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ABSTRACT

Vibrational and electronic properties and anharmonicity of sp-carbon atomic wires (i.e., polyynes) have been studied using resonance Raman spectroscopy, focusing
on the confinement effects connected to their structure (length and termination). We exploited the fine tunability of the synchrotron radiation to resonantly excite
short H-, CHs-, and CN-capped carbon atomic wires at their vibronic transitions in the deep UV. We report for the first time the resonance Raman spectra of size-
selected CH3-capped polyynic wires (HC,CHg, n = 8-12) and CN-capped wires (HCcCN and HC;2CN). We observed that the degree of n-electron conjugation increases
with the wire length and is related to the specific termination. The analysis of multiple quanta Raman overtone bands shows that the anharmonic correction of the
vibrational potential energy becomes increasingly relevant as the wire length increases. Finally, studying the vibronic lines of the UV absorption spectra allows the
determination of an effective displacement parameter between the minima of the ground and the low-lying excited state, proving that the strong electron-phonon

coupling of these systems is sensitive to chain length and termination.

1. Introduction

Carbon atomic wires are among the most straightforward one-
dimensional systems ever synthesized, formed by linear chains of sp-
hybridized carbon atoms terminated at both edges by small functional
groups [1]. These systems have captivated the scientific community due
to their inherent simplicity (alternated single and triple bonds in poly-
ynes and double bonds in cumulenes), allowing us to test the theoretical
predictions of the physical properties of the ideal carbyne as a limit of
carbon wires of increasing length [2-7]. Their high degree of n-electron
conjugation causes a strong interplay between their geometry and
electronic structure, allowing for tuning their electronic, vibrational,
and optical features through size confinement or proper chemical
functionalization [1,8-10]. This leads to unique size-dependent opto-
electronic, thermal, and mechanical properties making them highly
promising for application in different technology fields [8,11-16].

Carbyne, corresponding to an infinite linear carbon wire, presents
numerous fundamental unanswered questions about its properties. Its
structure is expected to be polyyne-like, i.e., single-triple alternated
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bond configuration, due to the onset of Peierls’ distortion. However,
theoretical predictions indicate that the zero-point vibrational energy
could overcome the potential barrier and reach the equalized bond
structure configuration, making cumulene possible. Strain is expected to
raise the potential barrier, leading to a stable polyyne structure [17], but
strain-induced metal-to-semiconductor transition has been observed in
short systems and analyzed theoretically for the ideal carbyne case [17,
18]. The impact of quantum anharmonicity in determining crucial fea-
tures in carbyne, such as the cumulene-to-polyyne phase transition, has
been recently outlined theoretically [19]. The lack of experimental proof
of carbyne’s properties is due to the difficulties in synthesizing wires
long enough to be considered carbyne. Carbyne is expected to display
the same properties irrespective of its length, but the characteristic
length setting the threshold between carbyne and carbon atomic wires
affected by size confinement is still under discussion [20]. In this
framework, the anharmonicity in short sp-carbon wires and how it is
affected by length and termination effects is still a completely open
question. The experimental availability of size- and termination-selected
carbon atomic wires allows us to investigate structure-dependent
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properties.

Raman spectroscopy emerges as a powerful tool for studying the
properties of sp-carbon systems [1,21]. The analysis of the fundamental
vibrational transitions of carbon atomic wires, specifically polyynes,
allows for investigating their structural and nonlinear optical properties,
charge transfer, optical gaps, and electron-phonon coupling [22-30]. In
particular, their strong Raman-active mode, often referred to as “a
mode” or Effective Conjugation Coordinate (ECC) mode, lying in a re-
gion of the Raman spectrum (i.e., 1800-2200 cm’l) where the other
carbon allotropes are inactive, serves as a specific marker of the struc-
ture and n-electron conjugation of these systems [1,21]. It shows a sig-
nificant frequency down-shift and increased Raman intensity as the wire
length increases. Moreover, different chemical groups at the ends of the
wire may induce detectable but weaker effects on the spectral pattern.
These features depend on the wire’s symmetry, which lowers in the
presence of a non-symmetric capping and the dynamic coupling be-
tween the wire and its terminations [15,22,23,31]. Moreover, the
involvement of atomic orbitals from the endgroups in the conjugated
n-electrons system affects the electronic properties, molecular polariz-
ability, and Raman response [3,5,31-35].

Nevertheless, the concentrations of short polyynes produced by
physical synthesis methods like arc discharge and pulsed laser ablation
in liquid are usually too low to be probed with conventional Raman
spectroscopy [36-39]. Surface-Enhanced Raman Scattering (SERS) or
resonance Raman scattering (RRS) can be exploited to overcome this
issue [21,25,26,36,40-44]. In recent studies, resonance Raman scat-
tering has shed light on the Raman excitation profile of confined car-
byne, very long (up to 800 nm) linear chains confined into
double-walled carbon nanotubes [45], and long linear carbon chains in
multi- or single-walled carbon nanotubes [46-48], discovering
size-independent optical and vibrational properties of these systems
which approach the limit of the ideally infinite carbyne. Confined car-
byne absorbs in the visible range and is the strongest resonance Raman
scatterer ever reported [49,50]. We recently reported a deep UV reso-
nance Raman analysis of hydrogen-capped polyynes of different lengths
(from 8 to 12 carbon atoms), where we discovered a significant modu-
lation of the Raman intensity of multiple-quanta Raman transitions by
selectively exciting polyynes at specific vibronic transitions [44]. By
carefully choosing the excitation wavelength, we have successfully
enhanced the intensity of o« mode overtones, enabling the detection of
high-order transitions up to five vibrational quanta [44]. Accessing to
observed frequencies of the fundamental Raman transition and its
overtones opens to exploring vibrational anharmonicity as a function of
structure-selected carbon atomic wires.

