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Abstract This work presents an analysis of the evolution
of the molecular, vibrational and optical properties of a
family of functionalized pentacenes. The analysis is per-
formed on the basis of DFT quantum-chemical calculations
in combination with spectroscopic techniques (Raman and
UV-Vis). Theoretical calculations show that the bond
length C—C/C=C alternation along the peripheral oligoenic
ribbons increases with electron-releasing dioxolane sub-
stituents and diminishes with electron-withdrawing chlorine
atoms and cyano groups. The attachment of triisopropyl-
silylethynyl groups increases the complexity of the Raman
spectra. The spectra present many intense features of sim-
ilar intensities in the 1,200-1,600 cm”! range which are
described by a combination of C—C/C=C stretching vibra-
tions and in-plane C-H deformations spreading over the
whole pentacene backbone. The absorption spectra display
absorption bands in three different energy regions of the
UV-Vis electromagnetic range. The spectra are dominated
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by a strong absorption band measured in the 300-350 nm
region, which undergoes a sizeable red-shift with the sub-
stitution pattern, and a low-intensity, three-peak band in the
500-700 nm region, which undergoes a blue- or a red-shift
depending on the electronic nature of the substituents.
TDDFT calculations enable a detailed description of the
trends observed in the absorption spectra.

Keywords Raman spectra - Electronic transitions -
Pentacenes - Density functional calculations

1 Introduction

Oligoacenes constitute the most promising class of organic
semiconductor materials due to their application for
(opto)electronic devices such as organic thin-film transis-
tors (OTFTs) and solar cells [1, 2]. The rigid n-conjugated
skeleton, free from conformational disorder, and the
extension of the w-conjugation over the whole molecule are
decisive characteristics leading to unique electronic prop-
erties and densely packed solid-state structures. This
packing allows for high charge-carrier mobilities. Among
oligoacenes, pentacene is likely to be the most studied
system. Pentacene has attracted great interest because it has
proven to be one of the most effective compounds in OTFTs
with charge-carrier mobilities as high as 5.5 cm® V™' 57!
[3]. It has been addressed that molecular ordering has a
strong influence in the charge transport efficiency; face-
to-face m-stacked structures in the solid favor the charge-
carrier mobilities due to optimum r-orbital overlap [4].
However, pentacene displays a “herringbone” packing with
a combination of edge-to-face and face-to-face molecular
interactions. This packing yields limited n-orbital overlap
and may make difficult the charge transport.
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In this sense, numerous attempts have been made to
increase face-to-face packing and close contacts in penta-
cene by variations in deposition methods or by substrate
modification [5]. A chemical approach is the direct func-
tionalization with trialkylsilylethynyl groups at 6,13 posi-
tions of pentacene, which allows for an exquisite control
over the solid-state arrangement as well as for an
enhancement of the stability and solubility [6-8]. Spe-
cially, the triisopropylsilylethynyl (TIPSE) groups (see
Fig. 1) induce a two-dimensional brickwork arrangement
with primarily face-to-face interactions and improve the
n-orbital overlap [6]. This two-dimensional packing was
found to be optimal for the use in OTFTs with mobilities as
high as 1.5 cm® V™' s™' [9]. The TIPSE groups not only
modify the solid-state properties but also change the energy
of both the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO). This
change affects the charge injection properties and results in
lower charge-carrier mobilities compared to unsubstituted
pentacene. In an attempt to improve the electronic prop-
erties maintaining the high stability of the TIPSE pentacene
derivative, new functionalization patterns such as dioxo-
lane, chlorine and cyano groups were incorporated at the
end of the pentacene fragment [10, 11]. The introduction of
these substituents has a large impact on the electronic and
optical properties. Cyclic ether groups induce a blue-shift
of the first absorption band and a decrease of the oxidation
potential with respect to TIPSE pentacene, whereas elec-
tron-withdrawing groups (chlorine and cyano) lead to a
slight red-shift of the first absorption band along with an
increase of the oxidation potential.
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Fig. 1 Chemical structures and labeling of the pentacene derivatives
investigated in this work
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Quantum-chemical calculations in conjunction with
spectroscopic techniques (Raman and UV-Vis) have been
proved to be a powerful tool to characterize oligomeric
n-conjugated systems [12-17]. In particular, quantum-
chemical calculations have been especially useful in
rationalizing the structural and electronic properties of oli-
gothiophenes [18-25] and fully fused oligothienoacenes
[26-28], the later being closely related to the acene systems
discussed here. In this contribution, we perform a joint
theoretical and experimental study of a family of function-
alized pentacenes (Fig. 1) by means of density functional
theory (DFT) and time-dependent DFT (TDDFT) calcula-
tions together with spectroscopic techniques (Raman and
UV-Vis), with the aim of establishing precise structure—
property relationships. The study mainly focuses on ana-
lyzing the role of the substitution pattern on the molecular,
vibrational and optical properties.

