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Ultrafast spectroscopy of linear carbon chains: the case
of dinaphthylpolyynes†
D. Fazzi,a F. Scotognella,ab A. Milani,c D. Brida,b C. Manzoni,d E. Cinquanta,ze
M. Devetta,e L. Ravagnan,e P. Milani,e F. Cataldo,f L. Lüer,g R. Wannemacher,g
J. Cabanillas-Gonzalez,g M. Negro,b S. Stagirab and C. Vozzi*d
The dynamics of excited states in a,o-dinaphthylpolyyne, a class of linear sp-carbon chains, has been
investigated by ultrafast transient absorption spectroscopy and DFT//TDDFT calculations. We show that
the role of molecular conformers, in which end-capped naphthalene rings are planar or perpendicular
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to the polyyne plane, is fundamental for understanding both the steady state properties, such as UV-Vis
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we observed in one of the conformers the ultrafast formation of a narrow photo-induced absorption

absorption spectra and vibronic transitions, and the ultrafast transient absorption features. In particular,
band rising within 30 ps. This band can be assigned to an inter-system crossing event leading to the
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formation of triplet excited states.

1. Introduction
In the large family of carbon nanostructured materials, sp-carbon
systems are particularly interesting owing to their inherent
structural simplicity, as well as their peculiar properties, as
described in the literature both from the theoretical and the
experimental point of view.1–14 Recently the study of linear
carbon chains has attracted the interest of a large number of
research groups, because of their unique electronic, optical, and
physicochemical properties.1,3 Linear carbon chains can exist in
two idealized isomeric forms namely cumulenes, consisting of
double bonds (CQCQC), and polyynes, consisting of alternating
quasi single and quasi triple carbon bonds (C–CRC).14 Between
the two forms, polyyne is predicted to be more stable. Very long
a
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polyyne chains, featuring up to 44 carbon atoms and end-capped
with bulky terminal groups, have been indeed recently synthesized
and characterized by Tykwinski et al.14
Furthermore, attention has been paid to the interactions of these
chains with sp2 carbon nanodomains5 and metal nanoparticles3,15
to further unravel the potentialities of these systems as functional
building blocks in nanostructured carbon based materials and in
supramolecular chemistry.3 Linear and nonlinear optical responses
of polyynes have been theoretically predicted and experimentally
revealed, indicating that sp-hybridized carbon chains behave as true
one-dimensional conjugated systems and show large second order
hyperpolarizability.3,4 These findings pave the way for the possible
use of polyynes in nonlinear optical applications.
For the understanding of the physicochemical properties of
linear carbon chains, investigations based on electronic16 and
vibrational spectroscopy (IR and Raman) are a very powerful
tool, owing to the strong electron–phonon coupling that characterizes p-electron conjugated systems.9,17,18
On one hand, Raman spectroscopy gives insight into the
interplay between bond length alternation, vibrational frequencies and electronic gap in rather long sp-carbon chains,6,9–12,19,20
and into charge transfer eﬀects upon interaction with metal
nanoparticles.15 On the other hand, IR spectroscopy allows
identifying photo-generated cumulenic species resulting from
peculiar electronic transitions.21 A comprehensive interpretation
of these experimental results has been allowed by detailed
computational studies based on Density Functional Theory
(DFT) and Time Dependent DFT (TD-DFT) calculations.5d,7,22,23
Despite these recent works, many electronic processes in linear
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carbon chains still need a detailed investigation and understanding. In this framework, ultrafast spectroscopy has been
used successfully to study the triplet generation mechanism in
polydiacetylene.24 However, to the best of our knowledge, there
are no results in the literature reporting ultrafast spectroscopy
studies on polyynic systems.
Here we report on an experimental and theoretical investigation of the photo-physical properties of a class of polyynes,
namely a,o-dinaphthylpolyynes Ar–C2n–Ar, with Ar the
naphthyl group and n the number of triple bonds. The experimental results can be interpreted only taking into account the
role of the diﬀerent molecular conformers. Owing to a careful
analysis by DFT//TD-DFT calculation we were able to quantify
the contributions of each conformer in the UV-Vis absorption
spectra. Accordingly ultrafast transient absorption measurements revealed the excited state spectral features and
dynamics, as well as the occurrence of inter-system crossing
processes. In particular, we observed a selective pathway of
triplet formation, determined by the peculiar conformational
structure of dinaphthylpolyyne in the ground state.

