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INTRODUCTION

Carbon is a very versatile element, which shows different
allotropic forms thanks to its possible hybridization states. sp-
Hybridized carbon atoms can organize themselves in the form
of one-dimensional atomic chains, which have been observed in
a variety of environments, such as, for instance, in plants, in
fungal and marine sources,'> in meteorites,”” in interstellar
dust,® in mixed sp/sp® carbon nanostructures,”® or inside
carbon nanotubes'®'" and between graphitic domains.'* sp-
Carbon chains with different terminations and chain lengths
have been prepared by means of different chemical/physical
techniques, namely solution-phase synthesis,">~"" laser irradi-
ation of graphite,”® or gas-phase deposition methods.”* The sp-
carbon systems share some features with sp® z-conjugated
systems (graphene, carbon nanotubes) and show tunable
structure-, length-, and termination-dependent properties.
Considering the ideal infinite chain (i.e., carbyne), two possible
limiting structures can be defined, which possess an equalized
geometry (all double bonds, ie., polycumulene) or an
alternated geometry (single/triple bonds, i.e., polyyne). The
two structures display, respectively, a metallic or semi-
conducting character. Many efforts have been devoted to the
synthesis of increasingly long sp-carbon chains, aiming at
reaching, as closely as possible, the carbyne limit.
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adopting different end-capping groups, it has been possible to
stabilize these intrinsically reactive systems. Furthermore, end
groups proved to be able to affect the structure of the whole sp
chain, tuning its conjugation properties.26_28 However, the
majority of the sp systems reported so far possess an alternated
structure in the ground state (polyynic), even if cumulenic
geometries have been induced by electronic excitation® or
charge transfer processes.”® This situation has recently changed
since stable cumulenic chains with a maximum length of 10
carbon atoms have been synthesized, as model compounds for
an alternative route toward carbyne.**** The control of the
molecular structure and the tuning of the cumulenic vs polyynic
configuration are important not only from the point of view of
the synthesis but also for the new perspectives that it may open
for innovative applications. Promising properties have been
reported on the basis of theoretical predictions of the
conductance of cumulenes and polyynes***'
potential applications have been proposed, as active materials in
nanoelectronic or spintronic devices,>> as nonlinear optical
materials,>>™3® as molecular wires,>*>”™*° and even as the
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stiffest known material.*> Recent calculations have also revealed
that in nanostructured hybrid sp/sp> systems interesting
interactions between sp and sp> domains take place,*® opening
the way for the design of tailored systems for molecular
electronics (for instance, the main result of our present work is
consistent with this expected behavior). Within this context, the
characterization of cumulenic sp-carbon chains is mandatory for
the interpretation of their still unexplored features. As for other
m-conjugated carbon systems, vibrational spectroscopy, and
Raman scattering in particular, is a powerful technique for the
basic investigation of the structural, vibrational, and electronic
properties of sp-carbon chains”?’*%3%*77! This work
presents a comparative analysis of the infrared and Raman
spectra of newly synthesized long cumulenes.”*** We aim at
identifying specific spectral markers that could be taken as
signatures of a structure characterized by a linear sequence of
cumulated CC double bonds. The interpretation of experi-
ments through DFT calculations reveals a particularly
significant influence of the end groups on the molecular and
electronic structure and on the spectroscopic response. These
results provide valuable information for the characterization of
nanostructured carbon systems containing sp carbon nano-
wires.

EXPERIMENTAL SECTION

The synthesis of the cumulenes under investigation, namely
end-capped di(tert-butyl)phenyl [n]cumulenes, n = 3, 5, 7, 9
(hereafter referred to as [n]tBuPh, n being the number of
cumulated double bonds in the linear chain) and end-capped
mesityl or 2,4,6-trimethylphenyl[9]cumulene ([9]Mes), is
reported in ref 24. In this work we also consider a series of
symmetric polyynes, characterized by similar end groups,
namely end-capped di(tert-butyl)phenyl polyynes, SP(N), N
= 4—20 (N being the number of triple bonds in the polyyne
chain), recently analyzed by vibrational spectroscopy>® and
synthesized as described in ref 17.

