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Molecular size and shape have a commanding influence on the electronic structure and photophysical
properties of organic optoelectronic molecules. Small changes in, for example, the dihedral angles
between two rings in a molecule can be used to fine tune frontier orbital distributions, and make the
difference between efficient or poor absorbance, luminescence, charge transport etc. as well as
impacting on mechanical and thermal properties to improve processability. Recent works have made it
clear that structural changes which enforce homoconjugation, the through-space overlap of frontier
n-orbitals across a shared non-conjugating group, can exert even more dramatic changes on these
useful functional properties. Triptycene is an archetypical homoconjugated molecule with a rigid 3D

Received 10th May 2022, structure which presents an ideal substrate from which to learn how best to employ homoconjugation

Accepted 4th January 2023 to optimise functional molecular properties. This review demonstrates this by highlighting triptycene-
based molecules in the context of organic electronic materials, where homoconjugation has resulted in
markedly enhanced optoelectronic properties, and provides comment on the performance and future

potential of these materials in devices where possible.
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Homoconjugation in triptycene

Introduction
An important characteristic of triptycene is that electronic

Triptycene is a classic 3D polycyclic aromatic hydrocarbon ., mynication can take place between the aryl fins through

with a paddlewheel-like structure. It consists of three benzene

homoconjugation. IUPAC defines homoconjugation as
“fins” bound via two shared sp® bridgehead carbon atoms
(structure shown in Fig. 1). This rigid structure has led to
extensive study in applications including molecular gears,">
motors>* and nanovehicles,>® sensors,”® porous polymers for Triptycene
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gas separation, photocatalysis, chiral luminescent
polymers,'®'” and as a key structural component of both
metal'®'? and covalent organic frameworks* and polymer
networks.”* The large internal free volume between the fins

of triptycene has also been exploited to control morphology and

Bicyclo-[2.2.2]-2,5-octadiene
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solubility in polymers and thin films.?*>” The fins of triptycene i Barcrslenes I y/ 4
can be readily functionalised which presents great scope for ’ %60 ??1 4 o

tuning of properties. While this has perhaps been most fre-
quently been encountered as a means to exert further control
over morphology in the solid state, using substituents to impart
desirable optoelectronic functionality has become an increas-
ingly visible aspect of modern triptycene chemistry as will be
highlighted throughout this review.
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Fig. 1 A short history of homoconjugation in triptycene.

Mater. Adv., 2023, 4, 787-803 | 787


https://orcid.org/0000-0002-8580-693X
https://orcid.org/0000-0002-0142-2809
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ma00523a&domain=pdf&date_stamp=2023-01-16
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00523a
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004003

Open Access Article. Published on 12 January 2023. Downloaded on 4/3/2026 1:33:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

“The orbital overlap of two n-systems separated by a non-
conjugating group, such as CH,.””® While homoconjugation
may arise in a number of structural tropes,* in triptycene it
is largely mediated by the transannular, through-space overlap
of the m-electron clouds over the aryl fins.

A short history of milestones in understanding homoconju-
gation in triptycene is illustrated in Fig. 1. Following Bartlett’s
initial synthesis of triptycene in 1942°° the possibility of
electron transfer between the aryl fins was used to explain the
differences between the UV/vis spectra of triphenylmethane
and triptycene.’* The pursuit of homoconjugation under-
pinned the design and synthesis in 1955 of bicyclo-[2.2.2]-2,5-
octadiene®® and in 1960 of bicyclo-[2.2.2]-octatriene®® which
was given the informal name “barrelene” due to the barrel-like
distribution of its frontier orbital density. Confirmation of
homoconjugation in barrelene®**>” led to renewed interest in
identifying homoconjugation effects in triptycene. As triptycene
has a barrelene core it seemed intuitive that through-
space electronic interactions should be occurring, but as the
n-electrons in barrelene are olefinic and those in triptycene are
benzenoid, the influence of any transannular interactions in
triptycene remained contentious. In 1977 a triptycene bearing
one cationic tropylium tetrafluoroborate fin demonstrated clear
intramolecular charge transfer (ICT) character in its UV/vis
spectrum which could only arise from electron transfer
between fins.*® Homoconjugation in triptycene was finally
proven using ultraviolet photoelectron spectroscopy in the early
1980s.>>*° Recent articles from the Mastalerz group which
provides both reference to other key articles that led to this
conclusion, alongside further experimental evidence of homo-
conjugation in triptycene derivatives.*"**

Since these studies, numerous other molecules were synthe-
sised which clearly displayed the influence of homoconjuga-
tion, however it is only in recent years that this phenomenon
has begun to be employed deliberately to exert control over the
photophysical and electrochemical properties of triptycenes for
optoelectronic applications. This review will focus on homo-
conjugation effects in triptycenes in this context. Following a
short description of how to identify and modulate homoconju-
gation, the rest of this review consists of sections concerning
organic light emitting devices (OLEDs), organic solar cells
(OSCs) and charge transport/storage technologies. Specific
comments will be made towards identifying the influence (or
not) of homoconjugation on photophysical or electrochemical
properties with the aim of obtaining a clearer picture of how
best to utilise this effect in future materials development.

Observing and controlling homoconjugation in triptycene

Studies by the Rathore group provide some of the clearest
pictures for identifying and understanding the influence of
homoconjugation on the electronic properties of triptycene by
simple visual analysis of the results of DFT calculations.*>** A
larger amount of frontier orbital density at the core of the
triptycene indicates that stronger electronic coupling between
the fins can be expected.

788 | Mater. Adv., 2023, 4, 787-803

View Article Online

Materials Advances

OR
OR
OR 3
3 OR
Triptycene T23 T14
T23 HOMO T14 HOMO
(‘K
1
§+60 mv
| I | | | | . | |
1.5 1.0 0.5 00 1.5 1.0 0.5 0.0
V vs Fc/Fc* V vs Fc/Fc*
Fig. 2 (a) Molecular structure of triptycene and alkoxy substituted tripty-

cenes T23 and T14; (b) molecular orbital profiles for T23 and T14; (c) cyclic
voltammograms for T23 and T14. Reproduced with permission from
ref. 43. Copyright 2015, Wiley-VCH.

