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Pentacene and functionalized pentacenes are leading candi-
dates for small-molecule semiconductor applications and
have been widely explored over the past decade.[1] On the
other hand, examples of pentacene polymers[2, 3a–c] and
oligomers[3] remain scarce, even though they present obvious
opportunities for discovery. In comparison to polymers,
monodisperse oligomers provide the added benefit of struc-
tural homogeneity. Furthermore, oligomers allow for the
systematic study of structure–property relationships, in which
a property of interest (e.g., HOMO–LUMO gap (HOMO =

highest occupied molecular orbital, LUMO = lowest unoccu-
pied molecular orbital)) is examined as a function of oligomer
length. If oligomers of sufficient length are accessible, the
effective conjugation length can be determined by observing
saturation of a property; that is, when the oligomer starts to
behave like the polymer.[4]

To date, the synthesis of functionalized pentacenes has
relied, to a large extent, on the addition of nucleophiles to
acenequinones such as 6,13-pentacenequinone, followed by
reduction to form the aromatic pentacene framework.[1] This
methodology cannot, however, easily be adapted to the
synthesis of conjugated oligomers.[3d] Such synthetic limita-
tions are due, in part, to the reactive nature of the pentacene
core and to the limits of current methodology for desymme-
trizing the pentacene chromophore. It is unlikely that this
issue can be effectively addressed by condensation[5a] and
cycloaddition[5b–f] reactions to form acenes, since such meth-
ods often produce isomeric mixtures. Oxidative acetylenic
homo- and cross-coupling reactions of terminal and/or

haloacetylenes (e.g., Hay and Cadiot–Chodkiewicz reactions)
are a well-established means of assembling carbon-rich
materials.[6] These reactions, when paired with recently
developed methods to form unsymmetrical pentacenes,[7]

would serve as the foundation for the synthesis of a
homologous series of pentacene oligomers.

Pentacenes that bear a terminal acetylene functionality,
such as 1 or 2 (Scheme 1), are quite reactive,[7a] and have been
ineffective to date when isolated and used as precursors for

synthetic elaboration.[8] To circumvent this problem, a pro-
tection method has been developed[9] so that the synthetic
potential of terminal acetylenes can be accommodated and
exploited. Herein, we report the synthesis of protected
building blocks such as 3 and 4, and describe their application
to metal-mediated coupling reactions used in the synthesis of
a series of conjugated pentacene oligomers (5–8, Scheme 2).
The properties of these oligomers are explored by crystallo-
graphic, spectroscopic, and electrochemical methods.

The construction of pentacene oligomers 6–8 begins with
desymmetrizing 6,13-pentacenequinone (9, Scheme 3). Addi-
tion of one equivalent of the appropriate lithium acetylide
(10 a–d) to a suspension of 9 in THF afforded monoaddition
products 11 a–d in good yields (80–96 %). Addition of an
excess of acetylide 10e (ca. 3 equiv) to ketones 11a–d,
followed by trapping of the resulting alkoxide with iodo-
methane afforded methyl ethers 12 a–d in good yield (69–
79%). Methyl ether 12e, which bears two Me3Si�C�C groups
was obtained directly from quinone 9 in 57% yield. Proto-
desilylation of the Me3Si group(s) of 12a–e provided 13a–e in
88–99% yield. Terminal acetylenes 13 c and 13 e were then
converted to bromoalkynes 14c and 14e using the standard
conditions of N-bromosuccinimide (NBS) and AgNO3 in
acetone.[10] The trans geometry of the methyl ethers for a
number of derivatives (12 a–b, 13a–b, 13 d, 14 e) was con-
firmed by X-ray crystallography, and the stereochemistry of
related structures was assigned by analogy.[11]

Scheme 1. Structures of pentacenes 1–4.
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Hay homocoupling[12] of building blocks 13a–d afforded
15a–d in 56–64% yield,[13] and SnII-mediated reductive
aromatization afforded conjugated dimers 6a–c in excellent
yields (Scheme 4). Although the reduction of related diols
and tetraols has been accomplished without the use of

additional acid,[3, 7] aromatization of 15 a–c did not proceed
at an appreciable rate in the absence of H2SO4.

Cadiot–Chodkiewicz[14] coupling of the appropriate ter-
minal alkyne 13a–d with bromoalkyne 14 e provided 16a–c in
76–88% yield (Scheme 4). Reductive aromatization of 16a–c
then gave pentacene trimers 7a–c in excellent yields. The
synthesis of pentacene tetramer 8 c (Scheme 4) began with the
removal of the tert-butyldimethylsilyl (TBS) groups of
dimeric dihydropentacene 15 d with TBAF to provide
15e,[15] the stereochemistry of which was confirmed by
X-ray crystallography.[11] Cadiot–Chodkiewicz coupling of
15e with bromoalkyne 14c provided 17c in 65 % yield.
Compound 17 c was then aromatized to form the pentacene
tetramer 8c in excellent yield.

