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ABSTRACT
The synthesis of [3]- and [5]cumulenes bearing 4-hexylphenyl endgroups, [3]PhHex and [5]PhHex, has been developed. The 
incorporation of alkyl groups is designed to enhance film formation by improving solubility. Although tetraaryl[3]cumulenes 
are typically quite stable, the head-to-tail dimerization of [3]PhHex is observed after prolonged storage under ambient condi-
tions, and the dimer is characterized crystallographically. The crystallographic analysis of [5]PhHex in comparison with other 
tetraaryl[5]cumulenes demonstrates changes in packing as a function of increasing size of the alkyl group. Preliminary charac-
terization of field-effect transistors fabricated with [3]PhHex, in comparison with the parent compound tetraphenyl[3]cumulene 
[3]Ph, shows poorer performance for [3]PhHex and emphasizes the need to optimize film-forming protocols for new cumulenic 
semiconductors.

1   |   Introduction

Conjugated organic molecules offer substantial opportunities 
as organic semi-conducting materials as a result of delocalized, 
polarizable π-electrons. The field of organic materials is largely 
dominated by aromatic and heteroaromatic molecules, par-
ticularly acenes [1, 2]. On the other hand, hydrocarbon mole-
cules with unique π-structures based on sp-hybridized carbon 
have been suggested as strong candidates for future electronic 
materials, including, for example, oligoynes/polyynes [3–8], 
polydiacetylenes [9], graphynes [10], and, as the focus of the this 
study, [n]cumulenes [11–14]. For example, field-effect transistors 
(FETs) based on [3]Ph (Figure 1) have been investigated and re-
ported as a promising component in molecular devices [15, 16]. 
As is typically observed for organic molecules with π-rich sys-
tems such as acenes [1, 2], [3]Ph exhibits p-type behavior due 
to its delocalized HOMO, while its high LUMO energy hinders 

electron injection. Recently, [3]Ph has also been embedded into 
a polymer as the active component of a supercapacitor [17].

As with most of conjugated small molecules, the fabrication of 
electronic devices using [3]Ph as the semiconducting layer can 
suffer from poor and non-uniform film coverage when depos-
ited by drop-casting, due to the formation of needle-like micro-
crystals. Consequently, low charge mobilities [2 × 10−3 cm2/(V s)] 
were observed in first-generation field-effect transistors (FETs) 
[15]. On the other hand, specialized techniques can drastically 
improve performance. For example, the controlled deposition of 
[3]Ph films using a wire-bar coating technique has been devel-
oped to improve uniformity and microcrystalline order, leading 
to increased charge mobilities up to 0.1 cm2/(V s) [16].

Given the typical challenges encountered with casting of films 
with small molecules, a method for producing homogeneous 
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films would be desirable to facilitate the exploration of the po-
tential of [n]cumulenes as semiconductors. Beyond optimizing 
deposition techniques for each new [n]cumulene, substitution 
with aliphatic groups offers the prospect to modify crystal mor-
phology, increase the solubility, and improve the processability 
from solution [18–20]. Thus, it was hypothesized that introduc-
ing aliphatic substituents on the endgroups of an [n]cumulene 
could improve the quality of solution-cast films.

As little is known about n-alkyl substituted [3]- or [5]cumulenes 
(a singular example, 4-ethyl-tetrapheny[5]cumulene [5]PhEt, 
has been reported [21]), the inclusion of n-hexyl groups has 
been selected as a starting point. These groups are considered 
sufficiently large to improve the solubility and processability 
without undermining the intermolecular communication of 
the [n]cumulenes necessary for charge transport. The corre-
sponding [3]cumulene, [3]PhHex, is targeted for comparison 
with the previously reported results using [3]Ph as a semicon-
ductor. The energy of the HOMO in [n]cumulenes is known to 
increase as a function of length of the sp-backbone [22], and the 
next longer homolog, [5]PhHex, is targeted to examine the re-
lationship between the length of [n]cumulenes and electronic/
structural characteristics. We report herein the synthesis, spec-
troscopic analysis, and physical characterization of [3]PhHex 
and [5]PhHex, as well as preliminary device data (OFETs) for 
[3]PhHex.