In an elegant demonstration of this, they studied the influ-
ence of the regiochemistry of electron-donating alkoxy -OR
substituents on the electronic structure of substituted tripty-
cenes T23 and T14 using computational and electrochemical
methods (Fig. 2a—-c). In Fig. 2b it is clear that when the -OR
groups are on the 1,4,5,8,11,14-peri-sites of triptycene in T14
there is more limited distribution of the HOMO over the
triptycene core compared to when the -OR substituents are
para- to the benzylic 9,10-bridgehead carbon atoms in the
2,3,6,7,12,13-positions in T23. This results in reduced transan-
nular overlap and thereby diminished influence of homocon-
jugation in the HOMO manifold for T14. The consequences of
this are directly observable in the electrochemical properties
of T23 and T14 as shown in Fig. 2c. Both molecules display
three sequential single-electron oxidation events corresponding
to the concomitant oxidation of each fin. While for T23 three
distinct and well-separated oxidation waves were observed,
greatly reduced separation of these oxidations was observed
for T14 demonstrating the more limited electronic coupling
between fins arising from this substitution pattern.

As well as impacting on electrochemical behaviour, it is becoming
increasingly clear that homoconjugation in triptycene derivatives can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lead to increases in optical properties such as photoluminescence
quantum yields (PLQY), molar extinction coefficients (¢) and oscilla-
tor strengths (f;s.). These super-summative increases are greater than
the threefold enhancement that might be expected in the absence of
any electronic communication between the arms of the triptycene
(vide infra).

Homoconjugated triptycene
luminophores for OLEDs

In 2015 an initial effort to use homoconjugation to produce
thermally activated delayed fluorescent (TADF) molecules
was published by Kawasumi et al*> TADF is an emission
mechanism which, at a basic level, relies upon a small energy
gap between the first excited singlet and triplet states (AEgr)
facilitating reverse intersystem crossing (rISC) to convert non-
radiative triplet states into radiative singlet states.*® In an OLED
device triplets and singlets are formed in a 3:1 ratio so using
TADF to harvest the triplets which are otherwise lost is a
primary pathway to improve device efficiencies.

Taking inspiration from established twisted donor-acceptor
(D-A) TADF chromophores (whereby a large dihedral angle is
imposed between D and A to ensure orthogonal separation of
the HOMO and LUMO and reduce Egy) this work used homo-
conjugation to facilitate weak orbital overlap and thereby
through-space charge transfer (TSCT) between two triphenyla-
mine D fins and a single dicyanoquinoxaline or dicyanopyr-
azine A fin in the triptycenes TPA-QNX(CN)2 and TPA-PRZ(CN)2
(Fig. 3a—c) for which AEgy of 111 meV and 75 meV respectively
were obtained. In the DFT results (Fig. 3d and e), homoconju-
gation can be observed over the sp* carbon atoms attached to
the sp® bridgehead carbons. Solution state PLQYs were signifi-
cantly reduced in the presence of air and a linear relationship
between excitation and emission intensity was obtained. These
two factors provide strong evidence of TADF. Yellow OLEDs
with external quantum efficiencies (EQE) up to 9.4% for TPA-
QNX(CN)2 (4.0% for TPA-PRZ(CN)2) were obtained. Homocon-
jugation therefore proved to be an effective method to
facilitate TADF.

A similar design motif was exploited by Lei et al. where the
acceptor fin was a simple non-functionalised quinoxaline
which was used to make luminescent D-A-D and D-A-A
systems (Fig. 4). These molecules exploited homoconjugation
through the LUMO manifold and tuned the emission wave-
lengths between 329 and 625 nm by varying the fin-appended
donors and acceptors.”’

A subsequent report from the Swager group in conjunction
with Buchwald showed that homoconjugation in a fused
indole-triptycene donor TCZ used in conjunction with
triazole-based acceptors exerted much more subtle control over
AEgy to improve TADF properties (structures in Fig. 5).*® The
presence of the TCZ moiety led to a slight redshift in PL and a
0.03 eV reduction in AEsy compared to a simple carbazole analo-
gue. The bulky nature of TCZ turned on emission in a film of the
molecule doped at 15 wt% into bis[2-(diphenylphosphino)phenyl]

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Traditional and (b) homoconjugated TADF design strategy
employed in ref. 45. (c) Chemical structures of TPA-QNX(CN)2 and TPA-
PRZ(CN)2 and the (d) HOMO and (e) LUMO of TPA-QNX(CN)2. Adapted
with permission from ref. 45. Copyright 2015, American Chemical Society.
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Fig. 4 Molecular structures of compounds studied in ref. 47. Copyright
2020, American Chemical Society.
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ether oxide (DPEPO). OLED devices of TCZ-TRZ and TCZ-TRZ(Me)
had maximum EQE of 10.4 and 11.1% respectively but showed
significant efficiency roll-off at 50 cd m~? dropping to EQE = 3.4%
and 2.0% due to degradation at high current density.

A short series of ring-fused triptycenes wherein one fin of
the triptycene consisted of a coumarin-like moiety was reported
by Qian et al.*® DCT-1 featured a 1,4-dimethoxybenzene donor
fin and was shown to undergo a homoconjugation facilitated
ICT from this electron-rich fin to the electron-poor coumarin

Mater. Adv,, 2023, 4, 787-803 | 789
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Fig. 5 Donor—acceptor compounds of the TCZ-TRZ series from ref. 48
featuring homoconjugation on the periphery of the molecule. Adapted
with permission from ref. 48. Copyright 2018, American Chemical Society.

fin resulting in a charge separated excited state (structures,
spectra and visual responses shown in Fig. 6). This was con-
firmed by the observation of positive solvatochromism and
corroborated by computational insights. While the PLQY in
solution was generally low, especially in comparison to the non-
ICT compound, the donor-acceptor molecule displayed aggre-
gation induced emission (AIE). The AIE was attributed to the
methoxy groups hindering fin to fin stacking which leads to
aggregation-caused quenching for the other molecules.

In 2019 Montanaro et al. presented a pyrazine fused D-n-A
triptycene 3CzQ featuring six 3,6-di-tert-butylcarbazole donors
bound to an electron poor pyrazine fused triptycene core
through 1,4-phenylene spacers.’® In contrast with the ICT
molecules discussed above where homoconjugation has facili-
tated TSCT between electron-rich and -poor fins, the structural
motif of 3CzQ results in through-bond charge transfer (TBCT)
from the donor carbazoles into the homoconjugated acceptor
triptycene core. To fully evaluate the impact of this structure,
the properties of 3CzQ were presented in comparison with a
single-fin analogue CzQ (structures shown in Fig. 7).

Cyclic voltammetry supported by DFT revealed that the
HOMO is distributed uniformly over the carbazole heterocycles
while the LUMO is sequestered in the homoconjugated
tris(quinoxline) core. The absence of significant communica-
tion between the carbazole rings of 3CzQ was evidenced by a
simultaneous and reversible three-electron oxidation of the
triptycene compared to the reversible single-electron oxidation
observed for the single fin.