2 Computational and experimental details

DFT calculations were carried out by means of the
Gaussian 03 program [29]. All the calculations including
geometry optimizations of the ground state, electronic
excitation energies and vibrational spectra were performed
on the isolated systems using the Becke’s three-parameter
B3LYP exchange-functional [30, 31]. The 6-31G** basis
set [32] was chosen as a compromise between accuracy and
applicability to large molecules. Appropriate symmetry
constraints for substituted (C,;,) and unsubstituted (D)
pentacenes were imposed.

On the resulting ground-state optimized geometries,
harmonic vibrational frequencies and Raman intensities
were calculated. We used the often-practiced adjustment of
the theoretical force fields in which calculated harmonic
vibrational frequencies are uniformly scaled down by a
factor of 0.96 for the B3LYP/6-31G** calculations
[33-35]. This scaling procedure is often accurate enough to
disentangle serious experimental misassignments. All
quoted vibrational frequencies reported along the paper are
thus scaled values. The theoretical Raman spectra were
obtaining by convoluting the scaled frequencies with
Gaussian functions (10 cm™" width at the half-height). The
relative heights of the Gaussians were determined from the
theoretical Raman scattering activities.

Vertical electronic transition energies were computed
for the twenty lowest-energy electronic excited states using
the TDDFT approach [36-38]. This approach has been
widely used to study the electronic spectra of large
n-conjugated systems such as polyenes [39], polycyclic
aromatic hydrocarbons [40-45], fullerenes [46], oligomers
of a-oligothiophenes, para-phenylenes and para-phenylen-
vinylenes [12, 47, 48] and porphyrin-type macrocycles and
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oligomers [49-52]. Standard hybrid functionals such as
B3LYP have been shown to provide excitation energies
that are roughly within 0.3 eV of the experimental data.
Despite these encouraging results, the TDDFT approach
should be used with caution, because the excitation ener-
gies can be affected by quite different errors. Over-
estimations/underestimations in the 0.4-0.7 eV range are
not uncommon, and they can lead to wrong assignments
when trying to provide a full interpretation of the electronic
spectrum [53]. Molecular orbitals were plotted using
Molekel 4.3 [54].

Synthesis and purification of the substituted pentacenes
are described elsewhere [6, 7, 11]. UV-Vis—-NIR absorp-
tion spectra were recorded at room temperature by means
of an Agilent 8453 instrument equipped with a diode array
for fast recording of all electromagnetic absorptions in the
190- to 1,100-nm spectral region. FT-Raman scattering
spectra were collected on a Bruker FRA106/S apparatus
equipped with a Nd:YAG laser source (Aexe = 1,064 nm),
in a back-scattering configuration. The operating power for
the exciting laser radiation was kept to 100 mW in all the
experiments. Samples were analyzed as pure solids in
sealed capillaries. Typically, 1,000 scans with 2 cm™'
spectral resolution were averaged to optimize the signal-to-
noise ratio.

3 Results and discussion
3.1 Molecular structure

To investigate the effect of substituents on the molecular
structure of pentacene, geometry optimizations of com-
pounds 1-5 were systematically performed at the B3LYP/
6-31G** level. Table 1 collects the optimized bond lengths
computed for pentacenes 1-5 as well as the X-ray data
reported for 2 [6]. Pentacenes can be visualized as two
parallel oligoenic ribbons linked by single C—C bonds
rather than a chain of fused aromatic benzene rings [55].
For all the five pentacenes 1-5, the bond length alternation
between single and double C—C/C=C bonds along each
oligoenic ribbon progressively diminishes on going from
the outer to central rings indicating an efficient electron
delocalization along the periphery of the =m-conjugated
backbone. In contrast, the inner single C—C bonds joining
the two parallel oligoenic ribbons hardly change (see
Table 1).