2   |   Synthesis of [3]PhHex and [5]PhHex

The synthesis of [n]cumulenes bearing 4-hexylphenyl endgroups 
started with the formation of di-(4-n-hexylphenyl)methanol 
1 (Scheme  1a) [23]. 4-n-Hexylphenyl bromide was converted 
into the Grignard reagent and reacted immediately with ethyl 

formate to afford alcohol 1 in 81% yield. Oxidation of com-
pound 1 with PCC gave diaryl ketone 2. Lithium trimethylsily-
lacetylide, generated from trimethylsilylacetylene, reacted with 
ketone 2, followed by quenching with methyl iodide to afford 
compound 3 in 95% yield. Desilylation of 3 with K2CO3 in MeOH 
afforded the terminal alkyne 4, which is a benchtop-stable oil, in 
a yield of 96%. Terminal alkyne 4 was converted to the lithium 
acetylide via deprotonation with nBuLi, and the subsequent re-
action with ketone 2 followed by O-methylation of the interme-
diate alkoxide with methyl iodide afforded compound 5 in 72% 
yield. The reductive elimination [24] of 5 was carried out with 
SnCl2 in the presence of catalytic HCl and afforded [3]PhHex as 
a yellow, amorphous solid in 84%. During attempts to produce X-
ray quality crystals, a solution of [3]PhHex CH2Cl2/MeOH was 
left to stand for several weeks under ambient conditions with-
out protection from light, which produced a light-yellow crystal. 
Crystallographic analysis of this crystal (vide infra) revealed the 
structure of the dimeric product 6 (Scheme 1a). Several attempts 
to reproduce the formation of 6 on a larger scale under similar 
conditions were, however, unsuccessful, preventing further 
spectroscopic characterization. In view of the known formation 
of analogous dimers (see crystallographic studies below), the 
formation of 6 was not further pursued.

The synthesis of [5]PhHex utilized terminal alkyne 4 in an ox-
idative acetylenic Hay coupling reaction [25] affording diether 7 
in 94% yield (Scheme 1b). The reductive elimination of 7 using 
SnCl2 and HCl to form [5]PhHex, however, was initially un-
successful when using CH2Cl2 as the solvent. A mixture of red, 
needle-like crystals (presumably the desired product [5]PhHex) 
were formed during the precipitation process along with a deep 
red, greasy oil that prevented efficient purification. The 1H NMR 
spectrum of this mixture displayed a number of broadened sig-
nals, in addition to the well-resolved signals corresponding to 
[5]PhHex. Thus, the reductive elimination reaction was ex-
plored in alternative solvents (THF and Et2O) and at lower 
temperature (0°C). Ultimately, the reaction in THF at room 
temperature afforded pure [5]PhHex as a bright red, crystalline 
solid in 68% yield. The isolated, pure cumulene [5]PhHex is sta-
ble at room temperature for months, as confirmed by TLC and 
1H NMR analyses.

It is worth emphasizing that a more direct route to [5]PhHex, 
commonly used for the synthesis of [n]cumulenes, would use 
the alcohol 8 without formation of the methyl ether (Scheme 2). FIGURE 1    |    [n]Cumulenes discussed in this manuscript.

SCHEME 1    |    Synthesis of [3]- and [5]PhHex.
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Unfortunately, attempts to execute this approach were unsuc-
cessful. The alcohol 8 was obtained without problems, and desi-
lylation of 8 with K2CO3/MeOH appeared to proceed normally 
to give 9. For unknown reasons, however, the terminal alkyne 
proved unstable, and storing 9 led to gradual decomposition as 
observed by TLC analysis. Due to this instability, this route was 
not further pursued.