The D-n-A structure gave rise to intense ICT bands in the
absorption and emission spectroscopy of both molecules
(Fig. 8a and Table 1). Both also displayed blue emission with
the emission maximum of the triptycene slightly red-shifted
(5 nm) compared to the single fin. Due to a narrower photo-
luminescence full width at half maximum the Commission
Internationale de L’Eclairage (CIE) coordinates of the mole-
cules are nearly identical so colour purity remains unaffected.

An important observation from this study is that a near five-fold
enhancement in extinction coefficient was observed for 3CzQ vs.
CzQ alongside a 37.5% increase in PLQY (Table 1). In contrast with
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Fig. 6 Coumarin dye DC and its homoconjugated ICT analogue DCT-1
and (a) emission spectra and (b) visual representation of the solvatochro-
mism of DCT-1. Reproduced from ref. 49 with permission from the Royal
Society of Chemistry.

the TSCT systems, TBCT is occurring from the carbazole donors
into the homoconjugated tris(quinoxaline) core. TDDFT calcula-
tions revealed multiple low-lying excited states which led to a four-
fold enhancement in the ICT oscillator strength 3CzQ over CzQ.
This is seemingly a direct consequence of the high symmetry
homoconjugated structure. Limited oxygen sensitivity was observed
in the PLQY of both molecules which indicated that a triplet
mediated emission process may also be at play.

The enhancement in PLQY, its apparent sensitivity to oxygen
and the multiple low-lying excited states which were observed
for 3CzQ presents an intriguing avenue to explore towards
TADF. As described at the start of this section, TADF relies
upon a narrow AEgr to induce rISC, and efficient rISC is also
dependent upon spin-orbit coupling between states. This is
realised by having multiple partially delocalised triplet states
with both locally-excited and charge transfer character.’’™>?
3CzQ satisfies the last of these criteria well but TADF was not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Molecular structures of triptycenes 3CzQ and 3PnxQ and their
single fin analogues CzQ and PnxQ.

observed, likely due to AEgr being too large. By adopting a
different donor AEsy can be reduced at which point the multi-
ple excited states facilitated by the homoconjugated iptycene
will serve to enhance rISC while the super-summative increases
in ¢ and fos should maintain strong emission. These two
properties are usually offset by one another so improving both
simultaneously is a very desirable outcome.

By changing the donor moiety of 3CzQ from carbazole to the
stronger donor phenoxazine 3PnxQ was realised and displayed a
narrower AEgr.>* The analogous single-fin PnxQ is a known TADF
luminophore®® which was re-synthesised to permit direct compar-
ison and validation against a known compound, the structures of
both are shown in Fig. 7. Large improvements of ¢ and fos. were
again observed for 3PnxQ alongside clear TADF emission (Fig. 8b
and c, Table 1). Computational results indicated much stronger
spin-orbit coupling for 3PnxQ over PnxQ and greatly increased f;s.
for S, —» S; and Sy — S,. The homoconjugated structure success-
fully demonstrated a 250% acceleration in ksc in toluene solution
and almost 100% in a solution processed 3PnxQ doped (concen-
tration 5 wt%) PVK:PBD thin film. OLED devices of 3PnxQ in
PVK:PBD showed better performance overall than those of PnxQ,
particularly in terms of maximum luminance (14.8 x 10° cd m ™2
for 3PnxQ; 8.9 x 10’ ¢d m? for PnxQ) and charge density
(220 mA cm™? for 3PnxQ; vs. 120 mA cm > for PnxQ).

Homoconjugated triptycene
chromophores for OSCs

In 2013 a theoretical study by Liu and Troisi highlighted that
low-lying and degenerate excited states in fullerene were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Absorption and normalised emission spectra of (a) 3CzQ and CzQ;
(b) 3PnxQ and PnxQ; (c) photoluminescence decay of PnxQ and 3PnxQ
(left) and prompt and delayed time-resolved spectra for 3PnxQ (right).

responsible for their reliably high performance in bulk hetero-
junction (BHJ) OSCs.*® They demonstrated computationally
that the use of methine bridges, in other words homoconjuga-
tion, between chromophores would serve to create the degen-
eracy required. Yang et al. also performed DFT analysis of
ladder-type NFA moieties fused to a triptycene core.>” This

Mater. Adv,, 2023, 4, 787-803 | 791
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Tablel Summary of ICT wavelength absorbance and emission properties
for CzQ, 3CzQ, PnxQ and 3PnxQ

Jabs (Mm) [e x 10° M em™]  Jimaxer (nm)  PLQY (%)
czQ 383 (26) 448 35
3CzQ 402 (123) 453 56
PnxQ 398 (3.5) 574 50
3PIXQ 420 (12) 583 61

revealed LUMO degeneracy and homoconjugation in the
HOMO. The calculations predict that more excitons will be
generated from the triptycene and that the exciton binding
energy is notably smaller for the 3D material due to reduced
coulombic attraction. Triptycene therefore presents a promis-
ing scaffold from which to try and emulate useful properties of
fullerene.

A report in 2016 from the Mastalerz group was among the
first to explore these findings in tandem with harnessing
homoconjugation effects.”® They produced isomeric ring-
fused triptycenes with electron-accepting aroylenimidazole fins
C3y-D-TTAI and Cs-D-TTAI (Fig. 9a). The isomers displayed
similar optoelectronic properties (spectra shown in Fig. 9b)
and comparable performance in BHJ devices. These molecules
have optical band gaps (E,) of 2.2 eV and ¢ ~ 16 x 10° M "
cm ' for the lowest energy absorption band and emit orange-
red light at 622 nm with a PLQY of 10-12%. While the low
energy band was not formally assigned as an ICT transition,
DFT results (Fig. 10) indicated that the HOMO is sited primarily
over the triptycene moiety of these molecules while the LUMO
and LUMO+1 are degenerate and distributed widely over the
fins. This observation, alongside the absence of any of the fine-
structure observed in the absorbance and emission spectra of
related naphthalene diimide chromophores,’® makes some CT
character seem likely. The frontier orbital distribution con-
trasts with the molecules 3CzQ and 3PnxQ mentioned in the
previous section, where the frontier orbitals of the LUMO
manifold are densely localised over the triptycene core while
the HOMO is spread over the peripheral donors.

BHJ OSCs of 2a-b fabricated with poly(3-hexylthiophene)
(P3HT) had open circuit voltages (V,.) of 0.50 V and fill factors
(FF) of 0.36 to 0.39 alongside short circuit currents (/) to the
order of 1 mA cm > were obtained. The low J,. was attributed
primarily to the poor morphology of the BHJ. The use of the
more strongly electron donating polymer PTB7 increased both
Voe and J. thereby improving the power conversion efficiency
(PCE) to 1%.

