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A new thermally activated delayed fluorescence (TADF) compound based on a donor—acceptor (D—A) architecture (D = phenox-
azine; A = dibenzo[a,j]phenazine) has been developed, and its photophysical properties were characterized. The D-A compound is
applicable as an emitting material for efficient organic light-emitting diodes (OLEDs), and its external quantum efficiency (EQE)
exceeds the theoretical maximum of those with prompt fluorescent emitters. Most importantly, comparative study of the D—A mole-
cule and its D-A-D counterpart from the viewpoints of the experiments and theoretical calculations revealed the effect of the num-
ber of the electron donor on the thermally activated delayed fluorescent behavior.

Introduction
Thermally activated delayed fluorescence (TADF), which was
firstly reported in 1961 by Parker and Hatchard [1], is a funda-

mental photophysical phenomenon that refers to delayed fluo-

rescence radiated from the singlet excited state (S;) as a conse-
quence of a brief detour to a triplet excited state (T,) [i.e., inter-

system crossing (ISC) and reverse intersystem crossing (rISC)].
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Since the revisit of TADF in organic light-emitting diodes
(OLEDs) by Adachi in 2012 [2], TADF-active compounds have
emerged as emitters in high-performance organic light-emitting
diodes (OLEDs) [3-8], biological probes [9], photocatalysis
[10], and some others [11]. Specifically, TADF-active purely
organic compounds allow for achieving a very high external
quantum efficiency (EQE) of OLEDs without using precious
metals such as Ir and Pt in the emitter. Thus, the development of
TADF-active organic compounds, the establishment of materi-
als design through systematic structure—property relationship
(SPR), and the understanding of the TADF mechanism are
highly important tasks in this research field.

The singlet—triplet energy splitting between the S| and T states
(AEgT) and spin—orbit coupling (SOC) play key roles in mani-
festing the TADF character of an organic compound. To boost
the rISC process, ideally, the AEgt is zero or even negative
[12,13], while the SOC is as large as possible. One of the prom-
ising molecular design strategies to meet the above-mentioned
criteria involves a highly twisted (D),—(A)y, (D: electron donor;
A: electron acceptor) system, in which efficient intramolecular
charge transfer (ICT) occurs in the singlet excited state dceo.
An efficient rISC can be mediated by mixing the !CT state with
a locally excited triplet state on the donor (*LEp) or the
acceptor (PLE,) through spin—vibronic coupling [14] or non-
Condon effects [15,16].

In 2016, we developed a twisted D-A—-D compound POZ-
DBPHZ (Figure 1) that exhibits efficient orange-to-red TADF
[17], and the OLEDs fabricated with POZ-DBPHZ achieved a
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Figure 1: Chemical structures of 1 and POZ-DBPHZ.
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high EQE up to 16%. However, the role of the number of
donors and molecular symmetry in the TADF character of
POZ-DBPHZ remained unexplored, due to the lack of a syn-
thetic method to the asymmetric D—A structure. Herein, we
report the synthesis of a new asymmetric D—A compound 1
(Figure 1) as a TADF emitter and its detailed physical proper-
ties. Moreover, the developed emitter’s performance was evalu-
ated in an OLED device. To clarify the influence of the donor
number and structural symmetry on the physicochemical prop-
erties of the DBPHZ-cored D—A system, the properties of D—A
compound 1 were compared with those of POZ-DBPHZ. The-
oretical calculations further support the impact of the donor
numbers in the DBPHZ-cored D-A system.

Results and Discussion

Synthesis of materials

To synthesize the designed D—A molecule 1, an asymmetric
dibenzophenazine electrophile was required. Recently, we have
established a synthetic method for such a compound, i.e.,
3-trifluoromethanesulfonyldibenzo[a,j]phenazine (DBPHZ-
OTf in Scheme 1) to prepare linear-type A-D—-A-D com-
pounds [18]. Starting from the mono-functionalized compound
DBPHZ-OTY, the target compound 1 was successfully synthe-
sized through a Pd-catalyzed Buchwald—Hartwig amination
with phenoxazine (POZ) in a good yield as red-brown solid
(Scheme 1). The D-A-D counterpart POZ-DBPHZ was syn-
thesized according to the previously reported process [17]. It is
noted that the solubility of the D—A compound 1 in organic sol-
vents is lower than that of the D-A-D compound, indicating a
more aggregated state of the D—A molecules in the solid state,
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due to less steric hindrance on the acceptor plane arising from
breaking the symmetry. The synthesized compound 1 was fully
characterized by 'H and '3C NMR and IR spectroscopy, MS
spectrometry as well as elemental analysis (for the detailed data,
see Supporting Information File 1).