2. Experimental section
Synthesis of a,x-dinaphthylpolyynes
Ar–C2n–Ar are synthesized by reacting copper(I)-ethynylnaphthalide
with diiodoacetylene under the Cadiot–Chodkiewicz reaction
conditions.25 The obtained batch consists of a mixture of
dinaphthylpolyynes having diﬀerent chain lengths in a decaline
solution. Among these, the most abundant species are characterized by n = 1,2,3,4 triple bonds. The concentration of these
species is 39.5%mol, 22.9%mol, 25.9%mol and 9.1%mol,
respectively. A detailed analysis of the dinaphthylpolyyne
mixture has been reported in ref. 25 also in comparison with
another chemical route.26 n = 1 species cannot be considered as
a dinaphthyl polyyne like others investigated here (n = 2,3,4)
because it features only one end-capped naphthyl group;25
furthermore, due to its low pi-electron conjugation, n = 1
absorbs at higher energies than n = 2,3,4 thus being out of
our spectral range. For these reasons n = 1 has not been
considered in this work.
UV-Vis absorption spectra
The absorption spectra of the polyyne n = 2,3,4 were acquired
using a liquid chromatograph (HPLC) coupled with a diode
array detector.3,25 By using the diode array detector interfaced
to the column of the HPLC, we recorded the electronic absorption spectrum of each molecular species contained in the
dinaphthylpolyyne mixture. The identification of each molecular
species present in the mixture is based not only on a series of
theoretical consideration, but also on the spectra published by
Nakagawa and colleagues in an earlier work.25
Ultrafast pump–probe measurements
The polyyne mixture (in decaline) was excited with 150 fs pulses
centered at 390 nm wavelength, obtained by second harmonic
generation from a regeneratively amplified Ti:sapphire laser,
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operating at 1 kHz. The probe was obtained by focusing a
portion of the fundamental beam on a 2 mm thick sapphire
plate: self-phase modulation generated supercontinuum white
light from 450 to 750 nm. After the interaction with the sample,
the probe was coupled to a CCD spectrometer array working at
the full repetition rate of the laser. At a given pump–probe delay
t the transient absorption spectrum was retrieved by modulating the pump beam using a mechanical chopper and acquiring
each single pump-on/pump-oﬀ probe spectrum. The transient
signal was calculated as DT/T(l,t) = [TON(l,t)  TOFF(l)]/TOFF(l).
Upon varying the delay t by a computer-controlled mechanical
translation stage,27 it was possible to follow the temporal
evolution of the transient absorption spectrum DT/T(l,t) after
the excitation by the pump beam. The temporal resolution of
the measurement was limited by the 150 fs pump duration.
Computational methods
DFT and TD-DFT calculations have been carried out on Ar–C2n–Ar
systems with n = 2,3,4, using the GAUSSIAN09 code.28 For each
chain length the molecular structure has been fully optimized
without constraints in the electronic ground state (S0), in the first
triplet state (T1) and in the first low lying dipole allowed singlet
excited states (Si). No imaginary vibrational frequencies have been
computed for each case thus validating the stability of the
equilibrium structures obtained. The hybrid B3LYP29 exchange–
correlation (XC) DFT functional has been combined with diﬀerent
basis sets such as the double split Pople 6-31G** and Dunning’s
correlation consistent triple-zeta cc-pVTZ basis set. The coulomb
attenuated method (CAM-B3LYP)30 and long range corrected
(LC-oPBE) functional31 have also been considered for the case
of Ar–C8–Ar (see ESI†). Despite the range separated corrections
introduced in CAM-B3LYP and LC-oPBE functional, for the
sp-chain lengths considered here B3LYP turns out to be the best
compromise for the description of the electronic structure, as
recently suggested in ref. 5d, 7, 22, 32 and 33. Due to the large
computational demands for calculating both geometries and
force fields in diﬀerent low lying singlet dipole-allowed excited
states, we will discuss in the following only B3LYP/6-31G** data.
B3LYP/cc-pVTZ calculations for the ground state and excitation
energies gave fully equivalent trends with respect to B3LYP/
6-31G** data and the results are reported in the ESI.† All calculations have been carried out under vacuum, both the molecules
and the solvent used for experiments (i.e. decalin) being apolar.
For each chain length a conformational analysis has been
carried out by varying the dihedral angles (y1, y2) between the
two aryl end-groups, and the meaning of these angles is defined
in Fig. 1. Two diﬀerent ground-state stable conformers have
been identified and labeled as (01, 01) and (01, 901). The (01, 01)
conformer identifies a chain with the two aryl end-groups in
syn-conformation (i.e. both point in the same direction) while
the (01, 901) conformer represents a polyyne in which the two
aryl end-groups are nearly perpendicular to each other. A
further conformer (01, 1801) can also be defined, but it possesses nearly the same ground and excited state electronic
structure of the (01, 01) one (see ESI†). For this reason, in the
following we will not explicitly consider this conformer.
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Fig. 1 (a) Chemical structure of Ar–C2n–Ar with n = 2,3,4, where n is the number
of triple bonds. (b) Absorption spectra of polyyne with diﬀerent chain length, the
blue shadow indicates the spectral region corresponding to the excitation. y1 and
y2 are the dihedral angles between the two aryl end-groups.