3   |   Crystallographic Studies

Given the relationship(s) between crystalline morphology and 
device performance in OFETs, it was highly desirable to com-
pare the solid-state packing of [3]PhHex with that of [3]Ph 
[26]. Attempts to produce a single crystal of [3]PhHex suitable 
for crystallographic analysis were, unfortunately, unsuccessful 
under various conditions (e.g., CH2Cl2/MeOH, CHCl3/MeOH, 
CH2Cl2/EtOH, toluene/MeOH; −20°C or room temperature). 
Instead, crystallization predominantly afforded a deep yellow, 

amorphous solid of pure [3]PhHex. In one case, a solution of 
[3]PhHex in CH2Cl2/MeOH was left to stand for several weeks 
under ambient conditions, resulting in a light-yellow crystal. 
Crystallographic analysis confirmed the head-to-tail structure 
of 6 (Figure 2a). The conversion of [3]cumulenes to dimeric deriv-
atives is known, and crystallographic analysis has been reported 
for other head-to-tail dimers [27–29] similar to 6 (Figures 2b–d), 
as well as head-to-head [30] and symmetrical dimers [28, 31].

A single crystal of [5]PhHex suitable for crystallographic stud-
ies was acquired by diffusion of MeOH into a solution of CH2Cl2 
at room temperature (Figure 3). The bond angles of the cumu-
lenic moiety, at 177.4° and 179.1°, confirm the linearity of the 
sp-chain. The conformations of the alkyl chains in [5]PhHex 
are well ordered, and the C  C bonds of the alkyl groups assume 
a staggered conformation.

Bond length alteration (BLA = the difference between long 
and short carbon–carbon bonds) is a valuable parameter to 

SCHEME 2    |    Synthesis toward propargyl alcohol 9.

FIGURE 2    |    Crystal structures and selected bond angles for head-to-tail dimers from [3]cumulenes: Dimers of (a) [3]PhHex (compound 6), (b) 1,1
-bis(4-chlorophenyl)-4,4-bis(4-methoxyphenyl)butatriene [27], (c) 1,4-bis(4-chlorophenyl)-1,4-bis(trifluromethyl)butatriene [28], and (d) [3]Ph [29]. 
Hydrogen atoms are removed for clarity.

FIGURE 3    |    (a) Crystal structure of [5]PhHex (ellipsoids are shown at 50% probability level; H-atoms are omitted for clarity). Selected bond angles 
[°] and lengths [Å]: C1  C2 1.347(2), C2  C3 1.256(2) C3  C3′ 1.306(3); C1  C2  C3 177.44(17) C2  C3  C3′ 179.1(2). (b) Crystal packing of [5]PhHex. 
(c) Crystal packing of [5]PhEt [32]. (d) Crystal packing of [5]Ph.
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examine the structural and electronic characterization of con-
jugated molecules. BLA for polyynes remains quite strong, 
ranging from 0.16 Å (a triyne) to a limiting value of approxi-
mately 0.14 Å for the longest polyynes [33]. In contrast, BLA 
is significantly lower of cumulenes and has been strongly cor-
related to the semiconducting behavior of the cumulenic moi-
ety [13, 34]. For [5]PhHex, the BLA is 0.050 Å [35], which is 
consistent with other known [5]cumulenes, including 0.048 Å 
for [5]Mes (Mes = mesityl), 0.059 Å for [5]PhEt, and 0.058 Å 
for [5]Ph [17].