Vibrational spectra have been recorded with FT-IR and FT-
Raman equipment (respectively, Nicolet NEXUS with micro-IR
setup Thermo Nicolet Continugm and MCT detector; Nicolet
NXR9650, excitation at 1064 nm from Nd-YVO4 laser). For
spectroscopy measurements, cumulene solutions in diethyl
ether were obtained right after the last step of the chemical
synthesis. This was carried out in the Politecnico di Milano
spectroscopy laboratories by two of us (J.AJ. and D.W.),
directly starting from stable cumulene precursors previously
synthesized in the Erlangen laboratories. This experimental
procedure minimizes the time delay between chemical synthesis
and spectroscopy measurements, which typically occur within §
min after synthesis. This approach grants fresh material for
which degradation issues are negligible. In fact, the time
evolution of all spectra was measured over a total period of
about 30 min to 1 h, in order to assess the presence of any
time-dependent spectral features, which could be assigned to
degradation processes of the cumulene species. The spectra
reported in this paper are those recorded at the earliest times
for which no detectable signals associated with degradation
products have been found, to the best of the authors’ judgment.
In order to avoid the presence of solvent bands in vibrational
spectra, which requires a delicate treatment of the data aimed at
compensating the solvent features, we have focused our analysis
on the spectra recorded on fresh solid-state samples of the pure
cumulenes. Solid deposits on substrates suitable for IR and
Raman spectroscopy (diamond anvil cell and aluminum foil,

respectively) have been directly obtained by solvent evapo-
ration from small droplets of the cumulene solution
immediately after the last step of the chemical synthesis. It is
worth reporting that the vibrational spectra from solution and
solid state are very similar in the CC stretching region
associated with sp-chain signals (where the compensation of
solvent peaks is most reliable). This is expected, since cumulene
crystals are characterized by a low density, due to the presence
of bulky end groups, which prevents a close packing of the
carbon chains and minimizes interchain interactions.”* For
SP[N] polyynes FT-Raman measurements have been carried
out on as-received solids from chemical synthesis; FT-IR
measurements have been carried out on the same powders with
diamond anvil cell and micro-IR setup.

Theoretical calculations have been carried out within Density
Functional Theory (DFT) at the PBE0/6-311G** level. DFT
has proved to be useful for investigating the structure and
spectroscopic properties of sp-carbon chains.”’~>*°07>

The Gaussian09 code® has been used to carry out all
quantum chemical calculations here presented. A suite of in-
house developed computer codes have been used to
postprocess the numerical data contained in the Gaussian09
formatted checkpoint and output file (further details on the
procedure and examples of application can be found in refs
55—57). In this way we obtain local Raman parameters,
simulations of Raman spectra, and the graphical representations
of the nuclear displacements of selected normal modes.

MOLECULAR STRUCTURES

Figure 1 reports the structure of the molecules investigated in
this work. X-ray diffraction analysis carried out for the [n]tBuPh
series and for [9]Mes®* has revealed that, in solid state, these
molecules, compared with polyynes, exhibit a fairly low Bond
Length Alternation (BLA) along the carbon chain. The
cumulene chains are also fairly linear (CCC angles rarely vary
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Figure 1. Structures of the molecules discussed in this paper.
Polyynes: SP[N] (N = number of triple bonds); Cumulenes: [n]tBuPh
(n = number of cumulated double bonds, 7 = m + 1) and [n]Mes. The
sequence of atoms 1, 2, 3, 4 defines the aryl twist conformation for all
the molecules considered (see text).



by more than a few degrees from the value of 180°, typical of
ideal sp-hybrids). Optimized molecular structures have been
determined by means of DFT calculations on isolated
molecules. Figure 2 reports the comparison of the cumulene
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Figure 2. (a) Comparison between experimental24 and DFT (PBEO/
6-311G**) computed BLA of [n]tBuPh. The BLA values have been
determined considering the difference of the equilibrium bond lengths
of the central CC bonds and that of the adjacent bond. (b) CC bond
lengths along different linear carbon chains made by seven conjugated
CC bonds: [7]tBuPh (expt. and theo.), vinylidene end-capped
cumulene CH,—C,—CH, (theo.), and SP[4] polyyne (expt>® &
theo.).

CC bond length pattern predicted by DFT versus experimental
observation (X-ray diffraction data are reported in ref 24).
Overall there is fairly good agreement. Since DFT results are
for isolated molecules, this fact indirectly confirms that the
presence of bulky end groups prevents intermolecular
interactions in the solid state that could affect the bond
alternation pattern.