To significantly contribute to the ongoing discussion on anharmo-
nicity in carbyne-like systems, in this work, we carried out an experi-
mental and theoretical study of vibrational properties and
anharmonicity of short carbon atomic wires, focusing on their modu-
lation induced by the wire structure.

Our approach employs synchrotron-based UV resonance Raman
spectroscopy and theoretical analysis by DFT methods to investigate the
impact of the chain length and termination on the properties of a series
of hydrogen-, methyl-, and cyano-capped carbon atomic wires in the
form of polyynes. We exploited the tunability of the synchrotron radi-
ation to exactly excite different polyynes at their corresponding ab-
sorption maxima — i.e., peaks of the vibronic sequence — in the deep UV
region. The resonance enhancement enables us to collect Raman spectra
even from low-concentrated samples (down to ~10~8 M). We reported
for the first time the resonance Raman spectra of methyl- and cyano-
capped wires, ranging from the fundamental transition of the o mode
to its first overtone, comparing them to the simpler H-capped polyynes.
This study extends previous work on resonance Raman spectroscopy of
H-capped polyynes [44] to explore the effect of terminations.

By analyzing the UV absorption spectra, we estimated the dimen-
sionless effective displacement parameters of the different species and
discussed the impact of specific terminations on the electron-phonon
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coupling in these systems. Moreover, the analysis of second-order
Raman spectra, including higher orders for the HC,H series, allowed
us to discuss the anharmonicity of the main Raman mode (i.e., a mode)
and its dependence on wires’ size and terminations. We observed a steep
increase in the anharmonic character of the vibrational potential in
longer chains, which is further supported by DFT calculations of the
potential energy surface (PES) along the ECC coordinate of HC,H wires
of increasing length.

Our results highlight significant anharmonicity in carbon atomic
wires with an increasing trend with the wire length. Such large anhar-
monicity can affect thermal expansion and strain effects, potentially
exploitable in future nanoelectronics and thermoelectricity. The linear
increase observed up to 26 carbon atoms indicates that the onset for the
carbyne limit is still far, and an even larger anharmonicity could be
expected for ideal carbyne. However, carbon atomic wires represent an
intriguing class of systems with unique property modulation opening to
applications as a quantum material.

2. Methods

Polyynes’ solutions were prepared following the experimental pro-
cedure described in previous work [36]. A mixture of polydisperse
polyynes, characterized by various wire lengths and terminations, was
synthesized in acetonitrile through pulsed laser ablation in liquid [36].
They were separated in monodispersed solutions of acetonitrile and
water by high-performance liquid chromatography (HPLC). We
collected their size- and termination-selected UV-Vis absorption spectra
during the separation. Cyano-capped polyynes (HC,CN, with n = 6, 8,
and 10) were transferred in cyclohexane after HPLC with a liquid-liquid
extraction method to avoid the overlap of the « mode of n = 6 chain and
their CN stretching modes with the CN stretching mode of acetonitrile.

UV resonance Raman (UVRR) spectra were collected by exploiting
the synchrotron-based UVRR set-up available at the BL10.2-IUVS
beamline of Elettra Sincrotrone Trieste (Italy) [51]. All the samples
were measured employing the experimental method described in
Ref. [44]. Different excitation wavelengths in the deep UV range were
exploited (see Table S1 in the SI), provided by the emission of syn-
chrotron radiation (SR), by accurately changing the aperture of the
undulator gap. The SR light has been then monochromatized by using a
750 cm focal length spectrograph equipped with a holographic grating
of 3600 groves/mm. Raman spectra corresponding to excitation at the
vibronic peaks above 272 nm (and below 200 nm) were not measured
due to limitations of the minimum undulator gap aperture. The radiation
power on the samples ranges from a few up to tens of pW (see Table S1).
The calibration of the spectrometer was performed using the CH; scis-
soring mode of cyclohexane (spectroscopic grade, Sigma Aldrich) at
1444.4 cm™L. The final spectral resolution depends on several contri-
butions: the resolving power of the SR monochromator (focal length,
grating, slits aperture) and the analyzer (750 cm focal length, 1800
g/mm), the excitation wavelength, and the spectral range — determined
by the pixel spacing of the CCD. For each excitation wavelength, a
reliable estimation of the final resolution of the collected Raman spectra
can be given by a general equation (spectral range [cm™'])/1340 (for
instance, 2.6, 1.9, and 1.6 cm’l/pixel at 216, 251, and 272 nm of
excitation wavelengths, respectively).

We excited polyynes at their corresponding strongest vibronic line
associated with the fundamental |0),—|0), transition, namely between
the low-lying (Jm = 0)) vibrational level of the ground (g) electronic
state and the lowest-energy vibrational level (|k = 0)) of the first dipole-
allowed excited (e) electronic state. The only exceptions, due to the
wavelength-limitations of the synchrotron-based deep UV tunable
source, are HC1o,CH3 wire, which was excited at the \O)g—>|l)e transition,
HC;(CHj3 wire, which Raman spectra were collected in resonance with
the |0),—|0), and |0),~1), transitions, and HC;2CN and HC;4H wires,
excited in resonance with the |0),—|2), vibronic peak. Table S1 reports
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additional information concerning the UV absorption and resonant
Raman measurements carried out on the set of molecules.