As can be seen from Table 1, the attachment of TIPSE
groups to the central benzene ring has a soft impact on the
carbon skeleton and mainly affects the carbon—carbon (CC)
bond lengths of the central benzene ring to which they are
attached. Bond 8 undergoes a noticeable lengthening,
passing from 1.402 Ain1to 1.425 A in 2, whereas bond 7

Table 1 B3LYP/6-31G**-optimized bond lengths (A) calculated for
compounds 1-5. X-ray data from Ref. [6] are included within
parentheses for compound 2

Bond number 1 2 3 4 5
Pentacene
1 1433 1432 (1.427) 1427 1441 1.453
2 1.365  1.366 (1.350) 1.356  1.366  1.373
3 1436 1434 (1.436) 1.442 1431 1.429
4 1.455 1449 (1.440) 1457 1446 1448
5 1.389  1.390 (1.384) 1.388  1.390  1.390
6 1415 1411 (1.407) 1413 1411 1411
7 1.457  1.451 (1.444) 1448  1.451 1.451
8 1.402 1.425 (1.419) 1.424 1.425 1.425
TIPSE
9 1.420 (1.436) 1.421 1420 1.419
10 1.225 (1.213)  1.225 1.225 1.225
11 1.846 (1.837) 1.844 1.850 1.856

slightly shortens from 1.457 A (1) to 1.451 A (2). The
B3LYP/6-31G** bond lengths calculated for 2 are in good
agreement with the experimental solid-state X-ray data
with differences in all cases within 0.015 A. The intro-
duction of end-capping dioxolane groups affects the out-
ermost benzene rings and produce a lengthening of the
single C—C bonds 3 and 4 and a shortening of the double
C=C bond 2. Single bond 1 experiences a sizeable short-
ening due to the ring tension imposed by the attachment of
the dioxolane ring. In contrast to the dioxolane groups, the
electron-withdrawing chlorine atoms and cyano groups
induce a significant lengthening of bond 1 from 1.432 Ain
21to 1.441 and 1.453 A in 4 and 5, respectively, as well as a
slight lengthening and shortening of adjacent double and
single CC bonds (2 and 3, respectively). The bond length
alternation between single and double bonds along the
peripheral oligoenic ribbons therefore increases when
electron-releasing dioxolane groups are incorporated and
diminishes in passing from 2 to 4 and 5 due to the presence
of electron-withdrawing groups.

3.2 Raman vibrational analysis
From the earliest studies on electrically conducting poly-
mers, IR and Raman vibrational spectroscopies have been

widely used to characterize many different types of
n-conjugated systems, both oligomers and polymers, and
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Fig. 2 Raman spectrum of derivative 4 over probe energies of
2,400-400 cm ™', a Experimentally recorded in solid state. b Theo-
retically calculated at the B3LYP/6-31G** level. The intensity of the
most intense theoretical band at 2,133 cm™' has been scaled by a
factor of 0.2

among them Raman spectroscopy has been shown to be of
great help in (i) analyzing the effectiveness of the m-con-
jugation along a homologous series of oligomers [56—65],
(ii) characterizing different types of conjugational defects
induced by either chemical doping or photoexcitation [61,
66-70] and (iii) estimating the degree of intramolecular
charge transfer in push—pull n-conjugated chromophores
[12, 71-73]. Recent Raman studies focused on different
homologous series of thiophene- and selenophene-based
heteroacenes [74—77]. Despite the increasing attention on
acene derivatives for applications in organic electronics,

Fig. 3 B3LYP/6-31G**
eigenvectors calculated for
selected Raman bands of 4.
Theoretical and experimental
(within parentheses)
wavenumbers are given in cm™'
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there exists only a relatively small amount of Raman
scattering information on these compounds.

Compound 4 has been selected as a representative
example to analyze in detail the Raman spectrum of these
functionalized pentacenes. Figure 2 displays the Raman
spectrum recorded for compound 4 in the 2,400-400 cm ™
energy region together with the theoretical B3LYP/6-
31G** simulated spectrum. Figure 3 sketches the eigen-
vectors associated with the most outstanding Raman fea-
tures of compound 4, whereas Fig. 4 compares the B3LYP/
6-31G** Raman spectra for pentacenes 1-5.

