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Dehydrobenzolnlannulenes ([n]DBA) are a family of n-conjugated shape-persistent macrocycles, whose
properties are governed by both their arylene groups and alkynylene linkages. While diverse members
of [NIDBAs have been extensively studied, the triacetylene-bridged [24]DBA, a missing member, has
remained elusive. Herein, we report the first synthesis of a hexa-n-dodecyloxy-substituted [24]DBA
using Sonogashira cyclotrimerization of an in situ generated triyne intermediate. For comparison, the
other three [n]DBA derivatives (n = 12, 18 and 30) were also synthesized using modified literature
procedures. Comprehensive structural characterization by nuclear magnetic resonance (NMR) spectro-
scopy, high-resolution mass spectrometry and single-crystal X-ray diffraction analysis unambiguously
confirms the planar geometry of the [n]DBA cores and sheet-like two-dimensional packing in the solid
state. This complete series of [N]DBA enables an exploration of their ring-size-dependent optoelectronic
and charge-transport properties. *H NMR analysis discloses an alternating behaviour between
aromaticity and antiaromaticity with increasing core size. UV-vis absorption and fluorescence
measurements also reflect an alternation between broad and narrow energy gaps. Moreover, space-
charge-limited current (SCLC) measurements demonstrate that antiaromatic [n]DBA (n = 12 and 24)
derivatives exhibit higher hole mobilities than their aromatic counterparts (n = 18 and 30). The
successful synthesis of [24]DBA not only fills a critical gap in the [n]DBA family, but also establishes a
structure—property relationship for designing m-extended [n]DBA derivatives with enhanced charge
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property tuning through wet-chemistry methods, low energy
consumption in production and processing, intrinsic mechan-

Introduction

In the past few decades, the field of organic electronics, which
involves the application of n-conjugated organic materials as
active components in optoelectronic devices, has expanded and
diversified into various sub-directions including organic field-
effect transistors (OFETs)," organic light-emitting devices
(OLEDs)? and organic photovoltaics (OPVs).*> Organic materials
are advantageous for characteristics including the feasibility of
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ical flexibility, lightweight, etc.* Amongst various performance
parameters of organic semiconductors, charge-carrier mobility
is one of the most important for their application in electronic
devices.” To date, small molecule- and polymer-based semi-
conductors with high mobility of up to 10 cm®> V™' s™* have
been developed.® Despite these achievements in materials
science, efforts are still devoted to investigating the structure-
performance relationships of established molecular systems to
facilitate the design and synthesis of optimal electronic materi-
als, in particular with improved charge-carrier mobility and
integrated functionality.

Amongst various types of organic semiconductors, n-conju-
gated rigid macrocycles have garnered tremendous attention
owing to their versatile applications.”® They possess remark-
able structural and electronic advantages, including well-
defined pore sizes that allow for supramolecular binding with
electronically active guests’ and tunable molecular architec-
tures that enable ordered intermolecular arrangement in the

This journal is © The Royal Society of Chemistry 2025
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solid state.'>'" Additionally, they do not possess end groups
occurring in linear molecules and are known to trap the charge
carriers.'® Furthermore, their delocalized m-conjugation systems
and energetically aligned frontier molecular orbitals offer
appealing electronic properties, such as efficient intra-
molecular charge transfer.'® All of these features synergistically
enhance the ordered arrangement in the solid state, thereby
increasing the efficiency of charge injection and transport.™*
Alkyne-containing shape-persistent macrocycles, such as
dehydro[n]annulenes ([n]DA) and dehydrobenzo[n]annulenes
([n]JDBA),">"” where n represents the number of n-electrons in
the cyclic [n]Jannulene skeleton, have received tremendous
attention not only because of their function as model structures
for aromaticity studies,’®' but also for their intriguing physical
properties and self-assembly behaviour. Since Eglinton’s pio-
neering work reporting the preparation of acetylenic [12]DBA
(Scheme 1),%° the smallest member of this series, several larger
[7]DBA derivatives with various oligo-alkynes as linkages con-
necting the arylene groups, such as [18]DBA*! and [30]DBA*?
(Scheme 1), have been synthesized.***” This was based on the
well-developed synthetic toolboxes involving Cu->**' or Pd-
catalyzed cyclooligomerization of alkyne precursors.>” Repre-
sentative examples of [n]DBAs have been reported by the groups
of Haley,”"**7! Tobe**™* and Komatsu.**** More recently,
Nakamura’s group presented the synthesis of a series of novel
core-extended DBAs possessing long oligoyne linkages.>**%°
Despite these breakthroughs, little has been known about
dehydrobenzo[24]annulenes ([24]DBA, Scheme 1), which fea-
ture triacetylenic linkages between neighbouring phenyl moi-
eties, hindering systematically studying the size-dependent
optoelectronic and electric properties of the [#]DBA family.
Studies of DBA have focused on their ring-size-dependent
tropicity, self-assembly behavior in solution*" or on the liquid-
solid interface’**® and non-linear optical properties.***”*%
Other works have targeted the applications of small [n]DBAs
to synthesize polycyclic aromatic hydrocarbons*® or porous