Density functional theory (DFT) simulations were performed on
single linear chains using Gaussian09 [52]. PBEO/cc-pVTZ calculations
were used for the computation of the Raman spectra. Indeed,
PBEO/cc-pVTZ has been shown to provide a good agreement with ex-
periments when used to compute the Raman spectra [1,21,22,36,53].
DFT Raman spectra have been uniformly scaled by a factor of 0.9512.
This value is an average of the scaling factor needed to match the
experimental and calculated o« modes of H-capped polyynes [44]. With
the same computational setup, we investigated for HC,H wires (n =
8-26) the anharmonic contribution to the PES while varying the ECC
coordinate.

3. Results
3.1. UV-Vis absorption and UV resonance Raman spectra

Fig. 1 reports the UV-Vis absorption spectra of hydrogenated carbon
wires from our previous work [44] and CH3- and CN—capped polyynes
extracted during the separation process from the diode array detector of
the HPLC, ie., in acetonitrile-water solutions. To identify the corre-
sponding species in each spectrum, we compared them with the litera-
ture [36,54,55] and TD-DFT calculations [36]. The sequence of sharp
peaks in the UV region of H-capped polyynes corresponds to the
vibronic progression associated with the dipole-allowed 123 «— XIEg+
transition. This transition involves excitations between the first vibra-
tional level of the ground state (|0),) and the different vibrational levels
of the first excited states (|k),). The most intense peak corresponds to the
|0);— |0), excitation, while the others match transitions to vibrational
levels at higher vibrational quantum numbers (k). The absorption
spectra of CHs— and CN-capped polyynes display distinct features on the
longer wavelength side of the |0),— |0), line. Specifically, CHz-capped
wires show a shoulder merged with the |0),—|0), peak, while CN—cap-
ped polyynes display a weak vibronic pattern. These features arise from
the symmetry breaking caused by hetero-terminations in CH3- and
CN-capped polyynes, allowing electronic transitions that are
symmetry-forbidden in linear, centrosymmetric (D Symmetry group)

HC,H

HC,CH3
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H-capped species [27,56]. Despite this, the overall shape of the ab-
sorption spectra of CHs—capped polyynes resembles that of H-capped
chains with the same n, indicating a relatively weak perturbation from
the methyl group. Instead, absorption spectra of HC,CN wires are
significantly red-shifted compared to hydrogen-capped species with the
same n. This experimental evidence suggests the involvement of the CN
group in the delocalized n-electrons system, resulting in an intermediate
effective conjugation length of HC,CN between HC,H and HC oH.
Moreover, especially for HC4CN and HCgCN, the vibronic sequence may
be affected by the vibrational structure of different electronic states and
potentially involve the contribution of vibronic transitions different
from the Raman-active o mode.

To obtain the UVRR spectrum of specific wires, we selected the
excitation wavelength according to the absorption spectrum’s vibronic
progression (see Fig. 1 and Table S1). The limitations imposed by the
characteristics of the undulator and the beam transport system of the
IUVS beamline narrow the tunability of the Raman excitation between
200 and 272 nm. Within this range, we successfully probed H-capped
polyynes (HC,H) with n = 8-14, CHs-capped polyynes (HC,CH3) with n
= 8-12, and CN-capped polyynes (HC,CN) with n = 6-12. The UVRR
spectra of the ten selected polyynes are shown in Fig. 2. The excitation
wavelengths we adopted for investigating each system are listed in
Table S1 in the SI. In some cases, we used different excitation wave-
lengths to probe fundamental and multiple quanta vibrational transi-
tions, ie., we picked up resonances at different |0),—[k), (k > 0)
transitions. This ensures obtaining more effective resonance enhance-
ment in specific spectral regions (i.e., the first- or higher-order Raman
range), as discussed in our previous work [44]. Each panel of Fig. 2
reports the spectra of polyynes with different lengths but the same
termination. The intensities of each species are normalized to the a or 2
lines. In the first-order Raman spectra of H- and CHz-capped wires, the
CN stretching mode of acetonitrile (solvent) prevents the analysis above
2230 cm™l. Moreover, in the second-order Raman spectra of long H-
and CHs-capped carbon wires, we notice the presence of two vibrational
lines, centered at about 4035 and 4320 cm’l, assigned to overtones of
characteristic Raman transitions of acetonitrile (black asterisks in the
second-order Raman region of Fig. 2) [44]. These modes are visible only
in the least concentrated samples where the intensity of their 2« lines is
comparable to that of acetonitrile’s overtones. Three- and four-quanta

HC,CN
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Fig. 1. UV-Vis absorption spectra of a) H-capped polyynes (HC,H, n = 6-26), b) CHz—capped polyynes (HC,CHs, n = 8-20), and ¢) CN-capped polyynes (HC,CN, n
= 6-18). The grayed region from 200 nm to 272 nm highlights the region accessible through the UVRR setup available on IUVS due to instrumental limitations of the
undulator. The bolder spectra highlight polyynes measured with UVRR (see Fig. 2). (A colour version of this figure can be viewed online.)
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Fig. 2. Multi-wavelengths experimental UVRR spectra of H-capped (panel a, HC,H, n = 8-14), CH3-capped (panel b, HC,CH3, n = 8-12), and CN-capped (panel c,
HC,CN, n = 6-12) polyynes. DFT simulations of Raman spectra of the same chains are reported in the top panels (frequency scaling factor of 0.9512). Experimental
first- and second-order Raman spectra are shown in the middle and bottom series of panels, respectively. The excitation wavelengths employed for recording first-
and second-order Raman spectra are reported in Table S1 in the SI. In the first-order region of HCgCHj, the result of curve fitting is shown to help visualize the Raman
bands, which are partially hidden due to the overlap with the intense CN peak of acetonitrile. The visible normal modes analyzed in the main text are labeled (a, §, B,
R, Q, and CN), prepending an asterisk if they have low intensity or merge with other peaks. Overtones of acetonitrile in the second-order region are highlighted with

black asterisks. (A colour version of this figure can be viewed online.)