For each stable conformer of the Ar–C2n–Ar series (n = 2,3,4),
singlet and triplet excited states have been modeled in the
framework of TD-DFT theory and both S0 - Si and T1 - Ti
transitions have been computed (where i indicates a generic
electronic excited state).
Singlet excited state geometry optimizations and force field
calculations have been carried out at the TD-B3LYP/6-31G**
level for each polyyne length and for each molecular conformer.
Franck–Condon (FC) factors for the low lying, singlet, dipole
allowed excited states have been computed for each transition
by using consolidated approaches such as those reported in
ref. 34. Absorption spectra have been calculated starting from
the TD-DFT FC factors and by performing a convolution with
Lorentzian functions with a FWHM of 500 cm1.

3. Results and discussion
3.1 Steady state analysis: UV-Vis absorption spectra and TDDFT calculations
An investigation of the electronic absorption spectra of Ar–C2n–Ar
has been recently reported in ref. 25 where the main absorption
bands have been discussed in terms of FC vibronic progressions.
For each polyyne length the dominant vibrational normal modes

of the absorption spectra were successfully identified. However,
there were features which were still not completely assigned. The
absorption spectrum of Ar–C6–Ar, for example, is diﬀerent from
the other sp-carbon chain systems16a and cannot be successfully
described by a simple one-mode FC approximation.
In this work we fully investigate the absorption spectra of
Ar–C2n–Ar for n = 2,3,4 (see Fig. 1(a)) by explicitly calculating the FC
factors at the TD-DFT level. The experimental data are reported in
Fig. 1(b). Ground state geometries have been fully optimized using
the B3LYP/6-31G** and the molecular structures are reported in the
ESI.† For each chain length, the two stable non-degenerate conformers (01, 01) and (01, 901) have been modeled and the calculated
relative energies of the two end-group conformations, DE(n) =
E(01, 01)  E(01, 901), are DE(2) = 0.24656 kcal mol1, DE(3) =
0.00351 kcal mol1 and DE(4) = 0.29746 kcal mol1. The very
small energy diﬀerence between these conformations for all chain
lengths suggests that both conformers are thermally populated in
solution. Moreover, for the Ar–C6–Ar the two conformers are
practically iso-energetic, with the (01, 901) slightly more stable than
the (01, 01). For both conformers of each chain length TD-DFT
vertical excited state calculations have been carried out and the
main vertical S0 - Si transitions are reported in Table 1. These
results allow a deeper understanding of the experimental data.
The observed red shift in absorption spectra reported in
Fig. 1(b) can be related to the polyyne chain length: longer
chains, corresponding to a larger number of sp units, exhibit
lower excited state transition energies. The calculated dipoleallowed excited state transitions (see Table 1) can be mainly
described, in a single particle approximation, by analyzing the
main molecular orbital contributions to the total wave-function
and they can be assigned as HOMO - LUMO or HOMO  1 LUMO + 1 transitions between orbitals featuring the same
spatial p-symmetry (Px - Px, Py - Py).
We now discuss in detail the low-lying excited state landscape of the two stable conformers for each chain length. For
the shorter polyyne chains (n = 2,3), the (01, 01) conformer
presents only one dipole-allowed singlet excited state (S1), while
the (01, 901) conformer shows two low lying dipole-allowed
excited states, namely S1 and S4 for n = 2 and S2 and S4 for n = 3.
Furthermore, the energy of the lowest allowed excited states for