To help overcome solubility issues encountered in the initial
study the R-groups of the terminal diimides were changed from
2,6-di-iso-propylphenyl to 2-ethylhexyl (Csy-E-TTAI and Cgs-E-
TTAI) and 9-heptadecyl chains (C3;y-B-TTAI and Cs-B-TTAI).*°
The authors comment that the optical properties of the mole-
cules do not vary upon changing the side chain groups, and
indeed there is minimal change in the overall profile of the
absorbance or the ultraviolet photoemission spectra (Fig. 11).
However the absorbance data suggests there are significant
increases in ¢ upon moving from an aryl to an alkyl solubilising
group (Table 2).
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Fig. 9 (a) Molecular structures of triptycene-trisaroylenimidazoles;

(b) CH,Cl, solution absorbance and emission spectra and thin film
absorbance spectra of Czy-D-TTAI and Cszy-D-TTAI. Reproduced from
ref. 58 with permission from the Royal Society of Chemistry.

In BHJ OSC with PTB7 the N-alkyl E and B analogues greatly
outperformed the N-aryl D molecules, demonstrating an
approximately threefold enhancement in PCE in all cases,
primarily due to large increases in Jsc. A maximum PCE of
3.16% was observed for Cg-E-TTAI in a 1:1 D:A device. The
devices still suffered from losses due to bimolecular recombi-
nation. Interestingly, the 2-ethylhexyl bearing molecules had a
lower V,. than those bearing 9-heptadecyl chains despite hav-
ing essentially identical frontier orbital energies. This variation
in V,. was assigned to an improved microstructure in the BHJ.
The 2-ethylhexyl bearing molecules also had improved Jy. over

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 DFT-calculated frontier orbitals for (a) Cs-D-TTAI and (b) Czy-D-
TTAI. Reproduced from ref. 58 with permission from the Royal Society of
Chemistry.
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Fig. 11 (a) Absorbance spectra of the TTAI acceptors and; (b) their
ultraviolet photoemission spectroscopy indicating limited change in ioni-
sation potential (IP). Reproduced with permission from ref. 60. Copyright
2017, Elsevier.
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the 9-heptadecyls and therefore marginally outperformed them
overall.

Subsequent papers systematically provided the properties of
single fins 1a-c, single-finned triptycenes 2a-c (Fig. 12a)*' and
two pairs of isomeric double-finned triptycenes C,-B-TDAI and
C,-E-TDAI and Cg-B-TDAI and Cs-E-TDAI (Fig. 13a) where B
indicates R = 9-heptadecyl and E indicates R = 2-ethylhexyl.®>
For the triptycene containing 2a-c¢, similar frontier orbital
distributions to Csy;s-D-TTAI were calculated with the HOMO
localised over the triptycene core and the LUMO spread over the
electron poor fins. Degenerate LUMO and LUMO+1 were again
predicted for C,/s-B/E-TDAI. The non-triptycene single fins 1a-c
have larger ¢ for the longest wavelength absorbance peak
compared to 2a-c, but significantly blue-shifted absorbance
(Fig. 12b). The profile of the absorbance and emission spectra

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of longest wavelength absorbance and emission
characteristics for la—c, 2a—c, and the TDAI and TTAI series of acceptors

Jabs (NmM) [6 x 10> M~ " em ] Jmaxpr (NM)

1a 440 (19.9) 569
1b 435 (19.9) 561
1c 442 (19.9) 565
2a 324 (25.1), 476 (10.0) 624
2b 324 (50.1), 476 (19.9) 620
2¢ 323 (31.6), 476 (12.6) 620
C,-B-TDAI 328 (63.1), 483 (25.1) 615
C,-E-TDAI 328 (50.1), 483 (15.8) 615
Cs-B-TDAI 328 (63.1), 483 (25.1) 615
Cs-E-TDAI 328 (63.1), 483 (19.9) 615
C3y-D-TTAI 329 (48.2), 486 (16.5) 620
Cs-D-TTAI 331 (50.1), 490 (15.8) 618
C3y-B-TTAI 329 (158), 484 (50.1) 620
Csyv-E-TTAI 329 (126), 484 (50.1) 616
Cs-B-TTAI 329 (199), 484 (63.1) 620
Cs-E-TTAI 329 (126), 484 (50.1) 620

Ocf
0 bR={H )
1a-c

(@) 0
raters v
CEO 2a-c °

1.04
508 1.54
3 o
§ 0.6 2
E-1 X 1.0
g w
5 0.4
0.5
024
004 . - - - . 0.04— , ; , - )
300 400 500 600 700 800 900 400 450 500 550 600 650
Wavelength [nm] Wavelength [nm]
Fig. 12 (a) Molecular structures of 1la—c and 2a—c. (b) Left: Absorbance

and emission spectra of 2a—c. Right: Comparison of longest wavelength
absorbance of 1a and 2a. Reproduced from ref. 61 with permission from
the Chinese Chemical Society (CCS), Shanghai Institute of Organic Chem-
istry (SIOC), and the Royal Society of Chemistry.

of the single-finned 2a-c and double-finned TDAI compounds
(Fig. 13b) are very similar to those of the triple-finned TTAI
series but the triple-finned systems retain the highest e.

Generally, the optical properties of the two-finned tripty-
cenes are not improved compared to the single-finned tripty-
cenes. They show slight enhancements in the intensity of both
the highest and lowest energy bands alongside a slight blue-
shift in emission and narrowing of the Stokes shift. Upon
moving to a three-finned system, super-summative enhance-
ments in both the highest and lowest energy bands are
observed when comparing one to three fins for the B- and E-
TTAI triptycenes. The clearest example of this is in the 2-
ethylhexyl series where C3y-E-TTAI and Cs-E-TTAI display a 4-
fold enhancement in both the high and low energy bands
compared to 2c.

While OSC performance remains modest, the presence of
the triptycene moiety did lead to a higher PCE of 2.2% for 2a
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Fig. 13 (a) Molecular structures of Cs/,-B/E-TDAI; (b) solution absor-
bance and emission spectra for Cs/,-B/E-TDAI. Adapted with permission
from ref. 62. Copyright 2017, Wiley-VCH.

with PTB7 as donor (compared to 1.2% for 1a). Low FF (<42%)
were observed in all devices. The double-finned triptycenes
performed similarly in OSCs with Cg/,-B-TDAI displaying PCE
of ~2% and Cg/,-E-TDAI displaying PCE of ~ 1%.