Raman transitions of H-capped polyynes are shown in the SI in Fig. Sla
and b, respectively. The top panels of Fig. 2 compare experimental
first-order Raman spectra to DFT simulations (see Methods for scaling
details).

The o mode of polyynes exhibits the highest intensity in the first-
order region of Fig. 2 (2000-2200 cm ) [21,25,44]. This mode in-
volves a collective motion of all the CC bonds in the sp skeleton, char-
acterized by the simultaneous shrinking of the single and stretching of
the triple bonds [21,25]. Fig. 3 shows the relationship between the
experimental wavenumbers of the a« mode (v,) and the effective conju-
gation length (n*), where n* = n for HC,H and HC,CH3 and n* = n+ 1 for
HC,CN (the corresponding v, values are listed in Table S2). For the

whole set of molecules, n* corresponds to the number of consecutive
sp-hybridized carbon atoms. Within each series of H-, CH3—, and
CN-capped polyynes, the o« mode frequency down-shifts as the chain
length increases, reflecting the expected increase of m-electron conju-
gation. H-capped polyynes possess an additional weaker satellite peak at
frequencies below the o« mode (see Fig. 2a), assigned to the so-called p
mode [21,25,43,44]. This vibration has a more complex pattern than the
o mode’s one and can be described as an out-of-phase collective motion
of the CC triple bonds in the chain [21,25], with a variable contribution
from the stretching of the single CC bonds, depending on the chain
length. The experimental frequency of the p mode (14, see Table S2)
shows oscillatory behavior with increasing chain length (see Fig. 3),
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Fig. 3. Experimental frequency dispersion of the o mode (v,) of polyynes as a
function of the effective conjugation length (n*). n* = n for HC,H and HC,,CHg,
while n* =n+ 1 for HC,CN polyynes. The frequency dispersion of the § mode
(vp) of H-capped polyynes is reported as well.

consistent with previous findings by Tabata et al. [25] and confirmed by
DFT calculations (Fig. 2a). In particular, 5 shows a monotonic
decreasing trend with n when considering wires with odd and even
numbers N of C = C bonds separately (N = n/2). The intensity of the
mode diminishes from HCgH to HCy4H, becoming barely visible in
HCi4H (Fig. 2a). Indeed, this Raman-active vibration is a result of size
confinement, and it vanishes by approaching the ideal carbyne limit,
which features a single Raman-active ECC mode (i.e., the « mode phonon
at ¢ = 0 wavevector) [1,20,21,44,57].

To the best of our knowledge, we report, for the first time, the
resonance Raman spectra of size-selected methyl-capped polyynes
ranging from HCgCHj3 to HC12CHs. These spectra are dominated by the
band, which matches the prediction of DFT calculations for methyl-
capped polyynes (see Fig. 2b and Table S2). This confirmation vali-
dates the assignment of these spectra to methyl-capped polyynes, which
was previously determined by UV-Vis spectroscopy [36,55]. From
Fig. 3, we observe that the experimental frequencies of the o band of
CHs-capped polyynes are very close to those of H-capped chains of the
same length (same n*). This observation suggests that the methyl group
minimally impacts the degree of n-electron conjugation. This is quite
surprising because of the well-known electron-donating properties of
the CH3 group. Indeed, it usually gives rise to hyperconjugation phe-
nomena when linked to groups containing n-electrons, such as C=C, C =
C, and aromatic rings [3,21,28,35,58,59]. DFT predictions indicate a
remarkable reduction in the bond length of the CC unit connected to the
methyl group in methyl-capped wires (d¢c_cn, ranging from 1.449 A for
HCgCH3 to 1.448 A for HC;3CH3) compared to the typical bond length of
a CC single bond (e.g., for ethane dc_¢ = 1.528 A) [60]. Moreover, the
wavelengths of the |0),—|k), transitions, observed in the UV absorption
spectra of HC,,CH3 wires, show a consistent red-shift (of about 4 nm)
compared to HC,H (see Table S1). The analysis of the computed vibra-
tional eigenvectors (Figure S2) suggests that the stretching of the C-C
bond (R¢-cn,) linking the CH3 group to the polyyne chain barely par-
ticipates in the collective ECC mode responsible for the o band. Indeed,
despite HC,CHg3 wires contain n+ 1 carbon atoms, which are to some
extent incorporated in the m-electron system, the weak dynamical
coupling between the ECC vibration and R¢_cpn, effectively confines the
a mode within the polyyne segment formed by n carbon atoms, pre-
venting any detectable influence of the hyperconjugation from the
methyl group on the position of the a mode.

DFT calculations of the Raman spectra of CH3—capped chains confirm
the dynamic coupling between the R¢_cp, stretching vibration and
other-than-ECC-like vibrations of the polyyne chain, which gives rise to
satellite Raman peaks. The two main satellite bands, occurring at a lower
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frequency and higher frequency than the a band for HCgCH3 and
HC;0CHs, are highlighted in Fig. 4a as B and C modes, respectively.
Their vibrational eigenvectors, illustrated in Fig. S2, show that the B and
C modes involve the stretching of triple and single bonds along the sp-
chain, coupled with the CC stretching of the methyl group. The C mode,
in particular, shows larger bond stretching on the portion of the sp-chain
closer to the CH3 group, showing a small or even vanishing contribution
from the CC bonds’ stretching near the H capping. Fig. 4b shows their
theoretical dispersion (vp and v¢) as a function of n*. The B mode dis-
plays a significant monotonic frequency decrease with increasing chain
length, while the C mode only slightly down-shifts from 2234 to 2227
cm™L. The vibrational eigenvectors in Fig. S2 reveal that the C mode
represents the Raman-activated IR-active ECC-like mode with a node at
the center of the chain. Previous studies have observed the activation of
the IR ECC modes in Raman spectra of non-centrosymmetric polyynes
due to polarization effects along the n-conjugated chain [23]. The B
mode, displaying a partial ECC character, accounts for its remarkable
frequency dispersion with n*. However, the decreasing trend of the B
frequency is less steep than that of the « line, and for HC;2CH3, an
inversion of the relative position of the two bands occurs between n = 10
and n = 12.