Cumulene [5]PhHex shows a parallel-displaced orientation 
(Figures 3a,b) in the solid state, offset along the longitudinal axis 
of the cumulenic moiety. The closest intermolecular distance sep-
arating cumulenic moieties for [5]PhHex is 6.1 Å, which is larger 
than 5.6 Å in [5]PhEt (Figure 3c) and 3.9 Å in [5]Ph (Figures 3c,d). 
The packing of [5]PhHex is dominated by C-H–π interactions be-
tween neighboring aryl groups and alkyl-alkyl interactions. This 
packing motif places one of the aryl rings over the core of the 
cumulenes, providing the shortest interatomic distance between 
neighboring molecules at ca. 3.6 Å (see Figure S1). Thus, while the 
intermolecular π-orbital overlap in the crystal of [5]PhHex is far 
from ideal, communication may be maintained through contact 
between the aromatic endgroup and the cumulenic moieties.

4   |   UV–Vis Spectroscopic Studies

The UV–vis spectra of [3]PhHex and [5]PhHex have been 
measured in CH2Cl2 and are shown in comparison to [3]Ph and 
[5]Ph (Figure 4). Overall, the spectra show spectral character-
istics similar to those of other [3]- and [5]cumulenes reported in 
the literature regarding their band shapes and absorption wave-
lengths (λ), particularly in terms of the lowest energy absorp-
tion wavelength λmax [36]. Compared with [3]Ph (λmax = 420 nm) 
and [5]Ph (λmax = 486 nm) [37, 38], substitution with electron-
donating alkyl groups has produced a redshift of the λmax of 
16 nm for [3]PhHex (λmax = 436 nm) and 20 nm for [5]PhHex 
(λmax = 506 nm). The most noticeable effect of adding alkyl sub-
stituents is the increased molar absorptivity, particularly for 

[5]PhHex (ε = 82,000). The spectra of [3]PhHex and [3]Ph were 
compared as thin films cast from 1,2-dichlorobenzene (see SI 
for details). For both [3]cumulenes, the lowest energy transition 
is split into two distinct absorptions, accompanied by red shifts 
in the absorptions versus solution values ([3]PhHex λ = 458 and 
436 nm and [3]Ph λ = 452 and 422 nm).

5   |   Thermal Analyses

The thermal analyses of [3]PhHex and [5]PhHex have been mea-
sured via differential scanning calorimetry (DSC) in comparison 
with [3]Ph and [5]Ph. The parent cumulene [3]Ph shows a melting 
point at 242°C, which is immediately followed by decomposition at 
243°C [15]. The melting point of [3]PhHex (113°C) is significantly 
lower than that of [3]Ph, and [3]PhHex is stable as a liquid up to 
the onset of its decomposition point of 219°C (the decomposition 
spans from 219 to 300°C; Figure S21). While not within the scope 
of the presented study, the stability of [3]PhHex beyond its melt-
ing point may facilitate improved films via annealing [39] or offer 
an alternative method for the formation of semiconducting films 
via a melt [40]. The [5]cumulene [5]PhHex shows a clear melting 
point at 74°C, and melting is followed immediately by the onset of 
broad thermal decomposition at 78°C (peak 96°C; Figure S22). The 
decomposition point of [5]PhHex is substantially lower than that 
of [5]Ph (183°C, Figure S21) [41–44].

6   |   Fabrication of Devices Using [3]PhHex

The electronic properties of [3]PhHex have been evaluated 
in the form of thin films by assessing charge-transport in a 
proof-of-concept FET. The FET was assembled with a top-gate 
bottom-contact architecture, adopting a thin film of [3]PhHex 
as the semiconducting layer. The layer of [3]PhHex was de-
posited by wire-bar coating at 100°C from a solution ortho-
dichlorobenzene (10 g/L) and with a bar-speed of 30 mm/s, 
achieving a film thickness of about 20 nm [45, 46]. The dielectric 
layer was formed by depositing a 345 nm thick film of parylene 
C on top of the semiconductor, followed by inkjet printing of an 
80 nm-thick poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) gate electrode (Figure 5a).

