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Homoconjugation enhances the photophysical and
electrochemical properties of a new 3D intramolecular charge
transfer iptycene displaying deep blue emission

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

A new structural class of 3D molecule capable of intramolecular
charge transfer (ICT) is introduced, based upon an electron poor
ring-fused triptycene core. Its photophysical and electrochemical
properties are evaluated in comparison with an analogous
molecule, representative of a single fin of the iptycene.
Homoconjugation through the delocalised LUMO of the iptycene
facilitates a great increase in transition probability both to and from
the ICT state, while the deep blue photoluminescence of the single
fin is retained. The peripherally distributed HOMO of the iptycene
also permits reversible access to a tricationic state in a single step
and at an oxidation potential lower than that of the single fin. This
first example demonstrates great potential for this 3D design
concept in producing new optoelectronic molecular materials.

Organic semiconductors combine interesting optoelectronic
properties with the versatility of organic synthesis.! A facile
strategy to tune their properties is to introduce intramolecular
charge transfer (ICT) states through the incorporation of
electron rich (donor) and electron poor (acceptor) moieties. As
a result, materials with ICT characteristics have been heavily
employed in organic light-emitting devices (OLEDs)? and organic
photovoltaics (OPVs).? The development of compounds that
improve our understanding of how to enhance and exploit ICT
is, therefore, of fundamental importance to the scientific
community.

Triptycene is a three-dimensional paddle-wheel type
molecule* with a large internal free volume.>® The three fused
benzene “fins” of triptycene are able to communicate through
the spatial overlap of their molecular orbitals, termed
homoconjugation.”# These properties have been broadly
exploited in the development of molecular motors,®1! metal
organic frameworks (MOFs)'213, porous organic crystals,4-16
non-fullerene acceptors for OPVs!7-20 and catalysts.?1-23
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The ICT methodology has been applied to some triptycene
derived compounds which are shown in Figure 1. Iptycenes
have been reported with donor and acceptor fins, where ICT is
facilitated through homoconjugation (Figure 1, Type A). *727 In
some instances the relatively weak coupling afforded by
homoconjugation leads to compounds exhibiting thermally
activated delayed fluorescence (TADF).24#2> This is because
homoconjugation can mediate electronic communication
between the HOMO and LUMO on adjacent fins, leading to a
narrow singlet-triplet energy gap (AEst). Materials exhibiting
TADF have recently received great interest, both fundamentally
and as dopants in efficient next generation OLEDs.?®2° However,
emission from ICT iptycenes of this type has only been narrowly
tuned between green and yellow.
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Figure 1. Chemical structures of compound 1 and representative literature ICT iptycenes.

In a second structural type (Figure 1, Type B), iptycenes have
been fused onto molecules with inherent ICT characteristics.30-
32 While these systems have enabled broader colour tuning,
from deep blue to orange, the effect of the iptycene is
somewhat restricted to controlling intermolecular
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interactions3! and subtly influencing the photophysical
properties in comparison to their non-iptycene analogues.3?

In this communication we introduce the donor-acceptor
iptycene 1 as a new structural type (Figure 1, Type C). In 1,
pyrazine heterocycles are fused to a central triptycene core
creating a trimer of quinoxaline acceptor units connected by
two bridgehead sp? carbon atoms. Each of the quinoxalines is
decorated with two 3,6-di-tert-butylcarbazole donors via 1,4-
phenylene spacers. The photophysical and electrochemical
properties of the deep blue emitter 1 were studied. To elucidate
the effect of homoconjugation the single fin analogue 2
(Scheme 1) was also investigated. The beneficial properties of 2
are either retained or substantially enhanced in the iptycene 1
due to cooperation between the three fins that is facilitated by
homoconjugation. This new structural type is a strong candidate
for application in functional materials.
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Scheme 1. Synthesis of compounds 1 and 2.

Quinoxalines are easily and reliably synthesised through the
condensation of 1,2-diketones with ortho-diaminobenzenes.33
Consequently, treatment of the diketone 3 with either
2,3,6,7,14,15-hexaminotripycene hexahydrochloride3* (4) or
1,2-diaminobenzene (5) afforded 1 and 2, respectively (Scheme
1). Their structures and high purity were unambiguously
confirmed by 'H and 13C NMR, mass spectrometry and
elemental analyses. 1 retains the good solubility and high
thermal stability (Figures S1 and S2) of 2, which are both
desirable properties for organic optoelectronic materials.