Experimentally, detecting satellite peaks is challenging due to the
low concentration of polyynes in the samples. Only the B mode of
HCgCH3 can be faintly observed at ~2147 em ! (scaled DFT wave-
number: 2149 cm™ 1), appearing as a shoulder of the & band (see Fig. 2b).
The intense CN stretching peak of acetonitrile (solvent) overshadows C
modes. Unfortunately, the choice of the solvent is limited by the HPLC
collection method, and subsequent liquid-liquid extraction methods
further decrease polyynes’ concentration, consequently reducing their
Raman intensities.

Considering now cyano-capped polyynes, we show the UVRR spectra
of HC¢CN to HC12CN in Fig. 2c. To the best of our knowledge, this study
marks the first observation of the Raman spectra of HC¢CN and HC;5CN,
whereas our UVRR spectra for n = 8 and 10 align well with previous
findings [27]. In terms of the « modes of cyano-capped polyynes (Fig. 3),
we observed an average frequency down-shift of approximately 30 cm ™!
compared to the a modes of H-capped polyynes with the same number
of CC triple bonds (see also Table S2). Indeed, the cyano termination is
involved in x electrons orbitals and enhances the n-electron conjugation
path, as observed in other polyynes carrying endgroups with © electrons
[61-65]. This effect is particularly notable in cyano-capped polyynes,
where the position of the a line reflects the extension of the character-
istic ECC atomic displacement pattern throughout the entire conjugation
path, including the stretching of the terminal C—CN bond (see Fig. S2).
As observed previously in our analysis of the UV-Vis spectra, by asso-
ciating an effective conjugation length n* = n + 1 to each cyano-capped
polyyne (Fig. 3), we can establish a common dispersion trend for the
frequencies of the a mode of hydrogen- and cyano-capped polyynes. This
implies that the CN group contributes to the conjugation length equiv-
alently to one-half of an additional triple bond. Two possible explana-
tions arise for this behavior: firstly, the nitrogen atom’s higher
electronegativity allows for more effective pinning of its p, electron,
making it less effective than an sp-carbon atom in increasing n-electron
conjugation (i.e., extending the conjugation length by n+ 1 instead of
n+ 2 as with a CC triple bond); secondly, the contribution of the CN
stretching to the collective a mode is smaller or negligible compared to
an additional C = C bond, limiting its effect on the position of the « line.

Like the case of the methyl group, the CN termination generates
satellite peaks in the frequency range of the a mode, as observed in DFT
simulations reported in Fig. 4c. The calculations predict the presence of
low-frequency (R) and high-frequency (Q) satellite peaks and their fre-
quency dispersion with the chain length is shown in Fig. 4d. The
vibrational eigenvectors sketched in Fig. S2 in the SI show that the R
mode presents a CC stretching pattern of the sp-chain similar to that of
the B mode of the CHs—capped molecules. Again, the stretching of the
endgroup (i.e., of the CN bond) shows a remarkable contribution to the
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Fig. 4. a) Raman spectra of methyl-capped polyynes (HC,,CH3) from DFT calculations. The normal modes analyzed in the main text are labeled (a, B, and C) and their
predicted frequency dispersions with the effective chain length are reported in panel b) as v,, v, and v¢, respectively. ¢) Raman spectra of cyano-capped polyynes
(HC,CN) from DFT calculations. The normal modes analyzed in the main text are labeled (, R, Q, and CN) and their frequency dispersions with the effective chain

length are reported in panel d) as v, Lg, Vo, and ven, respectively.

vibrational eigenvector. This is different from the case of the Q vibra-
tion, a collective CC stretching with one central node, characterized by a
small contribution of the CN stretching, which vanishes for the longest
chain.

The dispersion of the lower frequency R mode is more pronounced
than that of the higher frequency Q mode, although less steep compared
to the a band. In HC;oCN, the R and o frequencies are very close, while in
HC12CN, their relative positions are inverted (see Figs. 2c and 4d).
Interestingly, the CN stretching, which participates in the n electrons
system, undergoes a slight frequency modulation from 2259 (HCsCN) to
2250 cm ™! (HC;2CN), as illustrated in Fig. 4c and d. Indeed, DFT cal-
culations reveal that this mode is essentially localized on the C-CN
group (Fig. S2). Experimentally, the satellite Raman peaks (R, Q, and CN
modes) are detected in the Raman spectra of HC¢CN and HCgCN only, in
agreement with DFT calculations. Instead, the R mode of HC;oCN is not
resolved and appears as a small band preceding the « mode (see Fig. 2c).