Table 1 TD-B3LYP/6-31G** excited state vertical transitions calculated for the first low lying dipole-allowed singlet excited states for Ar–C2n–Ar species, with
n = 2,3,4. For each chain length the two stable conformers have been considered namely the (01, 01) and the (01, 901). TDDFT energies (eV), oscillator strength f and
main CI composition are reported (H = HOMO, L = LUMO)

S1

S2

S3

S4

n//conf.

eV

f

CI

eV

f

CI

eV

f

CI

2//(01, 01)

3.091

0.91

H-L

3.629

0.0

H2-L

3.672

0.0

2//(01, 901)

3.255

0.34

H-L

3.316

0.0

0.0

2.844

0.95

H-L

3.087

0.0

3.142

0.0

3//(01, 901)

2.919

0.0

2.925

0.20

3.176

0.0

4//(01, 01)
4//(01, 901)

2.597
2.591

0.80
0.0

H
H
H
H
H

-L+1
1-L
-L+2
2-L
-L

3.676

3//(01, 01)

H
H
H
H
H

2.645
2.627

0.0
0.07

H-L+1
H-L

2.754
2.774

0.0
0.0

H
H
H
H
H
H
H
H
H
H
H
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1-L
-L+1
-L
1-L
-L+1
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1-L
-L+1
-L+1
1-L
-L+2
2-L
1-L
-L+1
1-L
1-L
-L+1

eV

f

CI

3.919

0.0

H-L+2

3.801

0.72

H1-L+1

3.499

0.0

3.505

1.46

H1-L
H-L+1
H1-L+1

3.575
3.258

0.96
2.16

H2-L
H - L+2
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Since the conformers are very close in energy, the absorption
spectra of Ar–C2n–Ar with n = 2,3,4 should be described as a
superposition between the vibronic transitions of both (01, 01)
and (01, 901). In order to verify this hypothesis we computed
TD-DFT equilibrium molecular structures and force fields for
the dipole-allowed excited states reported in Table 1 by calculating the FC factors and the corresponding vibronic transitions (see ESI† for details and equilibrium structures). The left

Published on 19 April 2013. Downloaded by Universita Studi di Milano on 30/01/2015 09:33:40.

the two conformers are slightly diﬀerent, being S1 = 3.091 eV
(01, 01) and 3.255 eV (01, 901) for n = 2 and S1 = 2.844 eV (01, 01)
and S2 = 2.925 eV (01, 901) for n = 3.
Ar–C8–Ar species have a similar excited state scenario. For
this chain length the (01, 01) conformer presents two nonnegligible excited state transitions to S1 = 2.597 eV and to
S4 = 3.575 eV. The (01, 901) conformer presents two electronic
transitions to S2 = 2.627 eV and to S4 = 3.258 eV.

Fig. 2 TD-B3LYP/6-31G** excited state calculations for Ar–C2n–Ar with n = 2,3,4. For each polyyne length we report in the left column: vertical excited state transitions
for (01, 01) and (01, 901) conformers (upper and bottom panels respectively). Right column: calculated absorption vibronic spectra (grey line) as a weight-convolution
between the (01, 01) and the (01, 901) conformer vibronic transitions. Red line is the S0 - S1 transition for (01, 01) species while the blue line is the S0 - Si (i = 1 for n = 2
and i = 2 for n = 3,4) transition and green line is the S0 - S4 transition for (01, 901) species. Solid black line, experimental UV-Vis spectra reported for comparison.

This journal is

c

the Owner Societies 2013

Phys. Chem. Chem. Phys., 2013, 15, 9384--9391

9387

View Article Online

Published on 19 April 2013. Downloaded by Universita Studi di Milano on 30/01/2015 09:33:40.