previous work

[12]DBA
Eglinton, 1966

[18]DBA
Haley, 1997

[24]DBA

Nakamura, 2013

Scheme 1 Chemical structures of the parent [12]DBA,2° [18]DBA*
[24]DBA and [30]DBA.2?
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materials.**>*" Alkyne-containing compounds have also shown
potential as active components of organic solar cells and field-
effect transistors,”* with the triple bonds either attached to the
terminal or functioning as linkages. However, investigations on
charge transport in [n]DBAs have been rare and the effects of ring
size on the charge mobilities of electrons and holes remain
unknown. To the best of our knowledge, there is only one report
from Tobe’s group,” in which a [12]DBA was bridged between two
Au electrodes and the conductance of the single molecular junc-
tion through two anchors was measured.

Herein, we describe the synthesis of an unprecedented hexa-
n-dodecyloxy [24]DBA (DBA-3) using Sonogashira cyclization of
a triynyl-substituted iodobenzene as the key step (Scheme 1).
By comparing DBA-n analogues of different core sizes, we reveal
the alternating behavior of their photophysical and electronic
properties with increasing linkage length. Specifically, UV-vis
absorption and fluorescence spectra of DBA-1/3 show bath-
ochromic shifts in comparison with hypsochromic shifts for
DBA-2/4. "H NMR analysis discloses an alternation between
aromaticity and antiaromaticity with increasing alkynyl linkage
length. The alternating pattern of electronic properties and
aromaticity are in overall agreement with that calculated by
density functional theory (DFT). A solid state stability test by
thermal gravity analysis (TGA) and differential scanning calori-
metry (DSC) demonstrates that with increasing core size, the
thermal stability decreases significantly, in line with observa-
tions made for linear alkyne oligomers, or polyynes.>* More-
over, the charge-carrier mobilities of DBA-n were measured by a
space-charge-limited current (SCLC) technique,” which
revealed higher hole mobilities of antiaromatic DBA-n systems
compared with their aromatic counterpart. This result high-
lights the important role of antiaromaticity on improving
charge-carrier transport of conjugated macrocycles. We note
that prior studies on antiaromatic organic semiconductors with
a single molecule type, especially those containing five- or
eight-membered carbon rings, have also reported higher charge
carrier mobilities.>®

Results and discussion
Synthesis and characterization of DBA-n

The synthetic route towards DBA-n is outlined in Scheme 2.
n-Dodecyl chains are attached to benzene moieties at the
vertices of the triangle to maintain high solubility and solution
processability. All syntheses started with a previously known
1,2-bis(n-dodecyloxy)-4,5-diiodobenzene (5),** which was obtained
in good yield by alkylation and iodination of catechol (see ESIT).
DBA-1 and DBA-2 were synthesized for comparison adopting
a literature-reported procedure with slight modification.**®
To start with, Sonogashira coupling of 5 with (triisopropylsilyl)-
acetylene (1.4 eq.) afforded mono-(1) and bis-fold coupling pro-
ducts (2) in 22% and 53% yields, respectively. Next, desilylation of
1 with TBAF at room temperature followed by a Stephens-Castro
cyclotrimerization provided DBA-1 in 29% yield over two steps.””
After deprotection of 2 with TBAF, the resulting free diyne was
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Scheme 2 Synthetic route towards DBA-n (n = 1-4). Reagents and conditions: (a) (triisopropylsilyl)acetylene, Pd(PPh3),Cl,, Cul, TEA, 40 °C; (b) 1. TBAF,
THF, r.t; 2. Cul, K;COs, DMF, 140 °C; (c) 1. TBAF, THF, r.t; 2. Pd(PPhs),Cly, Cul, I, i-ProNH, THF, r.t; (d) 1. TBAF, THF, 0 °C; 2. 1-Bromo-2-
(triisopropylsilyllacetylene, CuCl, n-BuNH,, NH,OH-HCl, MeOH :H,O = 2:1 (v/v), r.t; (e) 5, Pd(PPhs)4, Cul, TBAF, i-Pr,NH, THF, r.t.; (f) Pd(PPhs),, Cul,