3.2. Electronic excitation: vibronic structure and electron-phonon
coupling

To further investigate the size confinement effect, we have evaluated
the effective nondimensional displacement parameter (.4, Fig. 5) from
the experimental UV-Vis spectra of size-selected polyyne (Fig. 1) [44,
66], which is proportional to the distance between the minima of the
potential energy surfaces of the ground and low-lying electronic excited
state. This parameter determines the resonance Raman activity and the
pattern of the UV-Vis absorption spectrum of the molecules, and it is
related to their electron-phonon coupling [2,25,44,67-69]. The
displacement parameter is connected to the Huang-Rhys factor (S) via
the following relation [66-68], which is valid in a simplified “one--
mode” approximation:

1.6 T T T T T T T T T T T
3 HC,H  -- Fit HC,H
Ls| B HCACHs -~ Fit HC,CH; _
§ HC,CN ~--Fit HC,CN
1.4f .0z
D ”’/’D’//’//
& O of"o:é”g:”
<J"1.3' - P -~ T
lo - T /”
%85
’/”o ’/b/
19k O g |
- ’,f,’D
1.1=" 1
1L.0=4—% 10 12 14 16 18 20 22 24 26

n* (effective conjugation length)

Fig. 5. Nondimensional effective displacement parameter for hydrogen-
(greenish circles), methyl- (pinkish squares), and cyano-capped (grayish di-
amonds) polyynes extracted from the UV-Vis spectra of Fig. 1. The error bars
are due to the error of the fit model used to deconvolve the UV-Vis absorption
spectra. Linear trends are reported by dashed lines for the three series of pol-
yynes. The linear trend for methyl-capped polyynes was found by excluding the
off-scale value of HC;3CH3. (A colour version of this figure can be
viewed online.)
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According to Eq. (1), the Huang-Rhys factor can be extracted from
the UV-Vis absorption spectrum and is defined as the ratio of the
absorbance of the \O)g—>|1>e (Iy-1) and |0)g—>\0)e (Iy_) transitions [44,
66]. In solid state systems, the Huang-Rhys factor quantifies the average
number of vibrational quanta generated in an electronic transition,
quantifying the electron-phonon coupling of crystals [70].

In this framework, we assume a one-mode approximation to describe
the vibronic structure of the UV-Vis absorption spectrum by considering
the a mode only. For this reason, we call “effective” the displacement
parameter we obtained [44]. While other collective modes may exist,
their contributions are significantly weaker than the o mode, which
exhibits the highest Raman activity and electron-phonon coupling and is
responsible for the intensity pattern and peak position of the vibronic
sequence of polyynes. The effective displacement parameters of
H-capped wires shown in Fig. 5 are obtained from Ref. [44]. Conversely,
the displacement parameters for CH3— and CN—capped polyynes were
calculated from Eq. (1). This involved extracting the absorbance of the
vibronic transitions (I and Iy_o) by fitting the UV-Vis absorption
spectra (Fig. 1) with a multi-Lorentzian function with a linear baseline
correction. Despite potential errors arising from fitting noisy absorption
spectra (see Fig. 1), we observed a consistent trend across all three series
of systems: the displacement parameters increase with the wire length,
regardless of the termination. This observation further supports the
correlation between electron-phonon coupling and n-electron conjuga-
tion, as observed in H-capped polyynes [44].

We analyzed the trend of 5.5 vs. n* in each series of polyynes by
fitting them with a linear relationship. The results indicate that cyano-
and methyl-capped polyynes have slightly larger and slightly smaller 5.4
values, respectively, than hydrogen-capped polyynes of similar length.
Within the limitations of the one-mode approximation, the systematic
higher values for HC,CN suggest a little larger electron-phonon coupling
compared to other polyynes chains. This effect diminishes with
increasing the chain length, and the corresponding displacement pa-
rameters approach that of hydrogen-capped polyynes. Our values tend
towards but remain lower from the limit of carbyne, observed experi-
mentally for nanotube-confined carbyne, which is approximately 1.92
(derived from a Huang-Rhys factor of 1.82) [45].

3.3. Size- and termination-dependent anharmonicity

Beyond the characteristic CH modes of the solvents, i.e., v > 3600
em™!, we detected vibrational lines at approximately twice the fre-
quency of the o mode [44,71]. We assigned these signals to the first
overtone of the @ mode and combination bands involving the o mode
and other collective modes mentioned before [44]. In the case of
H-capped polyynes, we observed high-order overtones (3a and 4a
modes), reported in Fig. S1 in the SI. Considering methyl-capped chains,
the lack of high-order overtones is caused by the low sample concen-
tration compared to the others (see Table S1 in the SI). Instead, the
cyano termination makes CN-capped polyynes more unstable [36,54].
Thus, their concentration (Table S1 in the SI), obtained just after their
synthesis, can be overestimated, and their stability under UV irradiation
may be more reduced than other chains. For these reasons, we cannot
detect the 3o and 40 modes in these systems.

As discussed in the following, the positions of the a mode overtones
shift to lower frequencies as the n-electron conjugation increases, as
shown in Fig. 6, Fig. S1c and d for 2a, 3a, and 4a modes, respectively
(see Table S2 in the SI). More importantly, for all the systems, the fre-
quency of the 2a line is lower than two times that observed for the
fundamental transition, highlighting the anharmonicity of the v = 2
vibrational levels. The 2u lines of methyl- and hydrogen-capped poly-
ynes show similar frequencies up to a length of 10 carbon atoms (see
Fig. 6). Considering cyano-capped polyynes, we still observe a
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Fig. 6. Experimental frequency dispersion of the 2a mode (va,) of polyynes as a
function of the effective conjugation length (n*). n* = n for HC,H and HC,CH3,
while n* =n+ 1 for HC,CN polyynes.

decreasing trend when plotting the frequencies of the 2a lines vs. n*.
This trend is similar to that of the HC,H series (Fig. 6), but the frequency
values for cyano-capped wires deviate from those of the H~capped se-
ries, showing a non-negligible shift in the trend line of Av 2 —20 cm ™.
Specifically, the vy, values of HC,CN with n* = 7,9,11 are close to the
vy values of H-capped wires with one additional carbon atom, corre-
sponding ton* = 8,10, 12 (see Fig. 6 and Table S2). However, the 2a line
of HC15CN (n* = 13) does not follow this pattern, showing a v,, value
that is further down-shifted by 8 em™? compared to HC;4H (n* =13+ 1,
see Fig. 6). These observations suggest that the degree of anharmonicity
of the « mode depends not only on the effective conjugation length (n*),
but it is also significantly influenced by the termination.