Steady-state PL spectra

To reveal the photophysical properties of diluted solutions of
compound 1, UV-vis absorption and steady-state photolumines-
cence (PL) spectra were acquired (Figure 2, and the summary of
the properties presented in Table 1). The solutions were pre-
pared with a variety of organic solvents at concentrations of
ca. 107> M. It is noted that the solubility of 1 in cyclohexane is
quite low, and thereby the concentration of the cyclohexane
solution and the molar absorption coefficient € were not deter-
mined. As is clearly seen from Figure 2, the absorption spectra
were not affected by the dielectric constant of the solvents. In
contrast, the emission peaks of the PL spectra drastically
red-shifted from cyclohexane (Ap;, = 502 nm) to toluene
(Apr, = 608 nm), and no PL was observed in a more polar sol-
vent such as THF and CHCl3 (Figure 2). In addition, the shape
of the PL spectrum changed from a vibrationally resolved shape
typical of the emission from a locally excited state ('LE) to a
Gaussian-type broad one typical to the emission from a
charge—transfer excited state (CT). The CT emission was totally
quenched in a solvent that is more polar than toluene (Figure 2).
These photophysical observations are consistent with those of
the D-A-D-type compound POZ-DBPHZ [17], indicating that
one D—A pair is sufficient for generating the CT excited state.
In comparison with the photophysical properties of the D—A-D
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compound, the absorption of 1 (Ayps = 461 nm) is almost the
same as that of POZ-DBPHZ ()., = 463 nm) [17], while the
PL emission peak appeared in a slightly blue-shifted region
(ApL = 502 nm) from D-A-D-type compound (Apy, = 521 nm
for POZ-DBPHZ) in cyclohexane. These data indicate that the
effective length of m-conjugation is not affected by the number
of donors, probably due to the right D-A dihedral angle for both
compounds in the ground state. In contrary, the slight blue-shift
of the PL spectra of the D-A compound 1 compared to POZ-
DBPHZ reflects the contribution of an additional donor to re-
laxation of the molecular geometry in the excited state. The
photoluminescence quantum yield (®py ) of the D-A compound
1 is lower (0.13 in cyclohexane) than that of the D—A-D
compound POZ-DBPHZ (0.33) [17], indicating a dominant
non-radiative decay of the excited state for the D—A type com-
pound, which was supported by the theoretical calculations
(vide infra).

Table 1: Summary of steady-state photophysical data of diluted solu-
tions of 1.2

solvent Aabs (NmM) ApL (nm)  Op b
cyclohexane® 294, 389, 412 502 0.13
toluene 296, 393, 415 608 0.16
THF 295, 392, 415 — <0.01
CHCl3 295, 394, 416 — <0.01

aSolution concentration: 10-5 M; Pdetermined with an integrated
sphere; ®saturated solution was used, due to the low solubility in cyclo-
hexane.

cyclohexane
toluene

THF —

n'e /uuoul
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Figure 2: Steady-state UV—vis absorption (Abs) and photoluminescence (PL) spectra of dilute solutions (c = 105 M) of compound 1. The PL spectra
were acquired with Agx = 340 nm for the cyclohexane solution and Agx = 360 nm for solutions in the other solvents.
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In the solid state, the D—A compound 1 showed an emission at
around A = 560 nm with a very low ®pp (<0.1) (Figure S1 in
Supporting Information File 1). The PL spectrum is similar to
that in a CBP host matrix (vide infra). The compound 1 showed
an aggregation-induced emission (AIE) behavior in a THF/
water system, showing a more red-shifted emission peak at
around Aqp = 600 nm when compared with the as-prepared
solid state (Figure S2 in Supporting Information File 1). This
indicates that in the as-prepared state and aggregation state the
molecular stacking modes should be quite different from each

Beilstein J. Org. Chem. 2022, 18, 459-468.