The photophysical properties of 1 and 2 were investigated
in toluene solution (Figure 3, Table 1). Both molecules have
three distinct bands in their absorption spectra. The sharp
bands below ca. 350 nm are ascribed to local n—nt*/ m—mt*
transitions on the carbazole3> and quinoxaline3® fragments,
while the broad low energy bands are assigned to ICT.2> The ICT
band of 1 is bathochromically shifted by 19 nm compared to
that of 2. This is indicative of electronic communication
between the fins, in-line with literature precedent.”® The
extinction coefficients for 1 are notably larger than for 2.
Specifically, we note that the ICT band is ca. five times as intense
for 1. This is substantially greater than the factor of three
increase that would be expected in the absence of any
significant electronic communication. While such an
enhancement in extinction coefficient due to homoconjugation
between fins is known for n—mt* transitions,”2%37 it has not been
previously employed to enhance the intensity of an ICT band, to
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the best of our knowledge. We note that ig..a,nersGT
phthalimide-fused triptycene such a largedRErEI$E ICEXEIAERIDA
coefficient is not observed when comparing a single fin to the
iptycene.38

To gain a deeper insight into this phenomenon, 1 and 2 were
studied by DFT/TD-DFT (B3LYP/6—31G*). HOMO and LUMO
plots for 1 are shown in Figure 2. The HOMO is localised on the
peripheral electron-rich N-phenylcarbazole fragments, while
the LUMO is delocalised across the quinoxaline-triptycene core.
This indicates that electronic communication between fins will
be facilitated through the LUMO manifold. The frontier
molecular orbital distribution for 2 is similar - the HOMO is
localised across the donors and the LUMO over the quinoxaline
(Figure S16).

The spectral profiles of the TD—DFT absorption spectra are
in broad qualitative agreement with the experimental data
(Figures S9 and S10). Unsurprisingly, due to the highly twisted
structures of 1 and 2 rather narrow AEsy values of 0.14 and 0.21
eV, respectively, are predicted. This is in agreement with
experimental data for similar quinoxaline donor—acceptor
compounds.?® For 2 the ICT band consists of two near-
degenerate donor—acceptor transitions with a combined
oscillator strength (f) of 0.1895 (Table S4), while six near-
degenerate donor—acceptor transitions are predicted for
iptycene 1 with a considerably increased total f of 0.8819 (Table
S3). These data strongly support the experimental observation
of a greatly enhanced ICT absorption probability in compound
1. Similar computational results are obtained with TDA-
PBEQ/def2—SVP40 (Tables S5 and S6). Narrow AEsr values are
intrinsically associated with poor ICT oscillator strengths.41:42
Therefore it is highly significant that compound 1 facilitates an
enhancement in ICT  transition probability  while
retaining/narrowing the calculated AEsr of 2. This is attributed
to homoconjugation. We also note that the six lowest energy
singlet states of 1 are within < 0.3 eV of T; and so could
foreseeably contribute to enhanced emission.*?

Figure 2. HOMO and LUMO plots for compound 1 from the same perspective as the
chemical structure in Figure 1. Hydrogen atoms are omitted for clarity.

The PL spectra of both 1 and 2 are ascribed to ICT transitions
as they are rather broad and featureless and demonstrate
positive solvatochromism (Figure S3 and S4). Similarly to the
absorption data, the PL (Apnax =453 nm) of 1 is slightly red shifted
compared to that of 2 (Anax = 448 nm). This provides further

This journal is © The Royal Society of Chemistry 20xx
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evidence of electronic communication between the fins of 1.7,37
We note that the Stokes shift for 1 is narrower than for 2 (51

150 - — 1
— 2 {10 _
120 4 g
— 410.8 —
£ S
S 90 @
s 106 £
‘560 °
b ©
< 104 .8
w T
30 {02 E
[e]
Z

0 . . 0.0
400 500 600

Wavelength (nm)

Figure 3. Absorption and emission spectra for compounds 1 and 2 recorded in
toluene solution (Ae = 370 nm).

nm vs. 65 nm), indicating that the iptycene core of 1 increases
molecular rigidity. This is also expected to be responsible for the
narrower PL full width at half maximum of 1 (55 nm vs. 60 nm),
which beneficially results in similar deep blue Commission
Internationale de L’ Eclairage (CIE,,) colour coordinates to 2
despite a red-shifted PL Apay.

The photoluminescence quantum yield (PLQY, ®) of 1 is
significantly higher than for 2 (56% vs. 35%) while the
fluorescence lifetimes (t¢) of the two compounds are almost
identical (1 = 2.01 ns, 2 = 2.11 ns) (Table 1, Figures S5 and S6).
Therefore, we can observe that the rate constants for radiative
(k;) and non-radiative (k,,) decay are respectively enhanced and
reduced, for 1 compared to 2. This is in-line with the
considerably higher ICT oscillator strengths observed in the
absorption spectrum of 1 and calculated by TD—DFT (increase in
k;), as well as its enhanced molecular rigidity discussed above
(decrease in k,,). Consequently, through fusing three molecules
of 2 together to create an iptycene motif (1), it is possible to
simultaneously increase the rate of radiative decay and supress
the probability of non-radiative decay while preserving highly
desirable deep blue emission. Non-radiative decay is
detrimental to the performance of both OLEDs and OPVs,4344
and so any new design concept for selectively reducing it is of
great importance.