PCCP

Paper

column of Fig. 2 shows the calculated excited state transitions
for the two conformers of each Ar–C2n–Ar species. In the right
panel we show the calculated absorption spectra for each
transition (red, green and blue lines) and the corresponding
experimental data (black line).35
According to Table 1, the following main points can be
deduced for all chain lengths: (i) the band in the spectral
region 350–450 nm can be assigned to S0 - S1 transition of
the (01, 01) conformer and to both S0 - S1 and S0 - S2 for the
(01, 901) conformer; (ii) the bands in the spectral region
320–360 nm can be assigned to transitions related to the
S0 - S4 excitation of the (01, 901) conformer; (iii) the vibronic
structure in the spectral range 370–400 nm can be assigned to a
contribution of the S0 - S2 transition of the (01, 901) conformer
for n = 3 and a contribution of the S0 - S1 transition of the
(01, 01) conformer for n = 4.
Indeed, TD-DFT calculations prove that the experimental
absorption spectra cannot be interpreted as a vibronic transition of a unique molecular species, but the presence of two
stable and quasi-degenerate conformers has to be taken into
account. For each polyyne length, we hence computed the
whole absorption spectra as a weighted-convolution of single
conformer spectra, shown in Fig. 2 as dashed lines. Such convolution can be expressed as: stot(l) = cas1(l) + cb(s2(l) + s4(l)),
where s1(l) is the computed vibronic profile for the (01, 01)
conformer, s2(l) and s4(l) are those of the (01, 901) conformer
and ca, cb are the relative concentration of the two conformers.
It is worth noting that ca contains the contribution of both
(01, 01) and (01, 1801) conformers, which are indistinguishable.
For evaluating the relative concentration ca and cb, we carried
out a best fit of the total computed vibronic profile stot(l) with
the experimental absorption spectra. We found for n = 2:
ca = 0.16 and cb = 0. 84, for n = 3: ca = 0.37 and cb = 0.63 and
for n = 4: ca = 0.54 and cb = 0.46. It is worth noting that for n = 4
the chain length is long enough to stabilize the flat conformations, which is thus the most abundant in solution. The very
good agreement between the calculated TD-DFT absorption
spectra and the experiment confirms that the complex and
unusual spectral profiles result from the co-presence of the two
conformers in the solution.
3.2 Transient absorption spectra and dynamics: the role of
triplet states
The aforementioned results pose the basis for understanding
the transient absorption experiment.
Fig. 3(a) shows the 2D map of the pump–probe signal. In
Fig. 3(b) cuts of the map at diﬀerent time delays are displayed,
while in Fig. 3(c) we show two cuts of the 2D map for two
diﬀerent wavelengths. Over the whole spectral bandwidth it is
possible to observe a broad photo-induced absorption, which
appears instantaneously upon impulsive photo-excitation.
Furthermore, a clear photo-induced absorption signal appears
at 600 nm with a time constant of 30 ps and a narrow-band
spectral shape (around 20 nm).
It is worth noting that the absorption spectra reported in
Fig. 1b reveal that the pump resonantly excited only the polyynes
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Fig. 3 (a) 2D-map of the pump probe measurement. (b) Contour plot cross
sections at diﬀerent time delays. (c) Transient absorption dynamics for two probe
wavelengths: 575 nm (solid curve) and 600 nm (dashed curve).

featuring n = 3 and n = 4. For this reason, in the following we will
restrict our discussion to these polyyne lengths.
In light of DFT//TD-DFT calculations discussed in the following,
the observed feature can be assigned to diﬀerent transitions. In
particular, the broad photo-induced absorption, showing a very
fast formation time, can be assigned to optical transitions from the
excited singlet state to higher molecular singlet levels. On the other
hand, the narrow feature centered at 600 nm, characterized by the
30 ps formation time, can be related to an inter-system crossing
(ISC) dynamics that leads to the formation of a triplet state
followed by transition between triplet states. In this picture the
conformers play a prominent role.
We fully optimized the molecular structures in the first
triplet excited state at the UB3LYP/6-31G** level (UB3LYP/
cc-pVTZ results are reported in the ESI†), which turns out to
be flat,36 with aryl end-groups lying on the same plane. Tripletto-triplet transitions (T1 - Ti) have been evaluated at the
TD-(U)DFT level. In Fig. 4 both singlet and triplet TD-DFT
excited states are reported. Indeed, the optically allowed tripletto-triplet transitions have been computed: for n = 3, T1 T6 (1.87 eV, f = 1.3) and for n = 4, T1 - T7 (1.81 eV, f = 1.4). These
transitions are in good agreement with the observed photoinduced absorption band, centered at 600 nm. According to
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Fig. 4 TD-B3LYP/cc-pVTZ calculated singlet and triplet excited state energies for
Ar–C6–Ar (a) and Ar–C8–Ar (b). The T1 - Tn dipole allowed transition is also
reported in the figure.