Time-resolved spectroscopic analysis

To investigate the delayed fluorescence behavior of the D-A
compound 1, more detailed photophysical studies were per-
formed using a time-resolved spectroscopic technique
(Figure 3). Time-resolved photoluminescence (PL) from a
blended film (1 wt % of 1 in Zeonex®) at 300 K showed two-
components emission consisting of a prompt fluorescence (PF)
that decays within the order of nanoseconds and a delayed fluo-
rescence (DF) that decays in the range of micro to milliseconds
(Figure 3a). These PF and DF spectra are exactly overlapped
with each other (Figure 3b), which indicated that both emis-
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Figure 3: Time-resolved PL decay profiles (intensity vs delay time) and
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sions are radiated from the singlet excited state (S{). Both emis-
sion spectra are not well resolved and in a Gaussian-type shape
(Figure 2b), suggesting that these emissions have a mixed char-
acter of localized (lLE) and charge-transfer state (lCT,
Figure 3b). The emission from the T, state (phosphorescence,
PH) at a low temperature (10 K) with the energy of
ET; =2.26 eV showed a similar spectral shape to the phospho-
rescence spectra of the acceptor core (DBPHZ) [17]. This
would indicate that the T; state of the D—A compound is local-
ized on the acceptor unit (’LE,). The AEgT of 1 was found to
be 0.11 eV, which is twice larger than that of POZ-DBPHZ in
the same matrix (0.06 eV) [17]. These differences are ascribed
to the change in electron density on the acceptor and the elec-
tron-donating power of POZ. Therefore, gradual increase of
electron-donating strength brings T energy closer to the
acceptor T energy and leads to a smaller Egt gap. But, the acti-
vation energy E, for the DF process, which was calculated from
the Arrhenius plot obtained from the increase of the DF intensi-
ty against temperature, was lower for 1 (£, = 27 meV) when
compared to POZ-DBPHZ (E, = 47 meV, Table 2) in
Zeonex®. The directly determined activation energy of the
D-A-type compound is half than that of the D-A-D compound,
which is in contradiction to the AEgt value (Table 2). If we
support the observation with the DF/PF results that present a
stronger TADF property for the mono-substituted derivative 1,
the conclusion of misleading AEgT comparison can be reached.
To avoid confusion, a more effective way is to compare only

the activation energy of the DF process.

The time-resolved spectroscopic analysis of the emitter
(10 wt % 1) in an OLED matrix, 4,4’-bis(N-carbazolyl)-1,1’-
biphenyl (CBP), revealed that the emission at 300 K yields a

weaker DF when compared to the Zeonex®

matrix (Figure 3c).
In addition, the emission in CBP was more complicated, due to
the emission spectra that move around with delay time (Figure
S3, Supporting Information File 1). At 5.1 ns, the emission peak
from PF was observed in a red-shifted region (by approxi-
mately 41 nm) than that observed in Zeonex® (Aem = 524 nm)

(Figure S3a in Supporting Information File 1). Thereafter, there

Table 2: Summary of the general photophysical properties of compound 1.

Beilstein J. Org. Chem. 2022, 18, 459-468.

was a monotonic red shift in the emission peak and the gradual
increment during the delay time from O ns to 150 ns, and the
largest red-shifted spectrum was found at 613 nm (at 150 ns)
(Figure S3a, Supporting Information File 1). From 168 ns to
5 us delay time, the emission peak plateaued at around
Aem = 607 nm (Figure S3b, Supporting Information File 1), then
from 5 ps to 32 us, a significant hypsochromic shift of the emis-
sion peak was observed down to 560 nm, and the emission peak
stayed at this value (Figure S3c, Supporting Information File 1).
This behavior brings the proposition that the PF in the
nanosecond range based on a CT character with a little contri-
bution from the 'LE state have inhomogeneous energies.
Firstly, the 'LE state decays, and then decays of the lower-
energy excited states follow. The triplet energy level of 1 is
2.08 eV, which is lower than that in Zeonex® (2.26 eV). A
closer inspection of the transient curves and inset spectra at
microsecond delays let us notice that the spectra shift slightly to
lower energies (Figure S3 in Supporting Information File 1).
This behavior is not unusual in CT-based emitters and can be
explained by local interactions between the dipole moment of
the host and the excited state dipole moment of the TADF mol-
ecule [19].

The activation energy for the TADF process of the D-A com-
pound 1 is as low as 15 meV. Nevertheless, the TADF effi-
ciency of the D-A compound in CBP is much lower when com-
pared to that in Zeonex® and its D-A—D counterpart (Table 2).
First, the DF/PF ratio is much smaller in CBP than in Zeonex®,
suggesting a smaller triplet contribution to the overall emission.
If we compare compound 1 with the previously studied D—A-D
compound, the @py is slightly lower, but the highest impact is
related with DF/PF, where POZ-DBPHZ has the twice higher
value which in total should give a much lower performance in

the device for 1.