KOH, TEBAC, toluene, 65 °C: (g) Pd(PPhs)s,
r.t. Abbreviations: TEA = triethylamine; TBAF =
benzyltriethylammonium chloride.

placed under Hay homocoupling conditions to give DBA-2 in
16% yield. DBA-3 and DBA-4 were prepared from a protected
butadiyne 6, which was synthesized in 92% yield by Cadiot-
Chodkiewicz cross-coupling of 2-methyl-3-butyn-2-ol and
1-bromo-2-(triisopropylsilyl)acetylene.>® Desilylation of 6 with
TBAF, followed by a second-round cross-coupling, provided
triyne 7 in a very good yield of 88%. Then, the key precursor
3 was obtained in 38% yield through in situ desilylation of 7
with TBAF, followed by Sonogashira coupling with 5. Finally, 3
was deprotected with KOH in situ to give free triyne, which
underwent Sonogashira cyclotrimerization to form DBA-3 in
6% yield. When butadiyne 7 was deprotected with KOH and
coupled with 5 under Sonogashira conditions, precursor 4
could be obtained in 46% yield. Subsequent deprotection of 4
with TBAF afforded free bis-diyne, which underwent Hay cou-
pling to afford DBA-4 in 6% yield.>” The relatively low yield of
DBA-3 and DBA-4 might be due to the low stability of the
deprotected triyne and diyne intermediates, especially under
basic conditions, as well as their high preference to provide
linear oligomeric and polymeric byproducts during the final
cyclization step. These DBAs were characterized by a combi-
nation of high-resolution matrix-assisted laser desorption/ioni-
zation time-of-flight mass spectrometry (MALDI-TOF MS) and
nuclear magnetic resonance (NMR) spectroscopy. They are also
stable in solution and can be stored for several months under
ambient conditions. However, in the solid state, DBA-4 gradu-
ally degraded and was even stored in a deep freezer (—20 °C),
probably due to topochemical polymerization of long alkyne
linkages in the solid state.>® This phenomenon has also been
reported for a [30]DBA derivative functionalized with shorter
alkyl chains that underwent decomposition after storing in the
solid state for several months.>* Solid state TGA revealed high
weight loss temperatures (>300 °C for 5% weight loss) for
all DBAs (Fig. S15-S18, ESIt). However, DSC analyses show
irreversible exothermic reactions in the temperature range of

15348 | J Mater. Chem. C, 2025, 13, 15346-15353

Cul, KOH, TEBAC, toluene, 80 °C: (h) 1
tetrabutylammonium fluoride; THF = tetrahydrofuran; DMF =

. TBAF, THF, 0 °C; 2. Pd(PPh3),Cl,, Cul, I, i-ProNH, THF,
N,N-dimethylformamide; TEBAC =

100-200 °C for all DBAs except for DBA-1, with the reaction
temperatures decreasing as the alkynyl linkage length increases
(Fig. S15-S18, ESIY).