The Raman spectrum of compound 4 presents many
intense vibrational features of similar intensities in the
1,200-1,600 cm”! range, with the most intense peaks
observed at 1,184, 1,426 and 1,530 cm™!, and an isolated
intense band at 2,137 cm™'. The B3LYP/6-31G** Raman
spectrum very nicely resembles the experimental one, both
in peak position and relative intensities. The Raman band
at 1,184 cm ™! is calculated at 1,186 cm~ ! and corresponds
to a totally symmetric in-plane C—H bond deformation
coupled with a weak C—C/C=C stretching vibration which
spreads over the whole pentacene spine (see Fig. 3). The
experimental features at 1,426 and 1,530 cm™! are to be
correlated with the theoretical vibrational modes computed
at 1,416 and 1,498 cm™!, respectively. These modes arise
from C-C/C=C stretching vibrations on the whole penta-
cene backbone coupled with in-plane C—H bond deforma-
tions, the former being mainly located on the outermost
rings and the latter on the innermost rings. In addition to
these three intense features, the spectrum presents five
medium-intensity peaks at 1,305, 1,353, 1,493, 1,569 and

o 2133(2137)

1288(1305)

1350(1353)
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Fig. 4 B3LYP/6-31G** Raman profiles calculated for pentacenes
1-5

1,609 cm™! that are well predicted by B3LYP/6-31G**
calculations at 1,288, 1,350, 1,467, 1,552 and 1,589 cm_l,
respectively (see Fig. 2). As sketched in Fig. 3, all these
peaks also result from a combination of C-C/C=C
stretching vibrations and in-plane C-H bendings. The
highest energy modes at 1,552 and 1,589 cm™' mainly
imply a collective C—C/C=C movement of the peripheral
oligoenic ribbons. Finally, the band at 2,137 cm ™! is to be
assigned to the vibrational mode calculated at 2,133 cm™'
and is due to the totally symmetric stretching of the two
ethynyl groups.

The comparative analysis of the Raman spectra com-
puted for 1-5 shows that the attachment of the TIPSE
groups to the central benzene ring gives rise to a signifi-
cantly more complex spectral profile compared to unsub-
stituted pentacene. For compound 2, two new intense
features directly related to the TIPSE groups are computed
to appear at 1,287 and 2,130 cm™!, which are to be cor-
related with those experimentally measured at 1,304 and
2,125 cm™ !, respectively. The former is mainly associated
with an in-plane C-H bending coupled to the breathing
mode of the central benzene ring and corresponds to the
vibrational mode computed at 1,288 cm™! for 4 (see
Fig. 3). The latter is due to the totally symmetric stretching
of the two ethynyl groups and appears at very similar
frequencies for compounds 2-5. The relative intensities of
the respective vibrational features of 1 and 2 are also
altered upon the attachment of the TIPSE groups. For
instance, the most intense band in the 1,200-1,600 cm™!

region appears at 1,500 cm ™' for 2. This band corresponds
to that calculated at 1,498 cm™' for 4 and mainly implies
the vibration of the central benzene ring to which the
TIPSE groups are attached (Fig. 3).

The Raman spectra of compounds 3, 4 and 5 are quite
similar to that computed for 2. As expected, compound 5
presents an additional peak at 2,260 cm™!, due the totally
symmetric stretching of the C=N bonds, that is observed
at 2,234 cm™! in the experimental spectrum. The unusual
complexity of the Raman spectra obtained for 2-5 (i.e.,
many vibrational features with similar intensities and
spreading over the whole spectral range) hinders an easy
rationalization of the effects of the substituents on the
vibrational properties.

3.3 Electronic absorption spectra

Figure 5 displays the normalized UV-Vis absorption
spectra of 1-5 recorded in 1,2-dichlorobenzene. The elec-
tronic absorption spectra can be divided into three different
wavelength regions. At high wavelengths (535-675 nm),
pentacene derivatives 1-5 display a series of well-sepa-
rated weak absorptions, which are assigned to the vibronic
fine structure of the first electronic transition [78]. This
vibronic structure results from the inherent molecular
rigidity of the m-conjugated backbone of the pentacene
moiety. Around 440 nm, it is possible to distinguish
another two weaker absorptions, which appear somewhat
intensified in the case of compound 3 (see Fig. 5, right). A
third strong and structured absorption dominates the UV
spectral region below 360 nm for pentacenes 1-5. As can
be seen in Fig. 5, the attachment of the different substitu-
ents gives rise to changes in the positions and relative
intensities of the different absorption bands. The strongest
band undergoes a remarkable red-shift due to the attach-
ment of both the electron-releasing dioxolane groups (3)
and the electron-withdrawing chlorine atoms (4) and cyano
groups (5) to the end rings of the fused pentacene back-
bone. In contrast, the absorption band recorded at the
longest wavelengths undergoes different shifts depending
upon the substitution pattern. The dioxolane groups induce
an appreciable blue-shift while electron-withdrawing
chlorine atoms and cyano groups give rise to a slight red-
shift.