In Figure 2a we plot the values of the BLA parameter
obtained considering the length difference between the central
CC bond and the adjacent one, for all the cumulene molecules
considered in this work (ie., [n]tBuPh, with n = 3, §, 7
and[9]Mes). Theoretical and experimental values are close and
show a similar trend, demonstrating that, starting from five
cumulated double bonds, BLA values become very small. It is
interesting to notice that the BLA values of [9]Mes are shifted
toward lower values with respect to the trend shown by the
[n]tBuPh series. This indicates that end groups influence to
some extent the structure of the carbon chain: mesityl groups

induce a stronger equalization of the carbon chain, as already
noticed in ref 24.
Figure 2b compares the pattern of CC bond lengths in three

differently capped sp-carbon chains. The molecules have been
selected on the basis of the number of conjugated CC bonds in

the chain, which is defined by the sequence of carbon atoms
carrying 2p electrons (ie.,, C in sp or sp” hybridization in the
case of the end carbons in cumulenes). Accordingly the number
of conjugated CC bonds in SP[N] polyynes is 2N — 1 while in
[n]tBuPh it is equal to n (see Figure 1). The three molecules in
Figure 2b consist of seven conjugated CC bonds. The two
cumulenes ([7]tBuPh and vinylidene end-capped CH,-C¢-
CH,) display rather close bond length values, characterized by a
low degree of bond alternation. However, a small end-group
dependence is revealed by the bond length patterns, which
indicates that vinylidene groups induce more efficient bond
equalization compared to tBuPh substituents. As expected for
polyynes, such as SP[4], the CC bond length pattern is clearly
different from that of the two cumulenes, and it can be
described in terms of an ideal structure with alternated triple
and single bonds.

EXPERIMENTAL VIBRATIONAL SPECTRA

In Figures 3 and 4, experimental IR and Raman spectra of
[n]tBuPh (n = 3, 5, 7) and [9]Mes are reported in comparison
with the analogous data for the polyyne series SP[N]. Figure S
shows a direct comparison between the vibrational spectra of
carbon chains featuring the same number of conjugated bonds,
such as SP[4] and [7]tBuPh. This close-up representation is
useful to discuss the remarkable spectroscopic differences
between polyynic and cumulenic systems.

For both polyynes and cumulenes the IR spectra are
dominated by the structured CH stretching band of tert-butyl
groups (2800—3000 cm™'), which is accompanied by weak
features associated with aromatic CH stretchings (above 3000
em™1).5 Stretching and bending modes mainly localized on
tBuPh groups occur in the 1300—1650 cm™! region, which
shows a persistent spectral pattern for both the cumulene
[n]tBuPh series and the polyyne SP[N] series. This is expected
since similar end-capping groups characterize both series.
However, non-negligible spectroscopic changes in this region
can be observed for [9]Mes, due to the presence of methyl
groups directly linked to the aromatic rings.

Infrared active CC stretching transitions assigned to the
conjugated sp-carbon chains give rise to relatively weak features
in the 2000 cm™" region. Comparing SP[4] and [7]tBuPh, we
observe a remarkable shift of the CC stretching band to lower
cm™!, from 2215 cm™ (SP[4]) to 2055 cm™ ([7]tBuPh), as
expected in the presence of a more “metallic” structure for the
cumulene chain.>

In Figure 3a one clearly observes that the number of IR bands
assigned to the sp-carbon chain increases with increasing chain
length. The appearance of this sequence of bands in the 2000
—2500 cm™' region has been interpreted in the frame of the
classical “oligomer approach”, which allows correlation of

vibrational frequencies of oligomers (SP[N]) to specific points
on the phonon dispersion branches of the infinite chain
(polymer), treated as a one-dimensional crystal. An analysis has
been recently carried out®® in which specific CC stretching
marker bands revealing the distortion from linearity in longer
SP[N] chains have also been reported.
While the overall IR absorption intensity distribution is
comparable for cumulenes and polyynes, Raman spectra
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Figure 3. (a) Infrared spectra of SP[N] polyynes series (N = 4—20). (b) Infrared spectra of [n]tBuPh cumulene series (n = 3,5,7) and [9]Mes.
Samples are in solid state. For []tBuPh, five times magnified spectra in the region of the stretching modes of the linear chains (%2000 cm™") are
shown. Bands assigned to CC stretching of the linear chain are plotted with a black line.
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Figure 4. (a) Raman spectra of the SP[N] series (N = 4—20). (b) Raman spectra of the [n]tBuPh cumulene series (n = 3,5,7) and [9]Mes. Samples
are in solid state. Magnified spectra in the region of the CH stretching modes are shown (magnification factor of 10 for the [n]tBuPh series and of 20

for SP[N]).