Other imide-based acceptors that have been employed with
triptycene in a similar fashion are useful to make comparisons
of. Perylene-3,4,9,10-tetracarboxylic acid diimides (PDIs) are an
established class of NFA material. PDI is a planar molecule with
a strong tendency to aggregate due to n-n stacking interactions
which is a limiting factor in its utility.®® While imposing twists
between adjacent PDI units has previously been used to over-
come this,**®® Liu et al. chose to exploit the internal free-
volume of triptycene to hinder aggregation between electron
accepting PDI fragments.®® Suzuki cross-coupling between a
triptycene 2,7,14-tris(boronate) ester and a 1-bromoPDI bearing
R = 2-octyldodecyl produced the molecule TP3 (Fig. 14). This
greatly improved solubility and reduced aggregation.

Degeneracy was observed in the frontier orbital manifolds as
predicted by computational methods. The HOMO and LUMO
manifolds were distributed almost exclusively across the pen-
dant PDI units with only limited density over the triptycene.
Experimentally, this was reflected in the electrochemistry
where all three PDI moieties are reduced simultaneously, and
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SBF-PDI4

o o

Fig. 14 Molecular structures of non-ring-fused PDI functionalised TP3
(R = 2-octyldodecyl) and its spirocyclic SBF-PDI4 (R = 2-ethylhexyl).

in the UV-vis spectrum which has fine structure characteristic of
PDI and a molar extinction coefficient (¢ = 9.4 x 10 M~ em™ " at
540 nm in CHCl;) which shows only slight enhancement over
unfunctionalised N,N’-bis(2-ethylhexyl)PDI molecules (¢ ~ 7 X
10* M~ ' em™ ! at 525 nm in CHCl; and ¢ ~ 8.5 x 10° M~ ' em™*
at 525 nm in CH,Cl,).*”"%®

This study is useful to highlight as it permits comparison
with the spirocyclic analogue SBF-PDI4 (Fig. 14) which has also
been studied as the donor in BHJ devices.®® Spirobifluorene
represents another class of 3D hydrocarbon featuring a homo-
conjugated sp® carbon atom.”®”* The optical properties of SBF-
PDI4 (¢ = 9.3 x 10* M™" ecm ' at 535 nm in CHCI,) are
essentially identical to those of TP3, and the MO layout is
similar. For these molecules, we can conclude that the tripty-
cene or spirobifluorene core is acting as a simple scaffold and
not contributing in any meaningful sense to interchromophore
coupling. As such, the PDI chromophores are acting indepen-
dently of each other with excitations occurring over rather than
between fins.

TP3 was employed in BHJ devices with the polymer PTB7-Th
displaying PCE up to 3.16%, FF = 0.39 and V,. = 0.86 V and J.
up to 9.54 mA cm™ 2 with the best performing device requiring
0.5 wt% 1,8-diiodooctane (DIO) as an additive. Low FF were
observed in all devices. Electron and hole mobility measured
using SCLC methods were also low (10™* em® V' s7') albeit
well-balanced. These poor attributes were ascribed to morphol-
ogy issues with aggregation and phase separation still occur-
ring despite the large IFV of the triptycene. For SBF-PDI4a 1:1
D: A device with PTB7-Th as donor had near identical perfor-
mance characteristics to those of TP3 other than the FF which
was improved to 0.48. This indicates that a better heterojunc-
tion morphology is obtained using the spirocycle and, impor-
tantly, that the configuration of a 3D core can be optimised to
improve device performance. The synthesis of SBF-PDI4 was
also published independently by Lee et al. and incorporated
in devices with polymers PAT2FBT and PV4T2FBT, obtaining
PCE = 5.98% with the latter.”

An analogue of TP3 with smaller solubilising R groups
(R = 6-undecyl) was presented in a separate study as an
intermediate in the synthesis of the ring fused molecule
T-3.”> Single (T-1) and double (T-2) PDI finned analogues
were also prepared (structures and absorbance spectra shown

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Molecular structures of PDI-fused triptycene T1-T3 (R = 6-undecyl) and their (a) CHCls solution absorbance spectra and (b) thin film
absorbance spectra. Adapted with permission from ref. 73. Copyright 2017, Wiley-VCH.

in Fig. 15). The overall waveform is sharp and structured, very
like TP3 and PDI itself. Compared to TP3, annulation of the PDI
onto the triptycene core blueshifts the longest energy absor-
bance and the authors note a slight blueshift in the A, and
widening of the optical E, as more PDI-fused fins are appended.
This was attributed to weakening of the molecular dipole upon
addition of further electron accepting fins.

Across this series, no super-summative enhancements are
observed. The ¢ of T-1 is comparable to that of PDI itself (and by
proxy TP3) and that of T-2 is only slightly larger. T-3 displays an
¢ which is approximately double that of T-1. DFT results for T-3
show the HOMO is distributed over the entire molecule while
the LUMO is spread uniformly over two of the PDI fins with
minimal LUMO density over the triptycene. This is identical to
the LUMO distribution of T-2. The frontier orbital layout for T-1
is all positioned over the PDI fin. Cyclic voltammetry confirmed
that the electron accepting strength of the molecules is essen-
tially constant across the series, which indicates that the LUMO
energy has not changed as fins have been added. Oxidation
processes were not observed.

In terms of device performance for this series, T-2 gave
the best BHJ devices using PTB7-Th as a donor. T-2 displayed
PCE of 6.15% compared to 2.28% for T-1 and 5.13% for T-3
which had comparable J;. but slightly lower FF. V. decreased

© 2023 The Author(s). Published by the Royal Society of Chemistry

gradually across the series as may be predicted from the blue-
shift in the UV spectra. T-2 and T-3 had a better balance of
electron and hole mobilities which correlated with AFM results
that indicated better film morphology for the T-2 and T-3
molecules.

A 2018 report by Kang et al. concerned triptycene 3,
(Fig. 16a) which was shown to undergo photoinduced hole
transfer with single-walled carbon nanotubes.”* The synthesis
and properties of this compound alongside its first (T-3) and
third (4) generation analogues followed in a subsequent con-
tribution. Note that the smallest of these triptycenes T-3 had
also been presented in ref. 73. The results concerning T-3 from
these independent studies agree very well.

The helical PDI trimer hPDI3 and a benzene-fused analogue
b-hPDI3 thereof (Fig. 16b) were employed as model compounds
for comparison with 4.”> hPDI3 had previously been studied by
the same group in 2014 as one of a family of fused PDI
oligomers alongside the dimer hPDI2 and tetramer hPDI4.”®
These are helpful to consider when trying to understand the
behaviour of 3 and 4.