To provide insight into the nature of the UV-Vis
absorptions experimentally observed for 1-5 as well as
their dependence on the substitution pattern, the singlet
excited electronic states of all these pentacenes were cal-
culated at the B3LYP/6-31G** level using the TDDFT
approach and the previously optimized ground-state
molecular geometries. Experimental and computed vertical
excitation energies, oscillator strengths and the description
of the electronic transitions in terms of the dominant one-
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Fig. 5 Normalized
UV-Vis-NIR absorption 5 S
spectra of pentacenes ML—_
1-5 in 1,2-dichlorobenzene.

Left Whole spectra in the
300-800nm range. Right The 4
spectral range is reduced to
400-800 nm to better visualize

the less intense absorption
bands

Normalized Absorbance
w
Normalized Absorbance

H_M X
300 400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm

electron excitations are listed in Table 2. Figure 6 depicts  in the absorption UV—Vis spectrum for 2. Figure 6 is used
the B3LYP/6-31G** energies and the topologies of the  as a guide to the TDDFT description of the excited states.
MOs mainly involved in the electronic transitions observed TDDEFT calculations predict the existence of a few

electronic transitions in the near-UV-visible range, which

Table 2 UV-Vis absorption a a b s ed
maxima observed at room Compound  Exp. (nm) Exp. (eV) TDDFT (eV) Description
temperature and TDDFT// 1 581 (537, 500)  2.13 1.94 (0.042)  H — L(0.62)
B3LYP/6-31G** vertical one- )
electron excitations calculated 348 3.56 3.25 (0.013) H -2 - L(0.54); H —» L + 2(0.48)
for 1-5 306 4.05 4.33 (3.229) H -2 - L(-0.39); H > L + 2(0.46)
2 648 (596, 552)  1.91 1.69 (0.177) H - L(0.60)
441 2.81 3.10 (0.071) H -2 - L(0.63); H > L + 2(0.29)
3.15 (0.043) H -3 - L(0.56); H —» L + 3(0.45)
351 3.53 3.56 (0.294) H -2 - L(0.25); H - L + 2(0.61)
316 3.92 4.12 (2.137) H -3 - L(0.36); H - L + 3(0.50)
3 626 (575, 531) 1.98 1.79 (0.181) H — L(0.61)
454 2.73 2.87 (0.338) H-1 - L(0.62); H—> L + 3(0.32)
427 2.90 3.21 (0.069) H -3 - L0.61); H—> L + 2(0.33)
357 3.47 3.59 (0.308) H -3 - L(0.29); H -» L + 2(0.59)
330 3.76 3.95 (1.774) H-1 - L(023);H > L + 3(0.58)
* Absorption maxima (in nm 4 657 (603, 558) 1.89 1.66 (0.160) H — L(0.60)
and eV) from the experimental 453 274 3.00 (0.101)  H—3 - L(0.58); H — L + 3(0.41)
spectra displayed in Fig. 5;
values within parentheses 3.00 (0.067)  H—2 - L(0.65); H - L + 2(0.25)
correspond to vibronic peaks 368 3.37 3.50 (0.297) H -2 - L021);H - L + 2(0.62)
® B3LYP/6-31G** vertical 330 3.76 3.86 (2.269) H -3 - L(0.33); H » L + 3(0.51)
excitation energies (in eV) and 317 3.91 3.87 (0.133) H — 8 - L(0.67)
oscillator strengths (f) within 5 675 (618, 571)  1.84 160 (0.142)  H — L(0.60)
parentheses
¢ HOMO and LUMO are 473 2.62 2.81 (0.039) H—-6 - L(0.44); H—> L + 2(0.56)
abbreviated as H and L, 2.88 (0.056) H -2 - L(0.67); H - L + 3(0.19)
respectively 384 3.23 3.39 (0.230) H -7 - L(0.40); H > L + 3(0.54)
9 The weight of one-electronic 347 3.57 3.56 (2.473) H -6 - L(0.50); H - L + 2(—0.37)
excitations is given within 332 373 3.59 (0.149) H — 7 - L(0.56); H - L + 3(0.36)

parentheses
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Fig. 6 B3LYP/6-31G**
electronic density contours
(0.03 e bohr™?) and energies
calculated for selected MOs of
the pentacene derivative 2