Single-crystal X-ray diffraction analysis and solid-state packing

Single crystals of DBA-n suitable for X-ray diffraction analysis
were obtained by liquid phase diffusion at room temperature
(see ESI,i for details), despite the well-known challenge of
crystallizing compounds with long n-alkyl chains. Although in
the crystal structures, some of the alkyl groups are disordered,
the rigid [n]DBA cores can still be clearly resolved (Fig. 1a-d).
Interestingly, DBA-1 crystallized as a clathrate with chloroform-
d molecules having a stoichiometry of 1:1. DBA-1 and the
solvent molecules co-assembled to form a two-dimensional
sheet-like structure, in which the [12]DBA cores were aligned
to the layer plane (Fig. le). Inside the layer, the n-dodecyl
groups and chloroform-d molecules occupied the space
between [12]DBA, indicating that van der Waals force and
DBA-O- - -CI-CDCl, interaction (Fig. S1, ESIt) play vital roles
in forming the sheet-like structure. In addition, DBA-O. - -D-CCl3
interactions exist between chloroform-d and DBA-1 molecules
in the neighboring layer. The other larger DBA-n (n = 2, 3, 4)
crystallized in a similar manner with alkyl chains filling the
space between the rigid [n]DBA cores and the main difference
is that no co-crystallized solvent molecules were observed
(Fig. 1f-h). It is interesting to note that the core of DBA-3 is
slightly distorted with an average dihedral angle of 6.0°
(defined by =C-C—C-C=), and average C=C-C angle of
177.3°. The root-mean-square deviation of the [24]DBA core
from its mean plane is 0.11 A. These results indicate that there
exist slight ring strains in DBA-3, which is expected to make
them reactive towards chemical reactions. In the crystals,
molecules of DBA-3 self-assembled into a sheet-like two-
dimensional structure with n-n interaction between the triyne
linkages and the line-to-line distance is around 3.49 A.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Single-crystal X-ray structures of DBA-n. (a)-(d) ORTEP drawings of DBA-1 to DBA-4 with thermal ellipsoids at 50% probability level. n-Dodecyl
groups are omitted for clarity. (e)—(h) Space-filling models of DBA-1 to DBA-4 show two-dimensional sheet-like packing structures in their crystals. Gray

= carbon, red = oxygen, green = chloro, white = hydrogen.

The existence of n-n overlap in the solid state implies that
DBA-3 could be potentially used as a semiconductor with high
charge-carrier mobility.

Ring-size-dependent alternation between paratropic and
diatropic ring current

According to Hiickel’s rule, cyclic m-conjugated systems posses-
sing 4n delocalized n-electrons are antiaromatic, while those
with 4n + 2 electrons are aromatic.®® The aromaticity of DBA-n
(n = 1-4) is expected to be dependent on the sizes of their inner
dehydro[n]annulene rings. "H NMR spectroscopy and nuclear
independent chemical shift (NICS) are experimental and theo-
retical criteria for determining aromaticity.®’ ®* As shown in
Fig. 2a, due to the D5, symmetry of DBA-n, only a singlet peak
appears in the aromatic region of their "H NMR spectra. The
signal of H;, on the periphery of DBA-1 is located at 6.72 ppm,
experiencing an upfield shift by 0.23 ppm relative to H, on the
acyclic precursor 1. In comparison, the chemical shift value of
H, on DBA-2 is 0.22 ppm larger than H, on 2, reflecting
diatropic ring current in the dehydro[18]annulene core. DBA-3
and DBA-4 show again upfield and downfield shifts by 0.12 and
0.03 ppm compared with their acyclic precursors, respectively.
This phenomenon can be understood in view of the paratropic
and diatropic ring currents within the 4n and 4n + 2 n-electron
systems, shielding and de-shielding the protons on the pheny-
lene groups (Hyp), respectively. Besides, as indicated by the
chemical shift difference between H, and Hy, the induced ring
current intensity of DBA-n decays with expanding core sizes
(Fig. 2¢).

NICS(1) calculations of DBA-n’, in which the n-dodecyl
chains of DBA-n were replaced by methyl groups, were carried
out at the GIAO-B3LYP/6-31G(d,p) level of theory (Fig. S10,
ESIT). As demonstrated in Fig. 2c, positive NICS(1) values are
observed for DBA-1’ and DBA-3/, reflecting their paratropic ring
current; however, the negative NICS(1) values of DBA-2’ and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Comparison of the aromatic region of the *H NMR spectra of
DBA-n (from top to bottom n = 1, 2, 3 and 4, respectively) with their
corresponding precursors (1-4) measured in CDClz at 298 K. (b) Chemical
structures of 1-4 and DBA-n used for the 'H NMR study shown in panel a.
(c) Experimental chemical shift changes of Hy, with respect to H, (Ad = 0, —
Jp) and NICS(1) values of the central rings of DBA-n’ (n-dodecyl groups
were replaced by methyl for simplicity), showing alternating behavior
between paratropic and diatropic ring currents.