We exploited the detection of Raman overtones to estimate the
anharmonicity of the « mode of polyynes. From the experimental energy
spacing of the vibrational energy levels in the ground electronic state of
the a mode (see Table S3 in the SI), which is derived from the fre-
quencies of its fundamental Raman transition and overtones in UVRR
spectra (see Table S2 in the SI), we can estimate an anharmonic
nondimensional parameter (y) and the « mode frequency (V4 harm) that is
associated with the harmonic approximation of the potential energy
surface of these wires [72]. In the single mode approximation, y appears
in the expression of the vibrational energy levels, according to this
relationship [73]:

EI

m ~ ~ 2
——= €0+ VparmM — Vharm X (m + m)

e (Eq. 2)

The calculations’ details are described in the SI, where the values of y
and Vg pem are reported in Table S4 in the SI. As discussed in the SI, we
used the frequencies of the fundamental transition and the first overtone
(2a) of the a mode to establish a system of two equations starting from
Eq. (2), enabling us to determine y and V., (see Eq. S.5 in the SI). The
resulting y values are reported in Fig. 7a, while Fig. 7b shows the dis-
tance (in cm™1) between the experimentally observed frequency of the
fundamental o mode and its harmonic counterpart (v, — Vgpam)- For
H-capped polyynes only, an alternative approach allows us to extract y
and Vg pem, involving a linear regression procedure (Eq. S.7 in the SI),
exploiting the availability of the experimental frequencies of higher-
order overtones (3a and 4a). The results of such a procedure are illus-
trated in SI (Fig. S3).

The anharmonic parameters y (Fig. 7a) and vy — Uy pem (Fig. 7b)
exhibit an increasing trend with the wire length, confirming that higher
conjugation of the x electrons effectively enhances the anharmonicity of
the a mode. However, a slight deviation from this trend is observed for
systems with n =n* =10 (HC,H and HC,CH3) and n* =11 (HC,CN),
which may be related to some weakness of the experimental
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Fig. 7. a) Anharmonic nondimensional parameter (y) for hydrogen- (circles), methyl- (squares), and cyano-capped (diamonds) polyynes. y are calculated using Eq.
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the SL.

determination of the frequencies of a and 2a modes. To mitigate this, we
carefully selected the excitation wavelength to optimize the signal-to-
noise ratio in the spectrum’s first- or second-order regions. Unfortu-
nately, comparing spectra collected in resonance with different vibronic
transitions (e.g., different k of the {O)g—>|k)e transition) introduces a
potential source of error, as a small shift (1 cm™Y) in the position of
either the o or 2« lines induces significant (~10 %) variations in eval-
uating y. Nevertheless, when using o and 20 modes collected with the
same excitation wavelength (i.e., same UVRR spectrum), the y values
display non-negligible dispersions, as shown by the error bars in Fig. 5S4
in the SI. Additionally, the accuracy in resolving the correct position of
the 2a lines within the multicomponent second-order feature
(comprising the a + p and 2 transitions) introduces another potential
source of error.

Fig. 7a demonstrates that the anharmonic parameters of hetero-
capped wires are approximately double those of hydrogenated poly-
ynes with the same effective length. Similarly, as reported in Fig. 7b, the
displacement between the harmonic (extracted from the model) and
anharmonic (experimental) frequencies widens with increasing wire
length. While our analysis reveals a correlation between polyynes’
anharmonicity and their degree of n-electron conjugation, the impact of
terminations seems more intricate. However, even considering experi-
mental uncertainties in determining the position of the 2« line and the
limitations of the one-mode approach, we observe increased anharmo-
nicity in the first overtone due to symmetry breaking induced by
different capping groups. Hence, our results indicate a significant role of
the endgroups in determining the anharmonicity of the ECC vibration.

To delve further into the significant connection between the anhar-
monicity of the ECC vibration and conjugation length, we conduct a
comprehensive theoretical investigation using DFT to explore the po-
tential energy surface of HC H polyynes spanning from n* = 8 to n* =
26. This analysis will offer us a theoretical estimation of y, allowing us
to compare and enhance our understanding of polyynes’ anharmonicity
in light of the experimental findings discussed thus far.

To investigate the anharmonic features of the o (ECC) mode in HC,H
polyynes, we calculated the intramolecular potential energy (V) as a
function of the normal coordinate of the « mode (q,), that is the pro-
jection of the Potential Energy Surface (PES) along the ECC mode. We
determined the vibrational frequencies and normal modes for the HC,H
polyynes (n* = 8 — 26). To assess the anharmonicity, we displaced the

optimized geometry of each polyyne wire from the minimum along the
ECC normal coordinate in the interval [-0.4, 0.4] A amu” with a spacing
of 0.01 A amu”. For each displaced geometry, we computed the energy
(E) following the procedure illustrated in the SI. The inset of Fig. 8a
shows the energy vs. g, curves. To facilitate the comparison of all pol-
yynes, we adopted non-dimensional quantities: a dimensionless normal

1 . . .
coordinate t = (“2)2q, represents the vibrational coordinate, and the

potential energy V = [E(q,) —E(0)]/(hw,) is measured in units of vibra-
tional quanta.