LUMO + 2 (-0.65 eV)

HOMO -3 (-6.52eV)

also deserve to be analyzed separately into three different
regions, as previously performed for the experimental
absorption bands. All the electronic transitions quoted in
Table 2 for compounds 2—5 imply 7-7* excitations to 'B,
states and are polarized in the molecular plane thus bearing
the largest intensities. The lowest-energy transition com-
puted at 1.94 eV (oscillator strength f = 0.042) for 1,
1.69 eV (f=0.177) for 2, 1.79 eV (f= 0.181) for 3,
1.66 eV (f = 0.160) for 4 and 1.60 eV (f = 0.142) for 5
corresponds to the excitation to the first singlet excited
state (So — S;) and mainly implies a one-electron pro-
motion from the HOMO to the LUMO. These molecular
orbitals are delocalized on the conjugated CC skeleton (see
Fig. 6). Since no other electronic transition is calculated
below 2.6 eV, the three-peak structured band measured
experimentally in the 580-675 nm (2.13-1.84 eV) range
is, therefore, assigned to the Sy — S; electronic transition.
The calculated excitation energies are in good agreement
with the experimental values within 0.2 eV for all the
pentacene derivatives 1-5. The calculated Sy — S; tran-
sition undergoes a remarkable red-shift of 0.25 eV upon
the attachment of the TIPSE groups. This shift results
from the stabilization of the LUMO in passing from 1

LUMO + 3 (-0.51 eV)

LUMO (~2.74 eV)

£

HOMO (—4.64 eV)

HOMO - 2 (-6.37 eV)

(—2.40 eV) to 2 (—2.74 eV) due to the elongation of bonds
number 8 of the central benzene ring (0.023 10\, see
Table 1), which diminishes the antibonding interactions
that take place in the LUMO (see Fig. 6). Electron-with-
drawing groups produce an additional red-shift of the
computed Sy — S; transition in compounds 4 and 5 in
agreement with the experimental observations. In contrast,
dioxolane groups induce a blue-shift compared to deriva-
tive 2. This shift is due to the structural changes induced on
the outermost benzene rings by the attachment of the
dioxolane groups that destabilize in a higher degree the
LUMO level and increase the HOMO-LUMO gap in
passing from 2 (1.90eV) to 3 (2.02 eV). Therefore,
TDDFT calculations explain the trends experimentally
observed for the lowest-energy absorption band with the
substitution pattern.

In increasing order of energy, the two following allowed
electronic transitions are predicted at intermediate energies
(2.81-3.25 eV) and are in general weaker (f < 0.10) than
the Sop — S; excitation (see Table 2). These transitions
correspond to Sy — S3 and Sy — S, excitations for deri-
vates 1-4 (Sg — Sz and Sy — Ss for 5) and, for compound
2, are mainly described by the HOMO — 2, HOMO —
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3 — LUMO excitations with a smaller contribution from
the HOMO — LUMO + 2, LUMO + 3 promotions (see
Table 2; Fig. 6). It is to be noted that, although the sub-
stitution pattern alters the energy ordering of the MOs, the
MOs involved in those transitions for compounds 3-5
indeed display the same topology than those participating
in 2. These transitions are to be correlated with those
experimentally recorded in the 473- to 427-nm (2.62—
2.90 eV) spectral range, whose relative intensity is rather
weak except for 3. The intensification of this band is also
supported by TDDFT calculations that predict the Sy — S;3
excitation of 3 with a larger oscillator strength (f = 0.308)
than for the remaining pentacene derivatives. Compared
to unsubstituted pentacene 1, all the absorption features
observed in the visible increase their intensity upon func-
tionalization (see Fig. 5; Table 2).