TD-DFT calculations, the 600 nm photo-induced absorption
signal corresponds to a very narrow-band populated by ISC.
Indeed the T1 - T6 (n = 3) and T1 - T7 (n = 4) TD-UDFT
transitions are the only dipole-allowed excitations observable in
an energy range of 1–5 eV (1240–248 nm) above T1 (see ESI†).
To sum up, the following photo-physical mechanisms can be
hypothesized: (i) the pump laser photo-excites both (01, 01) and
(01, 901) conformers; (ii) once singlet states are populated,
singlet-to-singlet transitions can be observed in transient
absorption spectra (Fig. 3c); (iii) ISC between singlet and triplet
excited states occurs within the first 30 ps.
In Fig. 5 we show the frontier molecular orbitals involved in
the description of both the singlet and triplet excited states
(z axis defined along the sp-carbon chain) in the case of n = 3.
The (01, 01) conformer is planar both in the ground state S0 and

in the excited state S2: the HOMO (LUMO) and HOMO  1
(LUMO + 1) orbitals are hence orthogonal and present, respectively, a Px and a Py character, with a C2v point group
symmetry. The orthogonal molecular p-orbitals cannot mix,
thus preventing ISC. The (01, 901) conformer, in contrast, has
a distorted molecular structure both in the ground state S0 and
in the optimized dipole-allowed excited state S2 (see equilibrium ground and excited state structures reported in ESI†).
Due to this distorted conformation, featuring the two aryl
groups lying on diﬀerent planes, the local reflection plane
(sv) is lost, degrading the symmetry of the molecule to a C2
point group and causing the mixing of the Px and Py molecular
orbitals.37 A very similar scenario can be depicted for n = 4.
As well reported in the literature, the mixing between two sets
of molecular orbitals having diﬀerent symmetries increases the
spin–orbit coupling (the higher is the molecular distortion and
the higher is the spin orbit coupling37), thus leading to a singlet–
triplet excited state non-radiative transition. Therefore, the
(01, 901) conformer is expected to be the one leading to a more
eﬃcient singlet–triplet ISC with respect to the (01, 01) conformer.
Such analysis of the molecular orbitals confirms that both
conformers are excited, but only the (01, 901) one decays via a
non-radiative ISC path toward the T1 state and is responsible for
the photo-induced triplet–triplet band probed at around 600 nm.
The triplet formation leads to a reduction of the broad
photo-induced absorption, corresponding to the singlet–singlet
transition. This suppression is not complete and the residual
signal is then assigned to the singlet–singlet transitions that do
not follow the pathway to the ISC process on the ultrafast
timescale.
This interpretation is further validated by transient absorption measurements with a pump wavelength of 450 nm. In this
case only the (01, 01) conformer of the n = 4 polyyne can be
excited as can be seen in Fig. 1(b) and the experimental result
does not show any absorption band at around 600 nm, which is
the signature of ISC (see ESI†). Moreover, we performed nanosecond pump–probe spectroscopy of the sample, pumping at
355 nm and obtaining a strong photoinduced absorption at
600 nm as the only spectral feature in the observed range from
400–1000 nm, characterized by a single exponential life time.
Oxygen-induced quenching behaviour strongly suggests that
this feature is related to triplet–triplet absorption (see ESI†).