By DFT, hPDI2-4 were shown to be non-planar due to steric
repulsion between the C-H bonds of the cove regions of the PDI
moieties. This results in helical or waggling geometries, or a
mixture of the two in the case of hPDI4. The optimised
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Fig. 16 (a) Molecular structures of fin-extended PDI-fused triptycenes T-
3, 3 and 4, Adapted with permission from ref. 75. Copyright 2018,
American Chemical Society (b) the single-fin analogues hPDI2-4 and
benzo-fused single fin analogue b-hPDI3; (c) DFT optimised Helical and
Waggling geometries for hPDI3. Reproduced with permission from ref. 76.
Copyright 2014, American Chemical Society.

geometries of hPDI3 are shown in Fig. 16c. The UV/vis and
emission spectra for hPDI2-4 (Fig. 17) display a red-shift as the
oligomer length increases. The lowest energy absorbance is
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Fig. 17 (a) UV/vis absorbance spectra for hPDI (N,N’-bis(6-undecyl)PDI)

and hPDI2-4 in CH,Cl, solution; (b) fluorescence spectra for hPDI and
hPDI2-4. In CH,Cl, solution. Reproduced with permission from ref. 76.
Copyright 2014, American Chemical Society.

assigned to a simple HOMO-to-LUMO transition over the PDI
chromophores. ¢ of this band is essentially constant between
PDI, hPDI2 and hPDI3 but then increases dramatically by
~100% for hPDI4. This enhancement is attributed to red-
shifting of the symmetry-allowed transitions which are taking
place from the HOMO-2 (over the carbon-carbon double
bonds which fuse the PDI moieties together) into the LUMO.
This red-shifting results in overlap with the HOMO-to-LUMO
transition leading to the large increase in absorption intensity.

In the UV/vis spectra of the triptycenes T-3, 3 and 4 (Fig. 18a)
a similar sequential red-shift is observed for the lowest energy
absorbance band with increasing fin length. An extremely high
extinction coefficient (¢ > 600000 M~ cm ') is observed for
the largest derivative 4. This is over a 5-fold increase in ¢
compared to hPDI3. While benzene-fused b-hPDI3 also dis-
played a higher ¢ than hPDI3, the homoconjugated triptycene
still displays an increase in ¢ of over 35% compared to three
times that of b-hPDI3 (Fig. 18b).

While the DFT of T-3, 3 and 4 indicated that the HOMO and
LUMO have no presence over the central triptycene, with the
frontier orbitals localised over the fins in a similar arrangement
to hPDI2-4, TDDFT results showed that a manifold of low-lying
excited states is present for 3 and 4. It is difficult to conclude
whether these arise from the complex symmetry adopted by the
fins themselves, homoconjugation facilitated by the central
triptycene or some combination of the two. It is clear that
the influence of the extended three-dimensional structure is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hPDI3 in tetrahydrofuran solution. Adapted with permission from ref. 75.
Copyright 2018, American Chemical Society.
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distinct from simple ring fusion but the precise origins of
super-summative enhancements in ¢ are challenging to pin
down in these very large molecules.

Electrochemistry indicated that the oligoPDI fins were not
electronically coupled. The cyclic voltammetry results revealed
that each fin can be reduced simultaneously and in a stepwise
fashion with each PDI moiety accepting two electrons. There-
fore the largest molecule 4 is a reversible 18-e™ acceptor. This is
directly analogous to the multi-electron redox behaviour
observed for the reduction of TP3, SBF-PDI4, and the oxidation
of 3CzQ. Electron paramagnetic resonance studies of T-3 indi-
cated that its radical anion is delocalised across all three fins
which the authors attribute as being facilitated by transannular
interactions over the homoconjugated triptycene core.

Triptycenes 3 and 4 were incorporated as electron transport
materials in perovskite solar cells. Both outperformed PCy;BM
with maximum efficiencies of 16.4% and 18% respectively.
Combined with the results of SCLC measurements, the authors
postulate that the longer fins penetrate more effectively into the
perovskite layer thereby reducing contact resistance and
improving overall device performance. The use of iptycenes as
interface agents to modify film surfaces is reminiscent of the
use of iptycenes to exert internal control over polymer mor-
phology. This may represent a better use for triptycene deriva-
tives in OSCs than as bulk active components themselves.

Though not studied for any specific application, a separate
series of conceptually related, laterally-expanded electron-deficient
ring-fused triptycenes P1-P4 were published by Hu et al. in 2019.”
In these examples the fins are composed of pyrene N-heteroacenes
with diameters of up to 10.88 nm (Fig. 19) and show similarly
complex variations in optical properties as the fin length increases.
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Fig. 19 Molecular structures of nanoscale extended triptycenes P1-P4. (Reproduced with permission from ref. 77. Copyright 2019, American Chemical

Society.)
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The pyrene units served to disrupt conjugation along the length of
the fins therefore minimal redshift with increasing conjugation
length was observed due to a gradual drop in LUMO energy as
determined by cyclic voltammetry and DFT.

A theoretical study from 2019 by Sun et al. of 3D vs. 2D
HTMs indicates that 3D structures have improved electron-
hole dissociation characteristics which may help to improve
performance, so pursuing large molecules such as 4 and P4 as
charge transport materials presents an important area for
further development.”®

Homoconjugated charge transport and
energy storage materials

In 2018, Kwon et al. disclosed the triptycene hexaketone TT and
diketone TM (structures in Fig. 20) and studied T™M for energy
storage applications.”” Homoconjugation in the LUMO mani-
fold was revealed from DFT analysis and cyclic voltammetry.
Differential pulse voltammetry (DPV) revealed that TT could be
reduced in single electron steps to the pentaanion (Fig. 20) with
instabilities for the fully reduced hexaanion predicted using
computational methods.

In a Li-ion half-cell, TT displayed an initial discharge
capacity of 387 mA h g~'. This approximated to 5.0 Li* per
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Fig. 20 Molecular structures of TT, TM and BQ and their DPV responses.
Reproduced from ref. 79 with permission from the Royal Society of
Chemistry.
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molecule in agreement with the DPV results, although capacity
had reduced by 55% after 20 charge/discharge cycles. Cycling
performance could be enhanced in nanocomposite materials
alongside the mesoporous carbon matrix CMK3.

Later in 2018 the Wuest group reported the isomeric tripty-
cene hexaketone 8 which was synthesised by oxidation of
2,3,6,7,14,15-hexahydroxytriptycene 9.%° Transannular electro-
nic effects meant that simple choice of oxidising agent per-
mitted selective access to the partially oxidised 2,3-dione 10 and
2,3,6,7-tetraone 11 in good yields (structures in Fig. 21). The
electrochemistry of 8 revealed that it could undergo reversible
electrochemical reduction to a trianion in a step-wise fashion
(Fig. 21a and b). It is worth highlighting the complementarity
between the electrochemistry of the two electron poor
tris(quinones) TT and 8 and the analogous hexa-alkoxytriptycenes
studied by Rathore which were shown in Fig. 2.