Thermal stability
To fabricate the OLED devices by thermal evaporation tech-
niques, a high thermal stability is required. To evaluate the

effect of the donor number on the thermal stability of the

Compd. host Aem [NM[2 ®p P TpE [ns]° Tor[us]®  DF/PFe  Ej[eV]] Sq[eV]® Ty[eV® AEgt[eV]"
1 Zeonex® 524 325 1537+1.35 6.9+£043 5.01 0.028 2.37 2.26 0.11
POZ-DBPHZ Zeonex® 530 295 10.23+0.16 26.4+t1.50 4.72 0.047 2.48 2.40 0.08
1 CBP 565 68.5 16.11+0.38 2.96+0.18 0.98 0.015 2.19 2.08 0.11
POZ-DBPHZ CBP 595 79.0 27zx0.21 0.47 £0.04 1.94 0.019 2.28 2.26 0.02

aThe maximum wavelength of photoluminescence spectra; °photoluminescence quantum yield in degassed; ®prompt fluorescence lifetime; 9delayed
fluorescence lifetime; ethe ratio of delayed fluorescence (DF) to prompt fluorescence (PF); factivation energy of the triplet to singlet transfer
(error + 0.01 eV); 9singlet and triplet energy (error + 0.03 eV); Nenergy splitting (error + 0.05 eV). All parameters estimated at 300 K.
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DBPHZ-cored D-A type emitter, the degradation temperature
T4 (5 wt % loss) was investigated by thermogravimetric analy-
sis (TGA), which showed a high Ty (5 wt % loss under N at-
mosphere) of compound 1 (342 °C) (Figure S4a in Supporting
Information File 1), which is high enough for a thermal deposi-
tion process. However, when compared with the D-A-D
counterpart, the T4 of 1 is much lower (by 111 °C) than that of
POZ-DBPHZ (453 °C) [17]. These data would support that
the increase in the sterically hindered donors in emitting mole-
cule suppress intermolecular contact to enhance the thermal

Beilstein J. Org. Chem. 2022, 18, 459-468.

OLED fabrication and characterization
The OLED device was fabricated and characterized in the CBP
host (Figure 4). The HOMO-LUMO values obtained from the
electrochemical measurement (Figure S5 in Supporting Infor-
mation File 1) were used to evaluate whether the emitter works
in a previously analyzed device structure [17]. The OLED
device structure applied the following configuration: —-ITO/NPB
[N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-di-
amine] (40 nm)/10% of 1 in CBP (20 nm)/TPBi [2,2°,2’"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1H-benzimidazole)] (20 nm)/BCP
(bathocuproine)] (20 nm)/LiF (1 nm)/Al (100 nm)- (Figure 4).
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Figure 4: The characteristics of the OLED devices: a) electroluminescence spectra; b) current density-bias characteristics; ¢) EQE—current density

characteristics; d) luminance—current density characteristics.
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The external quantum efficiency (EQE) was measured at around
11.4%, where the device fabricated with the previously studied
D-A-D compound POZ-DBPHZ showed 16%. As for
luminance, a high luminance of 27,060 cd/m? was obtained,
which is slightly lower than that we previously reported
(>35,000 cd/mz) [17]. A positive aspect about the device fabri-
cated with compound 1 is the lower efficiency roll-off when
compared with the previously studied D-A-D emitter. As the
result, the efficiency is higher for the D-A compound 1 above
10,000 cd/m?2, and at the luminance, the EQE was kept around
10%, whereas in the case of doubly donor-substituted com-
pound POZ-DBPHZ, the EQE dropped below 10% [17].

Theoretical calculations

We performed electronic structure calculations on both the D-A
(1) and D-A-D (POZ-DBPHZ) compounds to understand
better their respective TADF mechanisms and the efficacy of
introducing two electronic donors on the acceptor unit. The
calculations employed density functional theory (DFT) with the
long-range corrected wPBE functional and the 6-31G(d,p) basis
set. Tuning of the range separation parameter was performed for
both molecules [20] with the results collected in Table S1 (Sup-
porting Information File 1). The Tamm-Dancoff (TDA)
approximation was used in all excited state calculations and sol-
vent effects were included by means of the polarizable continu-
um model (PCM) associated with a perturbative state specific
solvation method using toluene as solvent. The photophysics of
both molecules was analyzed using a unified approach for pho-
tophysical rate calculations that employs the nuclear ensemble
method as implemented in the NEMO software [21,22] inter-
faced with the QChem 5.0 program suite [23]. A total of 500
geometries were sampled for each molecule and for each rele-
vant electronic state. From these calculations, emission spectra
were computed along with fluorescence, phosphorescence, and
ISC rates, providing us insight into the mechanism behind the
photophysical behavior of the molecules under analysis in this
work.