(Figure 4) show remarkable differences between the two classes
of molecules. The Raman spectra of SP[N] are very selective,
since they are largely dominated by the transition assigned to
the so-called "R mode” (i.e., the BLA oscillation), described by
a collective simultaneous out-of-phase CC stretching of the
adjacent CC bonds along the sp-carbon chain.>"** While for
SP[4,6,8] the R line lies above 2000 cm™, the CC stretching
features of the shorter cumulenes appear in the vicinity of 2000
cm™" and significantly red shift below 2000 cm™ in the longer
cumulenes, [7]tBuPh, [9]Mes. Furthermore, cumulenes are
characterized by more complicated Raman spectra than

polyynes and display several lines of comparable intensity in
the region characteristic of the stretchings of conjugated CC
bonds (2000—1000 cm™’, see Figure 4). However, for
[n]tBuPh series a R line can be easily recognized simply
based on its peak frequency [As shown in ref 27, CC stretching
modes of a cumulene chain of finite size can be put in
correspondence with properly selected phonons belonging to
the acoustical longitudinal dispersion branch of the correspond-
ing ideal polymer, described as a linear monatomic one-
dimensional crystal. For cumulene chains containing a relatively
small number of C atoms, it results that the R mode is close to
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the maximum of the acoustic branch®” and this is expected to
give rise to a higher frequency CC stretching line in the Raman
spectrum. ]: looking to Figure 4b, we observe that it lies in the
range 2000—1800 cm™'. This further supports that cumulene
chains behave as more “metallic” systems, which is expected on
the basis of the Kohn anomaly predicted for a perfectly
equalized infinite chain.>® Further inspection of Figure 4 reveals
that, compared with signals originating from end groups, the
strength of the Raman transition associated with the BLA
oscillation is very high in polyynes, even in the case of the
shorter species available, SP[4]. This feature can be nicely
interpreted in the frame of the effective conjugation coordinate
(ECC) theory,”>® which predicts a very large polarizability

change (5—;) associated with the BLA oscillation of a z-

conjugated chain characterized by a bond alternation pattern.
The experimental spectra of cumulenes (Figure 4) show
comparatively stronger Raman features in the ring stretching
region than polyynes, a feature which could be interpreted as
the consequence either of weakening of the Raman activity
associated with the R mode of [n]tBuPh or of a remarkable
intensification of the CC stretching features of aryl rings linked
to cumulene chains. A closer look to the vibrational features
assigned to aryl rings, as reported in Figure 5, can bring to light
further interesting experimental evidence. While the infrared
spectra of SP[4] and [7]tBu (Figure Sa) show a very similar
pattern showing absorption features which roughly maintain
the same intensity distribution, the Raman peaks in the same
region (Figure Sb) are drastically modified while passing from
SP[4] to[7]tBuPh. Few Raman lines of the two molecules can
be put in correspondence simply based on frequency position
and band shape, as for the IR spectra. However, strong features
appear in the Raman spectrum of [7]tBuPh which do not find a
counterpart in the Raman spectrum of SP[4]. In particular, two
new and strong lines at 1343 and 1160 cm™" are observed in
the [7]tBuPh spectrum. In addition, the Raman line of

[7]tBuPh at 1582 cm™' shows a non-negligible frequency
down shift accompanied by a relative intensity increase. The
behavior of the vibrational spectra of [7]tBuPh is similar for all
the cumulenes under discussion and the same observations
could be extended to the other members of the [n]tBuPh
series.

Based on experimental findings, we can state that

(i) CC stretching modes of the [n]tBuPh cumulene chains
give rise to Raman transitions of comparable strength with
respect to the features found in the ring stretching region and
below (Figure 4);

(ii) sizable changes are found over the aryl ring transitions
range (1600—1000 cm™") by comparing the Raman spectra of
[n]tBuPh and SP[N] polyynes.