DBA-4' indicate diatropic ring currents associated with the 4n +
2 m-electrons in their dehydroannulene rings. Moreover, the
NICS(1) value of DBA-3’ decays to nearly 1/3 of DBA-1’ with
expansion of the ring size and that of DBA-4’ also decays by
the same extent compared with DBA-2’. The alternation of
NICS(1) between positive and negative values with increasing
core sizes is consistent with the shielding and de-shielding
effect of Hy, derived from 'H NMR experiments, and the
attenuation of the ring current effect with increasing sizes is
in line with that reported by Nakamura et al.>*
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Ring-size-dependent photophysical properties

In order to study the effect of ring size on the optoelectronic
properties of DBA-n, their UV-vis absorption and fluorescence
spectra were measured in chloroform at room temperature.
As shown in Fig. 3a, the absorption spectra are dominated by
electronic transitions with peaks located at 317 nm, 353 nm,
373 nm and 412 nm, respectively, exhibiting an overall bath-
ochromic shift with extending the length of alkynic linkages.
The observable lowest-energy absorption bands are located at
343 nm (1.21 x 10* M " em ™), 396 nm (5.22 x 10* M ' ecm ™)
447 nm (1.23 x 10°M~' em™ ") and 451 nm (5.59 x 10° M ' ecm ™),
respectively. The source of these absorption peaks was predicted
by time-dependent density functional theory (TD-DFT) calcula-
tions as electronic transitions from the ground state (S0) to the
second (S2) or higher (S3 and S4) excited states, mainly originat-
ing from an admixture of HOMO — LUMO, HOMO—1 — LUMO
and HOMO — LUMO+1 transitions (Fig. S6-S9, ESI{).** Appar-
ently, the contribution of electronic transition from the ground
state to the first excited state (S0-S1) is negligible, which could
be accounted for by their near-zero oscillator strengths, indicat-
ing that this type of electronic transition is forbidden due to
symmetry considerations. According to the onsets of their
lowest-energy absorption peaks, the optical energy gaps are
calculated to be 2.62 eV, 2.90 eV, 2.64 eV, and 2.66 eV, respec-
tively, showing good agreement with the order of HOMO-LUMO
energy gaps calculated by DFT (Fig. 3b and c).

All DBA-n show bright (blue to yellow) fluorescence in dilute
chloroform solution. As shown in Fig. 3a, their fluorescence
spectra differ significantly from each other despite their similar

a)

- ,,‘t‘.. 4
MO

adl

,'_.
LUMO LUMO

-2
- Egep =
293 eV Ege
-4 3.28 eV 2526V274ev
-5 HOMO
P

9"9

w

energy (eV)

&
:,0-6-‘ 4

N Lileetys \)n-(l_,
L

-6

HOMO HOMO
,!““

e

DBA-1'DBA-2' DBA-3'DBA-4'
3.28

w
w

optical energy gap (eV)
N N
- o ©
N N
D] ©
N w
¥ N
1)
N
NN
g %
N N
)
calculated H-L gap (eV)

»
w

normalized intensity (a.u.)

505 nm; [ 528 nm DBA-4

N
-
N
N

300 400 500 600 700 800 900
wavelength (nm)