A major consideration for essentially planar p systems is
solubility, and all three monomers 5a–c[16] are highly soluble
in common organic solvents such as CH2Cl2, CHCl3, THF, and
toluene. The Si(iPr)3-substituted dimer 6a has, unfortunately,
limited solubility in these solvents (< 5 mg mL�1). The larger
iBu3Si group resulted in improved solubility for dimer 6b
compared to 6a, but proved ineffective for solubilizing the
trimer 7 b. Trimer 7c has good solubility as a result of the
Si(nC6H13)3 groups. On the other hand, tetramer 8c shows
disappointingly poor solubility in THF, and even worse
solubility in CH2Cl2 or CHCl3.

Scheme 2. Structures of monomeric pentacenes 5a–c and the homo-
logous conjugated pentacene oligomers 6–8.

Scheme 3. Synthesis of pentacene building blocks 13 and 14.

Scheme 4. Synthesis of conjugated pentacene oligomers 6–8. TBAF=
tetrabutylammonium fluoride; TMEDA= N,N,N’,N’-tetramethylethyl-
enediamine
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The choice of the trialkylsilyl group affects not only the
solubility but also the stability of the oligomer, as can be
observed by differential scanning calorimetry (DSC) analysis
(Table 1). The decomposition temperatures of the oligomers

generally decrease as the steric bulk around the silyl group is
reduced. Thus, in all cases, the Si(iPr)3 derivatives (5a–7 a)
show the highest stability, while the Si(nC6H13)3 analogues are
the least stable. Additionally, when oligomers with identical
end groups are compared, the stability increases as a function
of the number of repeat units in the oligomer. This trend is
illustrated with the Si(nC6H13)3 series, where the decomposi-
tion temperature increases from monomer 5c (130 8C), to
dimer 6c (134 8C), to trimer 7c (162 8C), and tetramer 8c
(250 8C).

The UV/Vis absorption properties of the oligomeric
pentacenes in both THF and CH2Cl2 solutions were exam-
ined. The solubility of the dimers is slightly better in THF
than CH2Cl2, although the choice of solvent has little effect on
the lmax values (Table 1). The constitution of the pendent
trialkylsilyl group also has little effect on the UV/Vis spectra
in either the monomer or dimer series 5a–c and 6a–c,
respectively. As the oligomer length is increased, a concurrent
red shift in the lmax values is observed (Figure 1), and is

indicative of increased conjugation. This bathochromic shift
in lmax (THF) is most dramatic in the comparison of monomer
5c to dimer 6c (96 nm), and diminishes thereafter: compare
dimer 6c with trimer 7c (64 nm) and trimer 7 c with tetramer
8c (14 nm). Thus, already by the stage of the tetramer, the
effective conjugation length for this series of molecules is
nearly achieved. The HOMO–LUMO gap is estimated from
the absorption onset (Eg

opt),[17] and drops from 1.86 eV (5c) to
1.57 eV (6c) to approximately 1.38 eV for both 7c and 8c.
The conjugated oligomers 5c–8c linked at the 6,13 positions
therefore possess significantly smaller optical band gaps than
the regio-irregular copolymers based on 6,13-bis(triisopro-
pylsilylethynyl)pentacene linked at the 2,9 and/or 2,10 posi-
tions (Eg

opt = ca. 1.68–1.76 eV).[2b,c] It can be noted that trimer
7c and tetramer 8c possess a remarkably low band gap for a
material composed of only hydrocarbon chromophores, and
these oligomers are comparable to ethynylated heptacenes
(ca. 1.3–1.4 eV), some of the lowest band-gap carbon materi-
als reported to date.[18]

The emission properties of pentacenes 5–8 were studied in
CH2Cl2 solutions. Monomers 5a–c all emit at 649 nm with a
relatively small Stokes shift (ca. 120 cm�1) and FF�0.15.[19]

Conjugated oligomers 6c–8c are essentially non-emissive,
analogous to previously reported conjugated pentacene
dimers.[3d]

Analysis of solid-state UV/Vis absorption was attempted
on films drop-cast from THF and CHCl3. In all cases, a
bathochromic shift in lmax values was found for thin-film
samples compared to those in solution. This effect is most
dramatic for films of 5c, 6 c, and 7c (molecules terminated
with Si(nC6H13)3 groups) cast from THF, for which lmax is red-
shifted by 72, 135, and 163 nm, respectively. Conversely, the
difference between solution- and solid-state lmax values is
significantly less for molecules terminated with Si(iBu)3

groups (5b and 6b), thus suggesting that the constitution of
the end group exerts an appreciable influence on the solid-
state morphology. In comparison to films cast from THF, lmax

values observed for those cast from CHCl3 are noticeably
blue-shifted (with the exception of 6b). Thus, not unexpect-
edly, the solvent used for casting also influences the film
morphology.