The second point suggests the onset of non-negligible
interactions between the cumulene chain and the aryl rings,
possibly stronger than those present in polyynes. This concept
can be worked out further by considering another piece of
experimental evidence, namely the Raman intensity ratio
between the ring features and the CH stretching transitions
of tBu groups. In spite of the weak Raman intensity measured
in the 2800—3000 cm™' region (the spectra become
progressively noisier in this region as the chain length
increases), it is clear that in [n]tBuPh cumulenes the intensity
ratio between the integrated CH stretching Raman band and
the ring stretching modes at about 1600 cm™" steadily decreases
with chain length n (see Figure 4). Since aliphatic CH
stretching intensities of tBu groups can be safely taken as
transferrable along the whole [n]tBuPh series, the above
observation suggests that the Raman polarizability of the aryl
rings is affected by the conjugation length of the cumulated
double bonds structure. The last observation can be taken as
the experimental evidence that the conjugation path of 7z
electrons of the sp-carbon chain extends somewhat to aryl
rings.
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stretching region (see inset). To increase the signal-to-noise ratio, the spectrum of [7]tBuPh is the average of the six spectra taken at earliest times
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In spite of some uncertainty related to the noisy signal over
the CH stretching region, it is possible to make a direct
comparison between the spectral behavior of SP[4] and
[7]tBuPh (e.g, featuring the same number of conjugated
bonds) adopting an intensity normalization with respect to the
CH stretching signals, as reported in Figure 6. The intensity of
aryl modes (ring stretching at 1582 cm™" and breathing at 999
cm™') in cumulene chains is higher than the polyyne.
Moreover, Figure 6 suggests that the intensity of the R mode
is enhanced in the case of the cumulene (compare the Raman
line at 2151 cm™ of SP[4] and the line at 1824 cm™' of
[7]tBuPh).® The above observations support the hypothesis
that in cumulenes, such as for the specific case analyzed,
[7]tBuPh, the conjugation of the sp-chain extends to aryl
groups affecting the molecular polarizability and thus the
Raman response. Moreover, we can conclude that the presence
of many peaks in the Raman spectrum of cumulenes (different
from polyynes) is not ascribed to a weakening of the R mode
intensity, which is comparable to that of a polyyne featuring the
same chain length, but it originates by an anomalous
intensification of end groups modes.

The experimental intensity data are also presented as a
logarithmic plot in Figure 7, which allows visualization of the
different trends. Ring stretching and ring breathing modes of
the SP[N] species show very small deviations from a constant
value, as usually shown by end-modes.”® A completely different
behavior is observed for the analogous normal modes of
cumulenes, which show a dramatic increase of their intensity
while increasing the chain length. Notice that the ring
stretching band of cumulenes follows roughly the same
intensity trend of the R mode, which in turn parallels the
intensity behavior of the R mode of polyynes. Accordingly, we
conclude that for [n]tBuPh the three Raman bands here
considered are all very sensitive to conjugation and experience a
remarkable intensity increase with chain length, while for
polyynes SP[N] only the R line shows this. Quantitative data
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Figure 7. Logarithmic plot of experimental relative Raman intensities
in SP[N] polyynes and [n]tBuPh cumulenes (data are presented in
Table SL1). The R line and two selected Raman lines in the aryl
stretching region are considered, namely the ring stretching line at
about 1600 cm™ and the ring breathing at about 1000 cm™. See text
for discussion.

obtained by the analysis of the integrated Raman intensities
(normalized to CH stretching intensities) for the entire series
of SP[N] and [n]tBuPh are reported in the Supporting
Information (Table SL1).

The interplay between the two 7 electrons systems, rings and
carbon chain, is further supported by the comparison between
the frontier orbitals of [7]tBuPh and SP[4], as reported in
Figure 8. Indeed the wave functions extend more over the aryl
groups while passing from SP[4] to tBuPh[7] and [9]Mes.
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311G** DFT calculations. The energies of the orbitals are reported in atomic units.
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eigenvector; (c) individual contribution of CC stretching to the total polarizability of the R mode. CC bonds are numbered following the conjugated

chain path from one end to the other one, consistent with Figure 2b.

Furthermore, the local symmetry of the sp chain (supposed
linear) loses the C; axis as in SP[4], becoming a C, axis in
[7]tBuPh and [9]Mes. On this basis, we observe the removal of
HOMO/HOMO-1 (LUMO/LUMO-1) degeneracy while
passing from trityl capped polyynes to aryl end-capped
cumulenes. Indeed, out of the two 7z-systems of the sp-chain,

only one (7,) can effectively couple to the aryl groups, since 2p,
orbitals of the sp-carbons are oriented closer to the 2p orbitals
of the aryl carbons (see Figure 8), giving rise to the highly
delocalized HOMO and LUMO orbitals of [n]tBuPh. The
interaction with aryl units not only removes the degeneracy
between the frontier molecular orbitals but also dramatically



lowers the HOMO—LUMO gap of aryl end-capped cumulene
(gapsp(a) = 0.16 ha, gap(7)p,pn = 0.09 ha). The extension of the
electron conjugation to the aryl groups has profound
consequences also on the Raman response and on the
vibrational dynamics of the molecule, resulting in couplings
between vibrational displacements of the cumulene chain and
of the aryl rings. These effects will be discussed in detail in the
next section, looking at vibrational displacements provided by
DEFT calculations.