Redox behaviour was apparent in the solid, crystalline state
of dione 10 which was revealed to undergo reduction back to
hexahydroxy 9 in a reversible topotactic reaction (Fig. 22). The
presence of hydrazine vapours resulted in crystals of 10 chan-
ging from dark purple to colourless, this could then be reversed
by exposure to HNO; vapours. As the molecules can undergo
reversible redox reactions in the solid crystalline state these
molecules provide some direction towards realising recharge-
able carbon-based batteries.

[3.3.3]Propellanes — an alternative D3,
homoconjugated hydrocarbon

Finally, comparison with [3.3.3]propellanes, another class of
three-finned hydrocarbon, gives some indication of how gen-
eral the benefits of exploiting homoconjugation might be.

In two reports authored by Lv et al.®"** peri-extension of the
peripheral naphthalene units of [3,3,3]propellane 12 formed
perylene monoimide (PMI) moieties on one or more fins of the
propellane core. The first paper concerned tris(PMI)propellane
13 (R = 6-undecyl) and bay-annulated derivatives 14-16 in a
comparative study (structures shown in Fig. 23). Frontier orbi-
tals were distributed across the entire surface of the molecule
which led to multiple clearly separated peaks in cyclic voltam-
metry studies. N-6-Undecyl(PMI) itself was also studied as a
single-fin analogue for comparison and was shown to have a
maximum ¢ = 33 x 10> M~' em™". Each of the propellanes 13-
16 displayed a greater than four-fold enhancement of ¢ (Table 3)
in comparison with the single-fin, with benzo-fused compound
14 displaying the largest ¢ =163 x 10° M~ ' cm ™. Single-crystal
charge-carrier mobilities in the order of 107> cm? V™' s were
obtained for 14 with the limited intermolecular overlap of the
molecules observed in the crystal structure seeming to be a
limiting factor in obtaining higher mobilities.

In the second of these reports, one- (P-1), two- (P-2), and
three-finned (P-3) analogues of 13 featuring a larger alkyl group
(R = 2-decyltetradecyl) were also produced (Fig. 24). P-1 demon-
strated very similar properties to N-2-decyltetradecyl(PMI) with
only slightly red-shifted optical properties due to a narrower E.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Molecular structures of 8—10 and the cyclic voltammograms of
(a) trisquinone 8 and (b) hexahydroxy 9. Reproduced from ref. 80. Copy-
right 2018, American Chemical Society.

a b

Fig. 22 Crystals of quinone 10 (a) before and (b) after exposure to NoH4
vapours. Reproduced from ref. 80. Copyright 2018, American Chemical
Society.

The influence of homoconjugation becomes apparent in the
absorbance spectra of these compounds (Fig. 24A) with the ¢ of
P-2 (81 x 10° M~ ecm ") being slightly more than double that of
both P-1 35 x 10° M™" em™ ") and N-2-decyltetradecyl(PMI)
(34 x 10> M™' em™") while the molar absorptivity almost
doubles again for P-3 (¢ = 152 x 10> M ' em ). The fluores-
cence quantum yields displayed very little variation across the
series staying well over 80% in all cases.

OFET devices were produced and demonstrated mobilities
of 2.2 x 107" em* V' s7" and 3.5 x 10~* em® V"' 57" for P-1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 Molecular structures of propellanes 12-16 R = 6-undecyl. Repro-
duced from ref. 81 with permission from the Royal Society of Chemistry.

Table 3 Summary of longest wavelength absorbance and emission
characteristics for [3,3,3]propellanes 13—-16 and P-1, P-2 and P-3

Jabs (nm) [¢ x 10° M~ em™] Jmaxpr (M) PLQY (%)
13 554 (152) 588 85
14 492 (163) 514 89
15 486 (137) 505 22
16 432 (122) 481 32
P11 538 (35) 579 83
P2 555 (81) 585 89
P-3 555 (152) 588 85

NQ
0.
P-1
15
—p3
—P2
124 __pg g 0.8
T ——PMI
& ]
5 oo 5 o
z g
S -
% 0.6 5 0.4
=
£
0.3 S 0.2
2
0.0 0.0
300 375 450 525 600 500 550 600 650 700 750

Wavelength(nm)

Fig. 24 Molecular structures of P-1, P-2 and P-3, and their (A) absorbance
spectra and, (B) photoluminescence spectra. Reproduced from ref. 82 with
permission from the Chinese Chemical Society (CCS), Institute of Chem-
istry of Chinese Academy of Sciences (IC), and the Royal Society of
Chemistry.

Wavelength(nm)

and P-2 respectively, while P-3 was an entire order of magnitude
lower at 2.5 x 10> cm® V' s~ ' which was ascribed to limited
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crystallinity in the film. P-1 and P-2 also displayed better
performance in OLED devices in all parameters.

Outlook

The preceding sections highlight numerous positive effects that
can be observed by exploiting homoconjugation in triptycene
chromophores/electrophores. The primary benefits are:

(1) Amplified molar absorptivity.

(2) Accelerated radiative decay.

(3) Generation of multiple charge carriers over small
potential windows.

Considering the first two points design rules to obtain
hyperchromic, potentially super-summative, enhancements in
&, and fosc can be proposed. Firstly, ensuring that the LUMO is
localised on the homoconjugated core of the triptycene and
straddles two or more of the fins appears to be essential. This
gives rise to a manifold of low-lying excited states which
interact constructively to facilitate the observed enhancements.
Secondly, molecules featuring ring-fused structures and/or
some dipole moment on the fins of the molecule tend to show
greater enhancements than structures without an obvious
dipole moment. This is intuitive and seemingly general until
much longer extended chromophore fins are present.

The third benefit concerning electrochemical properties is
realised in molecular designs which use electron donating or
withdrawing substituents to modulate the frontier orbital den-
sity over the centre of the triptycene core. A lower amount of
MO density at the homoconjugated core will lead to more redox
events occuring over a smaller potential window and vice versa
for molecules with large amounts of MO density over the
triptycene core. Choice of substituent and regiochemistry per-
mits control over both the magnitude of the potential window
that the charges are generated over, and the nature of the
charge carriers themselves.

However, challenges associated with using triptycenes also
present themselves. These are usually associated with the
morphology of neat films of triptycenes being poor due to the
IFV of the molecules inhibiting tight packing. While this can
have negative impacts on the performance of devices based
upon concentrated thin films of these molecules such as BH]J
OSCs or OFET devices, it is important to highlight that poor
morphology is certainly not a general property of triptycenes
when engineered properly. An important series of triptycenes
with peri-alkoxy substituents demonstrated exceptionally good
self-assembly properties which evidences this well.>”884

Bearing these points in mind, we can start to speculate on
how to further harness the benefits of homoconjugation effects
for the applications discussed.