4. Conclusions

Fig. 5 TD-B3LYP/cc-pVTZ frontier molecular orbitals for Ar–C6–Ar (01, 01) and
(01, 901) conformers.
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In this work, we have studied the photophysical properties of
a,o-dinaphthylpolyynes with diﬀerent chain lengths by means
of electronic and ultrafast pump–probe spectroscopy.
Steady state absorption spectra and DFT//TD-DFT calculations confirmed the presence of two stable quasi-degenerate
conformers, characterized by diﬀerent excited state energies
and optical activities. In particular, the absorption spectra are
interpreted as a superposition between the vibronic transitions
of the (01, 01) and (01, 901) conformers.
We have observed a fast singlet to triplet inter-system crossing mechanism revealed by the formation of a photo-induced
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absorption band at 600 nm. TD-DFT calculations assigned the
photo-induced band to triplet–triplet excited state transitions.
The experimental results, corroborated with the quantum
chemical calculations, unravel a selective pathway of triplet
formation determined by the conformational structure of the
dinaphthylpolyyne molecules in the ground state. In particular,
the conformer with the naphthyl end-groups tilted with an angle
of 901 shows a non-negligible spin–orbit coupling, allowing an
inter-system crossing mechanism to the triplet excited state.
Further experimental and theoretical investigations will pave
the way for a more complete understanding of the ultrafast
photo-physical scenario occurring in exotic organic compounds
like polyynes, carbyynes and cumulenes, shedding light on the
possible employment of these materials in non-linear optic
applications and on the optical manipulation of their physical
properties.
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2007, 111, 2434.
M. Tommasini, D. Fazzi, A. Milani, M. Del Zoppo, C. Castiglioni
and G. Zerbi, J. Phys. Chem. A, 2007, 111, 11645.
(a) A. Milani, M. Tommasini and G. Zerbi, J. Chem. Phys.,
2008, 128, 064501; (b) M. Tommasini, A. Milani, D. Fazzi,
M. Del Zoppo, C. Castiglioni and G. Zerbi, Physica E, 2008,
40, 2570.
A. Milani, M. Tommasini and G. Zerbi, J. Raman Spectrosc.,
2009, 40, 1931.
F. Innocenti, A. Milani and C. Castiglioni, J. Raman
Spectrosc., 2010, 41, 226.
(a) W. Weltner and R. J. Van Zee, Chem. Rev., 1989, 89, 1713;
(b) A. Van Orden and R. J. Saykally, Chem. Rev., 1998,
98, 2313; (c) A. L. K. Shi Shun and R. R. Tykwinski, Angew.
Chem., Int. Ed., 2006, 45, 1034.

This journal is

c

the Owner Societies 2013

View Article Online

Published on 19 April 2013. Downloaded by Universita Studi di Milano on 30/01/2015 09:33:40.

Paper

PCCP

13 S. Kim, Angew. Chem., Int. Ed., 2009, 48, 7740.
14 (a) W. A. Chalifoux, R. McDonald, M. J. Ferguson and
R. R. Tykwinski, Angew. Chem., Int. Ed., 2009, 48, 7915;
(b) R. Matsutani, F. Ozaki, R. Yamamoto, T. Sanada,
Y. Okada and K. Kojima, Carbon, 2009, 47, 1659;
(c) W. A. Chalifoux and R. R. Tykwinski, Nat. Chem., 2010,
2, 967.
15 A. Milani, A. Lucotti, V. Russo, M. Tommasini, F. Cataldo,
A. Li Bassi and C. S. Casari, J. Phys. Chem. C, 2011,
115, 12836.
16 (a) J. P. Maier, J. Phys. Chem. A, 1998, 102, 3462;
(b) M. Barbatti, Wiley Interdiscip. Rev.: Comput. Mol. Sci.,
2011, 1, 620; (c) F. Plasser, M. Barbatti, A. J. A. Aquino and
H. Lischka, Theor. Chem. Acc., 2012, 131, 1073; (d) R. CrespoOtero and M. Barbatti, Theor. Chem. Acc., 2012, 131, 1237;
(e) M. Barbatti, M. Ruckenbauer, J. J. Szymczak,
A. J. A. Aquino and H. Lischka, Phys. Chem. Chem. Phys.,
2008, 10, 482.
17 (a) G. Zerbi, in Vibrational Spectroscopy of Polymers: Principles and Practice, ed. N. J. Everall, J. M. Chalmers and
P. R. Griﬃths, Wiley, Chichester, 2007, p. 487, and references therein; (b) C. Castiglioni, M. Gussoni, J. T. LopezNavarrete and G. Zerbi, Solid State Commun., 1988, 65, 625;
(c) M. Del Zoppo, C. Castiglioni, P. Zuliani and G. Zerbi, in
Handbook of Conductive Polymers, ed. T. Skotheim,
R. L. Elsembaumer and J. Reynoilds, Dekker, New York,
2nd edn, 1998, p. 765; (d) C. Castiglioni, M. Tommasini and
G. Zerbi, Philos. Trans. R. Soc. London, Ser. A, 2004,
362, 2425; (e) E. Ehrenfreund, Z. Vardeny, O. Brafman and
B. Horovitz, Phys. Rev. B: Condens. Matter Mater. Phys., 1987,
36, 1535.
18 (a) D. Fazzi, E. V. Canesi, F. Negri, C. Bertarelli and
C. Castiglioni, ChemPhysChem, 2010, 11, 3685;
(b) R. P. Ortiz, J. Casado, V. Hernández, J. T. López
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