BOND POLARIZABILITY DERIVATIVES AND
MOLECULAR STRUCTURE

Despite of the fact that polarizability derivatives along CC
stretchings of the chain are overestimated by DFT in both
[#]tBuPh and SP[N] polyynes (see Supporting Information for
details), interesting information on z-conjugation and end
group effects can be gained by looking at the computed Raman
bond parameters, namely da/dR; (where R; is one of the CC
stretching coordinates along the sp-chain). These are
responsible for the large Raman cross section of totally
symmetric CC stretching normal modes. We address here the
rationalization for the fact that experimental intensity data and,
to a larger extent, theoretical predictions tell us that [n]tBuPh
cumulenes show strong R modes, comparable to those
observed for polyynes, in contrast to simpler model cumulenes
discussed in ref 27. [In ref 27 the following were predicted: (1)
a noticeable weakening of the Raman activity of the R mode of
vinylidene end-capped cumulenes, always accompanied by a
loss of selectivity of the calculated Raman spectra and (2) a
rationalization of such behavior in terms of local Raman
parameters. However, that was a theoretical investigation on
model cumulenic systems. Here we can, for the first time,
experimentally assess theoretical predictions on synthesized
cumulene molecules featuring known chain length and
structure.] In Figure 9 we report a synopsis of the main
invariant of the polarizability derivatives, Tr(da/dR;), that
determines the Raman activities of the CC stretching modes.
For details about this procedure in other systems see refs 55
and 57. We compare three different sp-chains with comparable
lengths: two cumulenes ([7]tBuPh and its vinylidene end-
capped counterpart) and SP[4] polyyne. The inspection of the
three top panels of Figure 9a reveals similar trends for SP[4]
and [7]tBuPh: both molecules show a well-known alternating
behavior, which is usually found in 7-conjugated carbon chains
characterized by a sequence of short and long bonds. In these
systems it is typical to observe an oscillating pattern of positive
and negative values of da./dR; along the chain axis z. Usually
the zz component is dominant, so that Tr(da/dR;) ~ da,./
de.27’55 We also observe in Figure 9a that [7]tBuPh and SP[4]
show comparable values, while the vinylidene end-capped
cumulene is characterized by markedly lower polarizability
derivatives (by about a factor of 10).

By considering the individual CC stretching contributions
(L}-R) in the nuclear displacements of the R modes, it is

possible to explain the large polarizability change associated
with the R mode of SP[4] and [7]tBuPh. In fact, each da/dR,;
value constructively adds up to determine the total polar-
izability change, since dat/dR = ) .da/ deL}.R.55 This is clearly
illustrated in the panels of Figure 9b and ¢, which show the
pattern of L coefficients and the products da/dR;-L;g for the
strong R modes computed in SP[4] and [7]tBuPh. The values
of the polarizability derivatives reported in Figure 9 also justify

the trend of the Raman activities of the R bands in SP[4] (I =
146311 A* amu™) and [7]tBuPh: (I = 322198 A* amu™).

The pattern of Tr(da/dR)) values in the vinylidene end-
capped cumulene is remarkably different (Figure 9a), with
values lower by about 1 order of magnitude and positive signs
all along the sp-chain. This pattern is consistent with previous
theoretical work”” and with the “metallic” character of the
chain, showing very low BLA value at the equilibrium
geometry: in other words, a chain consisting of quasi equivalent
CC bonds should exhibit bond parameters (e.g,, Tr(da/dR;))
close in value, or at least with the same sign.27 This feature is
even more remarkable if one considers that, in the limit of a
perfectly equalized infinite monatomic chain, the R mode is
Raman silent for symmetry reasons, since it corresponds to the
q = n/a # 0 longitudinal phonon. The fact that [7]tBuPh and
CH,—C¢—CH, show significantly different Raman parameters
(Figure 9), even if they possess similar and low BLA, suggests
that the transition between the alternated bond length regime
and a truly metallic regime occurs in a very narrow range of
BLA values, close to zero.