Table 1. Photophysical and electrochemical data for compounds 1 and 2.
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Figure 4. Cyclic voltammograms for a) 1 and b) 2 and square wave voltammograms
for c) 1 and d) 2 with the total exchanged charge shown. All data were recorded
in 0.1 M solutions of n-BusNPFg in 1,2-dichlorobenzene.

The triplet energies of 1 and 2 were estimated from the
onsets of their phosphorescence spectra recorded at 80 K for 1
wt.% doped Zeonex films (Figures S7 and S8). The triplet energy
of 1 (2.48 eV) is slightly lower than that of 2 (2.56 eV) which is
consistent with the trend in the singlet energies and DFT
predictions (Tables S3—-S6). The experimentally obtained AEst
for 1 (0.49 eV) is also slightly smaller than for 2 (0.54 eV). This is
also consistent with DFT predictions (Tables S3—-S6), although
the experimental AEsy values are somewhat larger.
Nevertheless, through our design strategy it appears to be
possible to desirably enhance both the absorption to, and
emission from an ICT state in a deep blue compound, without
increasing the AEst. Future work should focus on applying this
strategy to narrower AEsr materials.#142

The photophysical benefits of the electron poor 3D core of
1 over the single fin 2 can all be ascribed to homoconjugation
through the LUMO manifold. To understand the influence of
this highly symmetric 3D structure and the implications of
having six rather than two donor moieties on the behaviour of
the HOMO manifold, cyclic voltammetry (CV) and square wave
voltammetry (SWV) experiments were performed on 1,2-
dichlorobenzene solutions of 1 and 2. Results are shown in
Figure 4 and summarised in Table 1.

A ahs/ nm Amax PL / m /%a % / ns" kr/ knr/ AEST / eV ng / Vv AE]/Z / Ered / HOMod LUMod ':g‘l/
[ex10°M*cm™] nm [CIE,] x 108s? x 108s! [S./T.]° mV Vv / eV / eV =~
322 [136], 346 453 [0.14, 0.49 Not
56, 51 2.01 2.65 2.09 +0.73 100 -5.73 -
[117], 402 [123] 0.11] [2.97/2.48] obs.
331[29], 347 448 10.15, 0.54
35,33 211 1.74 3.23 +0.75 80 -2.12 -5.76 -2.89 =S
[30], 383 [26] 0.09] [3.10/2.56]

Absorption and emission data were recorded in toluene. Electrochemical data were obtained in degassed 0.1 M n-Bu,PFsin dichlorobenzene.Order of measured
values is degassed followed by air equilibrated. Determined vs. quinine sulfate in 0.1 M H,S0, as standard (® = 0.546), error is 5% or better. *Erroris+ 0.05 ns. t;=+/

k.+ k., <Singlet-triplet energy splitting and singlet/triplet energies measured in Zeonex 1 wt%. “HOMO and LUMO levels calculated from the onset of the first

oxidation and reduction waves respectively and are referenced the HOMO of ferrocene at —5.10 eV. ¢Electrochemical HOMO-LUMO gap.
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The CV of both 1 and 2 display a single electrochemically
reversible oxidation process at +0.73 V and +0.75 V vs. Fc/ Fc*,
respectively, arising from oxidation of the electron rich
carbazole rings. This indicates that the iptycene core in 1 has
little impact on the HOMO energy compared to the simple
quinoxaline in 2, in agreement with the almost equivalent
HOMO energies predicted for 1 and 2 by DFT (Figures S15 and
$16). In the SWV of accurately prepared 0.1 mg mL™? solutions
the magnitude of the exchanged charge (calculated by
integrating the oxidation wave) was near identical (Q/Q; =
0.998) for 1 and 2. Correcting for the three-fold increase in
molecular weight of 1 compared to 2, and thereby the three-
fold lower molarity of the solution of 1, this result demonstrates
that at a slightly lower potential three times as many electrons
are lost from the iptycene compound 1 as from the single fin
quinoxaline 2.

To further quantify this, ferrocene was used as a
coulometric standard* taking advantage of its ability to
undergo a fully reversible single-electron oxidation. A solution
containing equimolar quantities of ferrocene and 2 was subject
to SWV and integration of the waves revealed that the
exchanged charge was near identical for both species (Q2/Q. =
0.999, Figure S17). This confirms that 2 is a single electron donor
and, consequently, that 1 is a three-electron donor that can be
reversibly oxidised to have a radical cation localised on each fin
of the molecule at a single oxidation potential. The perfectly
overlapped and reversible structure of the oxidation wave
indicates that there are no coulombic interactions between the
carbazole rings of each fin.20:37
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Greater than the sum of its parts —a 3D ICT molecule displays greatly improved optoelectronic
properties over a 2D analogue.
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