DBA-1 DBA-2 DBA-3 DBA-4

Fig. 3 Ring-size-dependent optoelectronic properties of the DBA-n ser-
ies. (a) UV-vis absorption and fluorescence spectra of DBA-n (n = 1-4)
measured in chloroform (c = 107° M) at room temperature. The red
dashed lines follow the emission maxima and the blue dashed lines follow
the onsets of their lowest-energy absorption band, showing the same
oscillatory trend. (b) Density functional theory calculated frontier mole-
cular orbitals of the DBA-n series (B3LYP/6-31G(d,p)) and their HOMO-
LUMO energy gaps (from left to right, n = 1, 2, 3 and 4, respectively).
(c) Optical energy gaps derived from UV-vis absorption and DFT-
calculated HOMO-LUMO energy gaps of the DBA-n series showing
alternating trends of energy gaps with increasing core sizes.
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chemical structures. Specifically, the maximum emission wave-
length (erm) of DBA-1 is located at 557 nm with a fluorescence
quantum yield of 0.098; however, that for DBA-2 is blue-shifted
to 460 nm, although the size of the conjugation core seems to
be expanded, and its fluorescence quantum yield is signifi-
cantly increased to 0.34. DBA-3 exhibits a bathochromic shift
compared with DBA-2, showing Z.;, at 554 nm, while that of
DBA-4 shows again a hypochromic shift. The absolute fluores-
cence quantum yields () measured for DBA-3 drop to 0.042,
but that of DBA-4 is too small to be determined accurately.
Overall, the fluorescence spectra maxima of DBA-1/3 show a
bathochromic shift, while that of DBA-2/4 exhibits a hypsochro-
mic shift. There is thus an alternation behaviour, which is of
the same trend as the onset wavelength of their lowest-energy
absorption peaks.

Electrochemical properties and charge-carrier mobilities

To study the electrochemical properties of DBA-n and evaluate
their electron- or hole-injection feasibility, cyclic voltammetry
(CV) measurements were carried out (Fig. 4a). The voltammo-
grams measured for DBA-n exhibit distinct oxidation processes,
while their reduction peaks could not be detected, which is
consistent with their electron-rich character. The voltammo-
grams of DBA-1 and DBA-3 are characterized by two distinct
oxidation waves, while those of aromatic DBA-2 and DBA-4
exhibit only one. The experimentally observed irreversibility
might be related to instability of the corresponding oxidized
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Fig. 4 Electrochemical properties and charge carrier mobilities of DBA-n.
(a) Cyclic voltammogram of DBA-n measured in dichloromethane with
0.4 M n-BuyN PFg as the electrolyte at room temperature (c = 1.0 mM,
scan rate = 100 mV s™Y). The grey dashed traces follow the peak potentials
of the first oxidation waves, respectively. (b) HOMO energy levels of DBA-n
(HOMO = —(4.8 + EQ0set — ERNseY aV) and work function of the electrode
materials referred to the vacuum level, indicating their energy level
matching. (c) Typical current/applied voltage curve for the spin-coated
DBA-1 film (114 nm thick) placed between ITO and Ag/MoOQOs electrodes.
The circles represent experimental data and the lines reflect a linear
relationship between square root of current and voltage in the experi-
mental region. (d) Ring-size dependency of hole-mobilities of the DBA-n
series, showing the same alternating trend with their HOMO energy levels.
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cationic species.”” The first oxidation potentials of DBA-1
and DBA-3 are relatively lower than their aromatic analogues,
reflecting their higher HOMO levels. Moreover, two-electron
oxidation of DBA-1 and DBA-3 results in the emergence of
aromatic m-systems with high stabilization energy, which
makes their further oxidation difficult. Their electrochemical
HOMO energies referred to the vacuum level could be esti-
mated from the CV measurement, showing higher values for
DBA-1/3 than DBA-2/4, in excellent agreement with the DFT
calculations (Fig. 4b).

Due to the absence of efficient electron accepting capability
of DBA-n, as reflected by the CV measurement, their hole
mobilities (u,) were investigated using the space-charge-
limited current (SCLC) technique.>® Hole-only devices with a
structure of glass/ITO/PEDOT:PSS/active layer/MoO;/Ag were
fabricated and measured, in which the barrier height between
the DBA-n and electrodes (MoO3/Ag) was reduced to form
ohmic contact (Fig. 4b). The energy level matching is essential
to minimize interfacial barriers, thus ensuring reliable deter-
mination of the charge transport properties through the cur-
rent-voltage characteristics analysis. In this work, current-
voltage sweeps were performed in the dark from —5.0 V to
5.0 V for all devices. The uy, values of DBA-n were derived from
the SCLC expression described by the original Mott-Gurney
equation:®’