The observed trends of local Raman parameters can be
analyzed further by considering the role of the frontier orbitals
in determining the values of the polarizability derivatives. This
is done by considering the pattern of the bond-order changes
upon excitation.’' Nodal analysis of the frontier orbitals reveals
the bonding/antibonding contributions along the sp-chain and
how they are modified upon low-lying transitions. We conclude
that, compared to vinylidene end-capped cumulene CH,—C¢—
CH,, the loss of the HOMO degeneracy caused by the coupling
with 7-electrons of the aryl groups is the fundamental reason
for the different Raman behavior of [n]tBuPh (see Supporting
Information). On this ground we can state that in aryl
cumulenes the sign pattern of the Tr(da/dR;) parameters can
be deduced by considering how the nodal planes are modified
while passing from HOMO to LUMO (see Figure 8 and
Supporting Information). The high values of the polarizability
parameters and of the Raman intensity of the R mode are
justified by the fact that the z-orbitals of the aryl groups concur
to determine (i) an effective energy separation between the
HOMO and HOMO-1 levels and (ii) an important enhance-
ment of the molecular polarizability (and of its derivatives)
thanks to the increase of the conjugation length extending
outside the sp-carbon chain. The relevant contribution of the
aryl groups to the highly delocalized frontier orbitals of
[7]tBuPh also justifies the strong increase of the Raman activity
associated with the CC stretching modes of the aryl groups,
compared to what happens in polyyne SP[4] (which displays
weaker aryl ring stretching modes). As a consequence of the
above analysis, we argue that a modulation of the end group
conformation while changing the values of the dihedral angles
which control the orientation of the aryl units may be used as a
strategy to modulate the z-conjugation and spectroscopic
response of the sp-carbon chain. Similarly, a substitution with
electron donor/acceptor groups on the aryl end-capping groups
could be used to polarize the sp-chain through the z-
conjugation effects, as described above.

CONCLUSIONS

Based on the experimental data collected for [n]tBuPh and
SP[N] series and the associated results from DFT calculations,
we can state the following points:



(i) The experimental Raman spectra of [n]tBuPh are
characterized by a remarkably low wavenumber of the R
band and can be taken as the spectroscopic signature of the
transition of cumulenes toward a “metallic” regime. This is
consistent with the measured optical gaps, which are
significantly lower than those of polyynes.**

(ii) In spite of their equalized CC bonds, [n]tBuPh
cumulenes display a strong Raman intensity of the R mode.
The analysis of the computed bond polarizability derivatives
(da/ dR,) provides a reasonable rationalization of this fact. The
pattern of the da/dR; parameters along the sp-carbon chain
unexpectedly indicates that [n]tBuPh, from the point of view of
the Raman response, obey a regime typical of the systems
characterized by alternated CC bonds. This behavior is caused
by the fact that the frontier orbitals extend to the aryl moieties
of the end groups.

(ili) Experiments and calculations reveal a remarkable
increase of the Raman intensity of the modes of the aryl
rings in [n]tBuPh cumulenes compared to polyynes with the
same end-capping groups. This is a further proof that in
[n]tBuPh cumulenes, 7-conjugation of the sp-carbon sequence
also extends to the aryl rings of the end groups. The
contribution from the linear chain to the Raman activity in
the characteristic region of the aryl-ring modes is 2-fold: (1)
CC stretching of the chains is involved in aryl modes through
an effective vibrational coupling; (2) 7 electrons of the sp-chain
contribute to the increase of the molecular polarizability and its
derivatives with respect to CC stretching coordinates of the aryl
ring.

Within the picture proposed here we finally note a relevant
issue that applies to the detection and study of cumulenic
structures embedded in nanostructured sp/sp* carbon materials
(ie., also containing graphitic domains). Based on our
conclusions we can state that their spectroscopic response is
strongly influenced by the nature of the carbon structures
bonded at the ends of the sp-carbon chains**™*® If a
conjugation path that extends to the m-system of condensed
aromatic rings becomes available through chain ends, we expect
a remarkable activation of otherwise silent (or very weak)
Raman transitions. This phenomenon can also occur in the case
of relatively long chains, for which no allowed Raman
transitions are predicted if they are modeled as ideally infinite,
monatomic chain crystals.
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