Cyclic voltammetry was used to examine the solution-
state redox properties as a function of oligomer length,
although the poor solubility of tetramer 8c prevented its
electrochemical study (Table 2; all potentials are given versus
the ferrocene/ferrocenium couple).[20] The first reduction and
oxidation events both show a marked dependence on
oligomer length. For example, within the series 5c–7c, the
first oxidation potential decreases from 0.54 V for 5c to just
0.33 V for 7c (the oxidation of trimer 7 c is irreversible and
was estimated from the anodic potential Epa of the oxidation
wave).

The reduction potentials show an analogous trend, and
decrease from�1.49 V for monomer 5c to�1.13 V for trimer
7c. A total of two one-electron reductions per pentacene
moiety is apparent for each oligomer in the series, that is,
monomer 5c, dimer 6c, and trimer 7 c each show two, four,
and six reductions, respectively. The separation between the
first two reduction potentials for dimer 6c (�1.25 and

Table 1: Optical and thermal properties of pentacenes 5–8.

Cmpd lmax

(THF)
[nm]

lmax

(CH2Cl2)
[nm]

lmax
[a]

(film)
[nm]

lmax
[b]

(film)
[nm]

Eg
opt[c]

(THF)
[eV]

Td
[d]

(TGA/DSC)
[8C]

5a 641 643 702 696 1.86 375/263
5b 642 644 667 667 1.86 360/213
5c 641 644 713 703 1.86 485/130
6a 736 739 858 784 1.57 410/365
6b 738 740 778 776 1.59 375/267
6c 737 739 872 836 1.57 375/134
7a – – – – – 400/350
7b – – – – – 350/270
7c 801[e] 797[e] 964 – 1.39 390/162
8c 815[e] – – – <1.38 385/250

[a] Thin film formed by drop-casting from THF (see the Supporting
Information for spectra). [b] Thin film formed by drop-casting from
CHCl3 (see the Supporting Information for spectra). [c] See refer-
ence [17]. [d] Onset decomposition temperatures measured under
nitrogen. [e] Estimated lmax value of lowest-energy shoulder signal.

Figure 1. UV/Vis absorption spectra of the homologous series of
oligomers 5c–8c in THF solutions (data for 8c is plotted with arbitrary
intensity because of limited solubility).
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�1.46 V) and the first three potentials for trimer 7c (�1.13,
�1.25, and �1.56 V) confirms the electronic communication
between pentacene units, which is consistent with the
significant decrease in lmax values upon chain elongation
(see below). It is also worth noting that, following the formal
addition of one electron to each pentacene unit of 5c–7c, the
reduction potentials for adding a second electron to a
pentacene moiety all occur at a similar potential, regardless
of oligomer length, that is, Ered2 for monomer 5c (�1.97 V)
versus Ered3 for dimer 6c (�1.96 V) versus Ered4 for trimer 7c
(�1.90 V). Finally, the electrochemically determined band
gap (Eg

electro) decreases as a function of the number of repeat
units (Table 2), and the Eg

electro values are comparable to the
Eg

opt values determined from the UV/Vis spectroscopic data
(Table 1).

A single crystal of dimer 6b suitable for X-ray crystallo-
graphic analysis was obtained from a solution of 6b in CHCl3

by slow evaporation at 4 8C (to give 6b·2CHCl3).[21] The solid-
state geometry reveals that the two pentacene moieties of 6b
adopt a pseudocoplanar arrangement in which the packing
features a 2D slipped stacked arrangement (Figure 2a).
Molecules of 6 b thus form a staircase arrangement along
the crystallographic b axis, with an interplanar spacing of
3.40 � between cofacial, p-stacking pentacene moieties
(interaction X in Figure 2a). Furthermore, there is minimal
slippage along the long axis of the acene moiety (approx-
imately half a benzene ring, see Figure 2b).[22,23] Cofacial
p stacking not only occurs within the staircase arrangement
along the b axis, but also between adjacent staircases along
the crystallographic a axis (interaction Y in Figure 2a) with an
interplanar distance of 3.36 � and an overlap of approx-
imately 1.5 benzene rings (Figure 2b).[22] This 2D slipped-
stack arrangement, together with the ability of the butadiynyl
to facilitate electronic communication, provides the potential
for 3D electronic communication in the solid state, and could
greatly simplify device formation.[24,25]

In summary, a new synthetic methodology allows for the
use of acetylenic coupling methods for the construction of
conjugated pentacene oligomers. Reduction of the optical
band gap is observed as a function of the oligomer length, and
the conjugated pentacene tetramer 8c shows an Eg

opt value
less than 1.4 eV. The UV/Vis spectra suggest that the effective

conjugation length attainable for this series of oligomers has
been nearly reached by the stage of the tetramer. The
application of this methodology to other oligoacenes and the
incorporation of solubilizing groups into the repeat unit are in
progress.
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