5000 cm ). Two-quanta Raman transitions assigned to (2D,
G + D, and 2G) are easily observed between 2200 and 3500 cm !
and weaker three-quanta Raman transitions assigned to (3D, 2D

+ G, D + 2G, and 3G), which are observed above 3600 cm !

Raman spectrum of C216 displayed over the

Raman intensity of the corresponding combination, with
h=k in the case of an overtone. This relationship jus-
tifies the experimental Raman data shown in Figure 14
and helps in assigning them straightforwardly. The posi-
tion of the overtones of the G and D bands is close to the
one expected from  harmonic approximation.
The structured shape of the D band leads to 2D and 3D
features, which are progressively broader and less struc-
tured. This is due to the increasing number of possible
combination transitions among those assigned to the sev-
eral individual D; components, the convolution of which
gives rise to increasingly broad features. Moreover,
starting from the same set of D; components, there is a
greater number of combinations corresponding to three
quanta transitions, with respect to the two quanta ones.
This allows understanding why the 3D region shows a
less structured band than the 2D feature, as clearly
observed in Figure 14. With the same approach,
supported by Equation (1), it is also straightforward to
justify the two features observed in the G+D band, which
are due to the relatively sharp first-order G peak (G; com-
ponents rather close in wavenumber) combined with the
several D; components which form the structured
D band.

RAMA
SPECTROSCOPY
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' 633nm ——
514 nm -
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FIGURE 14
combination regions involving two and three quanta processes
(recorded with 514-nm excitation). The first-order Raman spectrum
is also displayed (bottom) to help assigning overtones and
combinations based on the associated fundamentals. The bottom
panel shows the simulated first-order Raman spectra based on DFT

Raman spectrum of C216 in the overtones and

calculations of the Raman cross section for three selected excitation
wavelengths

4 | CONCLUSIONS

The results discussed in this work are representative of the
kind of information that can be obtained by Raman spec-
troscopy of NGs. We have investigated a relevant member
of this class of compounds, namely, the holey NG C216,
which is structurally related with €222.1°! The assign-
ment of the most notable experimental Raman features
has been fostered by DFT calculations that allow to
describe in detail the associated nuclear displacement pat-
terns. The identification of such patterns allows to relate
the given normal modes of the NGs to the G and D pho-
nons of the parent graphene sheet, confined in different
ways. Such a molecular approach has already been intro-
duced for coronene and hexabenzocoronene,[34] and finds
its applicability also to the finite nanodomain of C216.
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Through the analysis of the Raman spectra of C216,
we have also found specific markers of the hole. Indeed,
the presence of a hole in the graphene network does
affect = conjugation, as evidenced by the higher
wavenumber of the D band of C216 compared with C222.
Therefore, the hole effectively reduces the extent of n
conjugation along the network of condensed aromatic
rings. The presence of a hole in extended NGs such as
C216 is also a source of nonplanarity. This behavior bears
similarities with the nonplanarity observed in many NGs
upon chlorination at their edges.!?>*"!

Finally, thanks to good resonance Raman conditions,
we have recorded and assigned well-resolved third-order
Raman transitions, which were not observed before in
NGs. It is believed that the present study can further
support the key role of Raman spectroscopy for the pre-
cision synthesis and materials science of graphene
structures.

5 | EXPERIMENTAL AND
COMPUTATIONAL METHODS

Samples of C216 and C222 were synthesized as described
in Beser et al. and Simpson et al.,*>%®! respectively. The
Raman spectra excited with the 488-nm laser line were
recorded with a JASCO NRS-4100 Raman spectrometer
coupled with a sapphire SF CDRH USB Laser (single-
frequency optically pumped semiconductor laser).

All the other Raman spectra presented in this work
were recorded with a Jobin-Yvon Labram HR800UV
spectrometer, operated with different lasers, namely He-
Cd laser (325 nm), Ar" laser (457.9 and 514.5 nm), He-
Ne laser (632.8 nm), and a high power solid-state diode
laser (785 nm).

The laser power at the sample was always of the order
of a few milliwatts to prevent laser-induced effects on the
samples; care has been adopted to verify the reproducibil-
ity of the spectra. The samples were analyzed in the
back-scattering geometry on glass slides by using
the microscope with the 50X objective for all laser lines
except the one at 325 nm, for which we used an ultravio-
let (UV)-grade 15X objective. With the exception of the
Raman spectra recorded with 325- and 488-nm excita-
tions, the intensities of all the Raman spectra have been
corrected with white light calibration.

The DFT calculations reported in this work have been
carried out using the Gaussian code.””! We adopted the
B3LYP functional and the 6-31G(d,p) basis set, which
proved to be reliable for this class of molecules.!®®
Raman intensities have been computed from the
frequency-dependent molecular polarizability derivatives
at selected incident light wavelengths, as implemented in

Gaussian09.7°! This approach may yield useful informa-
tion in the case of pre-resonance/near resonance Raman
conditions.

A set of post-processing programs developed at
Politecnico di Milano has been used to generate the
representation of the vibrational normal modes and
simulate the Raman spectra from the results of DFT
calculations.
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