By plotting the actual values of V from the PES calculation for HC,H
against the t coordinate, we obtain a stack of curves that deviate from
the typical harmonic parabola described by the universal relationship:
Vharm (1) :%t2 (Eq- 3)

The PESs of the HC,H series exhibit increasing anharmonicity as the
wire length (n*) increases, deviating progressively from the harmonic
PES. This intriguing behavior aligns with the unusual anharmonicity
recently discovered in carbyne [19], based on first-principle calculations
within periodic boundary conditions. Considering the phase of ¢t as
defined in the caption of Fig. 8, we observe higher anharmonicity in
longer polyynes for positive t values that describe geometry changes
towards cumulenic structures. This observation tells us that the
increasing anharmonicity of the ECC coordinate with n* provides
empirical evidence of the effectiveness of the chain length in modulating
the energy landscape of the transition from a polyynic to a
cumulene-like structure. By estimating the anharmonic parameter, we
could gain valuable insight into the specific influence of the chain length
on this phenomenon.

Fig. 8a shows the increase (AE(Z) = E’“‘""(?) — Eenharm (Z)) in the
(anharmonic) contribution to the PES at t = /5 ~ 2.24, corresponding
to the classical turning point of the vibrational level v = 2 of the har-
monic oscillator (E{}i’;” = 2.5). This increase grows passing from shorter
systems (HCgH with AE(t) = 0.20) to longer wires (HCosH with AE(t) =
0.33), paralleling the experimental behavior of the two-quanta Raman
transitions, which also display increased anharmonicity in longer
polyynes.

Further evidence of the connection between anharmonicity and n* is
obtained by estimating the non-dimensional anharmonicity parameters
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potential well. The phase of the t (q,) coordinate is defined such that positive t values imply the stretching of the triple bonds and the shrinking of the single bonds. b)
Nondimensional anharmonic parameter y vs. n* determined for HCnH from DFT calculations.

x for the HC,H series. As illustrated in the SI, a fit of V with the following
polynomial expansion

7 _ 1 2 1 3 1 4
V(t)72t +6at +24bt (Eq. 4)
allows a theoretical estimate of y according to this expression
5, b
e Eq.
X=e% =3 (Eq. 5)

In Table S5, we compare the values of y determined for HC,H through
DFT calculations with the corresponding experimental values previously
discussed. The experimental and theoretical results provide the same
order of magnitude for y and its increase with n*. However, the calcu-
lations tend to overestimate the anharmonicity and predict a steeper rise
with n* (see Fig. 8b). These theoretical results, despite the well-known
overestimation of the n electrons delocalization [2], contribute signifi-
cantly to our understanding of the connection between anharmonicity
and n*. They confirm the general trends observed experimentally,
further validating the robustness of the interpretation of experimental
findings. Moreover, they highlight the importance of considering the
connection between n-electron conjugation and anharmonicity of the
ECC vibrational coordinate, which affects the transition from
polyyne-like to cumulene-like structures.

4. Conclusions

We provide a thorough spectroscopic characterization of size-
selected hydrogen-, methyl-, and cyano-capped carbon atomic wires
(polyynes). We highlight the influence of size-confinements, i.e., length
and termination, on polyynes’ z-electron conjugation. Moreover, our
investigation gives valuable insight into the anharmonicity of the po-
tential associated with the ECC mode. Thanks to the resonance condi-
tions and the tunability of synchrotron radiation in the deep UV range,
we were able to collect the resonance Raman spectra of diluted samples
(down to ~1 08 M), which would be otherwise undetectable using off-
resonance Raman spectroscopy. Our work confirms the presence of
methyl-capped polyynes, reporting for the first time their size-selected
Raman spectra and validating their recognition as previously

discussed in other experiments [36,55].

By integrating the analysis of UV-Vis absorption and UVRR spectra,
we highlight that the cyano group significantly affects the x electrons of
the carbon wire, extending the conjugation length and leading to a
larger electron-phonon coupling compared to fully hydrogenated wires.
The observation of two-quanta vibrational transitions allows us to shed
light on the intriguing anharmonicity in short linear carbon chains for
which confinement effects play a fundamental role. We theoretically
estimate the nondimensional anharmonicity parameters y, which agrees
with the trend obtained through the experiments. Moreover, from UVRR
experiments, we noticed an increase in the anharmonicity of hetero-
terminated systems depending on the terminating group. This finding
deserves further studies, focusing on the effect of the vibrational
coupling with the capping group. For instance, analyzing dimethyl-
(CH3-C,—CHj3) and dicyano-capped (C = N-C,-C = N) systems would
deepen the knowledge of the impact of terminations on anharmonicity.

From a fundamental point of view, the effective length marking the
difference between short linear carbon chains, with size-confinement
behavior, and carbyne-like systems, whose properties are independent
of the size, would set the threshold between a bottom-up (i.e., molecu-
lar) and a top-down (i.e., solid state) approaches for one-dimensional
carbon. We expect a saturation of the anharmonicity curve to reach a
plateau representing the value for carbyne. In the case of the absorption
features, this threshold has been estimated to be at about 68-72 carbon
atoms [20]. The systems analyzed in this work are far from this limit,
and we observe a linear dependence of the anharmonicity, showing that
short wires can be exploited for the extreme tunability of these
properties.

The potential of linear carbon atomic wires (polyynes and cumu-
lenes) in advanced technology fields has been recently unveiled in a few
proof-of-concept demonstrations [13,15,16,74,75]. The detailed un-
derstanding of the effect of length and termination and the ability to
finely control polyynes’ structure will allow us to fully exploit their
unique conjugation effects and open new possibilities to properly engi-
neer the properties of these systems for optical, electronic, and opto-
electronic applications.
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