In the UV spectral range, TDDFT calculations also pre-
dict the appearance of a few strong electronic absorptions in
full agreement with the experimental measurements. The
first optical transition in this region is computed within the
3.39-3.59 eV energy range with a moderate oscillator
strength (f ~ 0.300), and mainly arises from the HOMO —
LUMO + 2 one-electron excitation (HOMO — LUMO +
3 for 5). The weak UV absorption recorded at 351 nm
(3.53 eV) for compound 2 is, therefore, assigned to the
So — Sgexcitation computed at 3.56 eV. For the remaining
pentacenes 3-5, the corresponding weak absorption is par-
tially masked by the quite close strongest absorption band
and appears at progressively decreasing energies (3.47, 3.37
and 3.23 eV, respectively) in agreement with theoretical
predictions (3.59, 3.50 and 3.39 eV, respectively).

Finally, the strongest electronic transition is predicted at
433 eV (f=3229) for 1, 4.12eV (f= 2.137) for 2,
395eV (f= 1.774) for 3, 3.86 eV (f = 2.269) for 4 and
3.56 eV (f = 2.473) for 5. It corresponds to the Sy — Sg
1),So = Si0(3)and Sy — S;; (2, 4 and 5) excitations and
is described by the same one-electron promotions implied
in the transitions calculated at intermediate energies
(2.81-3.25 eV) but with a larger contribution from the
HOMO — LUMO + 2, LUMO + 3 promotions (see
Table 2). This excitation is to be unambiguously assigned
to the strongest UV optical absorption measured in the 300-
to 350-nm range. TDDFT calculations nicely account for
the sizeable red-shift of this absorption band as different
substituents are attached to the terminal fused benzene
rings. For derivatives 4 and 5, another optical absorption is
computed at 3.87 and 3.59 eV, with oscillator strengths of
0.133 and 0.149, respectively, that matches quite well with
the shoulders experimentally measured at 317 and 332 nm
(3.91 and 3.73 eV) for 4 and 5, respectively. Thus, TDDFT
calculations have enabled for a satisfactory description and
quantitative assignment of the UV—Vis absorption spectra
of the pentacene derivatives 1-5.

@ Springer

4 Conclusions

This work presents an analysis of the evolution of the
molecular, vibrational and optical properties with the
substitution pattern of a family of functionalized pentac-
enes (1-5). The analysis is performed by quantum-chemi-
cal calculations based on the density functional theory
(DFT and TDDFT) approach in combination with spec-
troscopic techniques (Raman and UV-Vis).

Pentacenes 1-5 can be visualized as two parallel oli-
goenic ribbons linked by single C—C bonds. The bond
length alternation between single and double C-C/C=C
bonds along each oligoenic ribbon progressively dimin-
ishes on going from the outer to the central rings indi-
cating an efficient electron delocalization along the
periphery of the m-conjugated backbone. The attachment
of TIPSE groups mainly affects the central benzene ring
to which they are attached. The bond length alternation
between single and double bonds along the peripheral
oligoenic ribbons increases when electron-releasing
dioxolane groups are incorporated and diminishes when
electron-withdrawing chlorine atoms and cyano groups
are introduced.

The functionalized pentacenes (2-5) display Raman
spectra with many intense features of similar intensities in
the 1,200-1,600 cm™! range. The complexity of the Raman
spectrum increases with the attachment of the triisopro-
pylsilylethynyl groups and makes difficult the rationaliza-
tion of the effect of the substitution pattern on the
vibrational properties. The strongest Raman features
mainly correspond to a combination of C—C/C=C stretch-
ing vibrations and in-plane C-H deformations which
spread over the whole pentacene backbone.

TDDFT calculations enable a satisfactory description
and the assignment of the UV-Vis absorption spectra of
pentacenes 1-5. The spectra imply 7-7* excitations to 'B,
states that are polarized in the molecular plane. The
experimentally three-peak band observed at low energies
(2.13-1.84 eV) is assigned to the HOMO — LUMO
So — S; electronic transition. Theoretical calculations
account for the red-shift caused by the attachment of the
TIPSE groups. They also predict the blue-shift induced by
the dioxolane groups and the additional red-shift produced
by the electron-withdrawing chlorine atoms and cyano
groups. The shifts result from the stabilization/destabili-
zation of the LUMO in passing from 1-5. At intermediate
energies (2.81-3.25 eV), weak electronic transitions are
calculated for 2-5 that appear to be intensified for 3 in
agreement with experimental data. The strongest electronic
transitions are predicted in the 4.33-3.56 eV range in good
correlation with the strongest UV bands observed at
4.13-3.54 eV. These excitations undergo a sizeable red-
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shift, which is well-reproduced by TDDFT calculations, as
substituents are attached to the terminal benzene rings.
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