OLED and luminescent materials

The performance of luminophores based on D-A architectures,
particularly TADF emitters, can benefit greatly from the combi-
nation of very high ¢ and f,s. which occur in the ICT bands of
D-A triptycenes. This provides a realistic route to improve the
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effectiveness of red luminophores in particular, the efficiencies
of which suffer due to the energy gap law which leads to rapid
thermal NRD outcompeting radiative decay.%*%°

As it is the LUMO which must display homoconjugation
to achieve enhancements structural modifications of the trip-
tycene core itself will be required to further develop this
concept. This could be achieved by using a wider variety of
N-heterocyclic triptycenes or appending peripheral electron-
withdrawing substituents onto the triptycene prior to addition
of the donor moieties. In all other respects standard TADF
design rules can be employed to control the emission
wavelength.®”~%°

Morphological concerns are mitigated against in a typical
doped OLED architecture as the luminophores are distributed
in a small quantity throughout a bulk host matrix. As such, the
main challenges presented in this context are ultimately the
same as for TADF emitters in general. FWHM are too large
leading to poor colour purity, however the use of multi-
resonant TADF design principles may provide a route to cir-
cumventing this.”*~%2

OSC materials

Maximising the light absorbance across the optical band gap is
one approach to obtaining higher PCEs. A higher ¢ results in
improved absorbance of sunlight and diminished NRD thereby
enhancing the Vo of a device, so hyperchromic enhancements
in ¢ should produce better devices overall. This will be particu-
larly important for sensitisers which have a suboptimal overlap
with the solar spectrum.®*™°

Considering the very high ¢ that have been obtained in
appropriately designed triptycenes such as 3Cbz, Cs;v-E/B-
TTAI, Cs-E/B-TTAI, 3 and 4, homoconjugation emerges as
appealing avenue to explore for high ¢ materials which can be
used a variety of OSC architectures. To date, studies of BHJ OSC
devices using triptycene NFAs have demonstrated relatively
poor performance. This is due to a combination of the
structures studied to date not adhering to the LUMO-core,
HOMO-shell motif required for major enhancements in ¢,
alongside poor BHJ] morphology. The previously mentioned
self-organised films of peri-alkoxy substituted triptycenes and
the use of triptycene itself as a dopant to improve morphology
and efficiencies in BHJ OSCs** and other devices®**°*°® indicate
that careful consideration of substitution patterns or device
processing and manufacture might be used to overcome film
morphology challenges.

We highlight that other photovoltaic device architectures
such as dye-sensitised (DSSC) and perovskite solar cells (PSCs)
may present greater opportunities for exploiting homoconjuga-
tion as well as circumventing the morphology problems
encountered in BHJ devices. In PSCs 4 was used as a interfacing
agent between the electron transport and perovskite layers
rather than a bulk component. This produced devices with
efficiency up to 18% which further demonstrates the power of
triptycenes as additives. In DSSCs existing triptycene contain-
ing dyes only use triptycene as a bulky substituent rather than
as a functional part of the chromophore or anchoring

© 2023 The Author(s). Published by the Royal Society of Chemistry
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moeity.”>'% Triptycenes can show very strong bi-/tripodal anchoring
to surfaces”®'*'*®> and homoconjugation can provide the high &
and tunable E, required for harvesting solar energy. New materials
designed according to the general rules proposed at the start of this
Outlook section and incorporating suitable anchoring groups could
thereby produce excellent new dyes for DSSCs.

Charge transport and energy storage materials

The electrochemical implications of a homoconjugated HOMO
were demonstrated well by the alkoxy bearing molecules T23
and T14 which showed that by decreasing the extent of trans-
annular orbital overlap the potential window required to
assume a stable tricationic state decreased concomitantly by
~500 mV and was obtained after just —1.2 V vs. Fc/Fc'. The
LUMO can be manipulated in the same fashion to produce
n-type systems. For example, 3Pxz had a homoconjugated
LUMO which allowed a reversible three step reduction to take
place at +0.73 V vs. Fe/Fc' while 4 could be reversibly reduced to
a remarkable octadecyl anion over a potential window of less
than 1.5 V. Similar reductive behaviour was observed in qui-
nones TT and 8. Furthermore, the triptycene core can be used
indirectly to isolate the HOMO or LUMO on the periphery of a
molecule leading to single-step generation of multiple charge
carriers simultaneously as shown in 3Cbz and hPDI2-4.

At first glance, the ability to easily generate many charge
carriers from an individual organic molecule could foreseeably
realise higher charge carrier density and ON/OFF ratios in
charge transport devices such as OFETs. However, we would
argue that what really sets the electrochemical properties of
triptycenes apart is the stability of the multiply-charged states
obtained. Generating very highly charged states typically causes
major electrochemical stress in organic molecules but the
homoconjugated materials presented to date are very robust.
Building from this, triptycene-based compounds present valid
alternatives to the anthraquinone systems which are under the
most intense development.'® In this fashion they provide
scope for use not only in traditional alkali metal systems but
also for more exotic or highly charge ions such as AI**,"°%'%
The 3D structure of triptycenes is well suited for incorporation
into porous COF or MOF architectures which probably present
the best route for further development in this context.

Conclusions

This review has aimed to provide initial insights towards
harnessing homoconjugation in triptycene based molecular
materials and what might be achieved by doing so.

This effect can clearly be used to induce very high magni-
tude enhancements in useful optoelectronic properties, how-
ever there is often a trade-off between obtaining the maximum
enhancement in properties and the performance of thin films
of said molecules in devices. This is most notable for tripty-
cenes in which all three fins have been functionalised. These
tend to display both the biggest enhancements in properties
but also the lowest quality films in devices. As such, triptycenes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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which display properties influenced by homoconjugation have
not yet translated to notably high performance in neat or very
concentrated thin film devices such as OFETs or BHJ OSCs but
when used as dilute dopants in OLEDs or perovskite OSCs the
three-finned triptycenes perform much better. This observation
must be considered in the design and study of future homo-
conjugated chromophores and electrophores to obtain improved
device performance. We note that few studies have deliberately
set out to actively use homoconjugation, therefore a more con-
sidered approach to molecular design will lead rapidly to
improved device performance from this class of materials and
we have proposed some design rules towards this end.

Finally, while this review has focussed largely upon tripty-
cenes, numerous other homoconjugated scaffolds are available.
These include the spirobifluorenes and propellanes, which
have been mentioned here, alongside less rigid chemical frag-
ments such as diphenylmethanes and bisphenols. As such,
there is great scope for more expansive utility of homoconjuga-
tion and the benefits it can bring in controlling functional
molecular properties.
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