The proof-of-concept FET device was studied for its transfer 
characteristics in the linear (Vds = −5 V) and the saturation 
(Vds = −40 V) regimes. The results clearly show p-type field 
effect behavior with enhanced Id in the region of Vgs < 0 and 
an on–off currents ratio of 104 (Figure 5b). In the [3]PhHex 
device, the subthreshold slope is shallow, and the threshold 
voltage can be approximated at −0.5 V and −16.5 V for the lin-
ear and saturation regimes, respectively. A slight hysteresis 
of Id is observed, especially in the saturation regime. In addi-
tion, a significant gate leakage current (Ig) is present. Given 
the lack of ideality in the transfer curves, the field-effect 
hole mobility (μ) of this device can only be estimated at ca. 
10−4 cm2 V−1 s−1, with a clear gate dependence across the entire 
Vg sweep (Figure S2).

The FET results establishes the possibility of adopting a 
thin film of [3]PhHex as a semiconducting material, simi-
lar to [3]Ph, but with poorer electrical performances [15, 16]. 

FIGURE 4    |    UV–vis spectra of [3]Ph, [3]PhHex, [5]Ph, and [5]
PhHex (measured in CH2Cl2).
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Polarized optical microscopy shows that crystalline domains 
of [3]PhHex are very large (Figure  5c and Figure  S1), and 
comparable in size to those obtained for [3]Ph, when deposited 
at similar temperatures [15]. However, the microstructure of 
such [3]PhHex films displays charge-hindering defects, such 
as cracks and a lack of uniformity. Such non-optimal film mor-
phology can, in part, explain the poor electronic performances 
of [3]PhHex. While future efforts to obtain more ideal mor-
phologies may lead to improved charge transport in [3]PhHex 
films, it is important to note that findings reported here re-
garding the comparative molecular packing of [5]PhHex and 
[5]Ph suggest weaker electronic overlap between adjacent 
[3]PhHex with respect to [3]Ph, possibly indicating a fun-
damental limit [15, 16]. Overall, this study proves that cumu-
lenes solid state packing can be strongly affected by side-chain 
engineering, without altering the excellent conjugation of the 
sp-cumulenic chain. Future research directions might explore 
other strategies to improve the electronic coupling in solid 
state, such as promoting Herringbone packing.

7   |   Conclusions

A new endgroup, namely the 4-n-hexylphenyl group, has been 
developed for the functionalization of a [3]- and [5]cumulene, 

[3]PhHex and [5]PhHex, in order to explore the formation of 
more uniform crystalline films in FET devices. The UV–vis 
spectra of [3]PhHex and [5]PhHex exhibit red shifts of the 
absorption wavelengths compared to the parent compounds 
[3]Ph and [5]Ph due to the electron-donating alkyl substitu-
ents. While [3]PhHex does not form X-ray quality crystals, the 
formation of a head-to-tail dimer 6 has been identified from a 
solution of [3]PhHex stored at room temperature. The crystal 
structure of [5]PhHex reveals ordered stacking of hexyl groups, 
resulting in the parallel alignment of neighboring cumulenes at 
a distance of ca. 6 Å. A proof-of-concept FET device has been 
fabricated with [3]PhHex. The device shows p-type semicon-
ducting character, but film quality and charge-carrier mobilities 
are poor (ca. 10−4 cm2 V−1 s−1). Thus, further design refinement, 
structural optimization, and improved film formation are nec-
essary to optimize the electrical properties of [n]cumulenes as 
semiconductors.
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electrodes, respectively. (b) Representative transfer characteristic curves of the transistor (L = 2.5 μm; W = 2 mm) based on [3]PhHex. The drain cur-
rent (Id, solid lines) and the gate leakage current (Ig, dashed lines) in the linear (Vds = −5 V) and saturation (Vds = −40 V) regimes are shown in a log-
arithmic scale. The Id is plotted in a square root scale for the saturation regime (purple line). (c) Polarized optical microscopy image of the transistor 
(polarization angle = 90°), with S, D, and G being the device terminals depicted in (a).
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