9 ¥
J = gbrg():uhﬁ

where ¢, ~ 3 is the relative permittivity of the samples, ¢, is the
permittivity of the free space, u;, is the charge carrier mobility,
J is the measured dark current density, V is the applied voltage,
and L is the thickness of the sample film. A typical square root
plot of measured current density (J) versus applied voltage (V)
for DBA-1 is shown in Fig. 4c. Using this method, the hole
mobilities (un) of DBA-n (n =1, 2, 3 and 4) were determined to
be 5.47 x 107 * em? V' 571, 2.93 x 107 * em? Vv ! 57, 4.49 x
107" em® V' 57! and 1.88 x 107* em® V' 57, respectively
(Fig. 4d), by averaging two independent measurements
(Fig. S12 and S13, ESIt). The hole mobility of DBA-1/3 is higher
than that of the aromatic DBA-2/4. The alternating pattern of uy,
between high and low mobility values is similar to the order of
their HOMO levels, which is related to the aromaticity or
antiaromaticity of the dehydro[n]annulene rings. This result
thus manifests the advantage of including antiaromatic cores
over aromatic ones for designing high mobility organic
semiconductors.

To further understand the mechanism of enhanced hole
mobility of antiaromatic DBAs, their packing structures in the
solid state were analysed by UV-vis absorption spectroscopy and
X-ray diffraction (XRD). The UV-vis absorption spectra of dip-
coated films of all DBAs showed significant spectral broadening
and red-shifts (~10 nm) of the main peaks compared with that
measured in chloroform (Fig. S10, ESIt). These observations
reflect the existence of n-n stacking in the films of all DBAs,
which facilitates charge transport. X-Ray diffraction (XRD)
analyses of the thin films reveal distinct structural differences:

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry C

antiaromatic DBA-1/3 displays a more ordered crystalline struc-
ture, while the aromatic DBA-2/4 shows expanded interlayer
spacing and amorphous or nanocrystalline character (Fig. S14,
ESIt). These results indicate that the HOMO levels, interlayer
packing and crystallinity collectively enhance the hole mobility
of antiaromatic DBAs.

Conclusions

In conclusion, the syntheses of a series of triangular DBA-n (1 =
1-4) with varying core sizes have been accomplished. In parti-
cular, DBA-3 featuring a hexatriyne linkage between the ben-
zene moieties was synthesized for the first time employing a
Sonogashira cyclotrimerization reaction. Single-crystal X-ray
diffraction analysis not only unambiguously proved their
molecular structures, but also revealed their sheet-like two-
dimensional packing in the solid state stabilized by van der
Waals forces between the alkyl chains and weak n-n interaction
between the alkyne linkers in the neighboring layers. Optoelec-
tronic and charge mobility properties could thus be elucidated
as a function of their ring sizes. Combined "H NMR and NICS(1)
analysis demonstrated an alternation between aromatic and anti-
aromatic ring currents across the DBA-n series, with the odd-
numbered DBA-n exhibiting paratropic ring current (antiaromatic)
and even-numbered counterparts displaying diatropic ring cur-
rent (aromatic). The same alternating trend was also manifested
in their optical properties: UV-vis absorption and fluorescence
spectra displayed bathochromic shifts for DBA-1/3 and hypso-
chromic shift for DBA-2/4. Furthermore, charge-carrier mobility
measurements via the SCLC method revealed an aromaticity-
dependent behaviour, with the antiaromatic DBA-1/3 having
superior hole mobility (e.g., 5.47 x 10" *em® V™' s~ " and 4.49 x
107* em® V' s7', respectively) compared to the aromatic
DBA-2/4, also attributed to the relatively higher HOMO levels
(as corroborated by cyclic voltammetry) of DBA-1/3 allowing for
effective hole injection. These results thus highlight the impor-
tance of including an antiaromatic framework for designing
high charge-carrier mobility organic semiconductors, challen-
ging the traditional focus on purely aromatic systems.
We envision that the synthetic strategy disclosed here will find
applications in constructing other larger alkyne-based macro-
cycles and the structure-property relationships elucidated in
this work will provide crucial insights for tailoring the charge
transport properties of macrocycles by controlling the conjuga-
tion pathway and aromaticity.
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