Taking fluorescence properties as starting point, the simula-
tions point out considerable similarity between the spectra of
the D—A and D-A-D compounds. As shown in Figure S6 (Sup-
porting Information File 1), the calculated fluorescence peaks
lie at 510 nm and 505 nm for the D-A and D-A-D compounds,
respectively. These results agree very well with those obtained
from the measurement in Zeonex® (Table 2), which has a simi-
lar dielectric constant as toluene (=2.3), the solvent used in the
calculations. A comparison with results from steady-state PL
spectra (Table 1), however, show that the predicted peak
matches measurements made with cyclohexane, but appear to
be blue shifted with respect to measurements in toluene.

Considering that cyclohexane has only a slightly lower dielec-

Beilstein J. Org. Chem. 2022, 18, 459-468.

tric constant (=2.0) than toluene, it is reasonable that calcula-
tions would produce similar predictions, which makes the red-
shifted experimental emission in toluene more surprising. In ad-
dition to similarities in fluorescence energy, the D—-A (1) and
D-A-D (POZ-DBPHZ) compounds share very close calcu-
lated fluorescence rates (2.2 X 107 s7! and 1.8 x 107 s_l, respec-
tively) which translate into prompt fluorescence lifetimes of
45 ns and 54 ns, respectively. These values are in the same
order of magnitude as the experimental lifetimes shown in
Table 2, further indicating the appropriateness of the theoretical
approach.

From the first singlet excited state, we have estimated ISC rates
for both molecules. Table S5 in Supporting Information File 1
shows the calculated ISC rates from S; to the first five triplet
states. For both molecules, the estimated rate values are compa-
rable or larger than those for fluorescence, which makes the ISC
process competitive. Comparing all available processes from
the S state, we are able to estimate probabilities for each transi-
tion (detailed in Supporting Information File 1, Table S8 and
Table S9). In the case of the D-A compound 1, the singlet
population is expected to split mostly into T; (33%) and T,
states (42%), with about 2% probability expected for prompt
fluorescence. On the other hand, for the D—A-D compound
POZ-DBPHZ, transitions to T display 48% probability where-
as fluorescence has around 4%. The remaining probabilities are
mostly distributed between transfers to T, and T3 with about
20% each.

Transfers to higher lying triplet states may end up relaxing to
the lowest triplet state by means of internal conversion. In this
sense, it is important to look into the energy gaps between
triplet states of both molecules. Considering the average gaps
taken from all the conformations sampled in the nuclear ensem-
ble from the T state geometry, we obtain T; to T, gaps of
approximately 0.4 eV for both compounds. This significant
value suggests the possibility of the T, population not necessar-
ily decaying to T; instantly. In contrast, the average energy
difference between two adjacent triplet levels above T, is
approximately 0.1 eV for both molecules, which indicates that
internal conversion should be very efficient.

Following the above observations, we estimated rISC rates from
the first two triplet states of both molecules and the results are
collected in Table S6 and Table S7 (Supporting Information
File 1). It is worth noting, that the D-A-D compound POZ-
DBPHZ presents rISC rates that are larger than those of its
D-A counterpart 1 by roughly one order of magnitude, which
suggests that the addition of an extra donor unit is able to
improve the TADF efficiency. For both triplet states, rISC

transfers to Sy are overwhelmingly larger than those to higher
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singlet states. Similarly, these transfer rates to S; are orders of
magnitude larger than estimated phosphorescence rates (Table
S3 in Supporting Information File 1). The analysis of the proba-
bilities associated with each transfer mechanism from T and T,
(shown in Table S8 and Table S9 of Supporting Information
File 1) indicates that the expected depopulation mechanism for
the first two triplet states is dominated by an rISC back to the
first excited singlet state, which is responsible for the TADF be-
havior observed in both molecules.

The rate estimates finally allow us to paint a picture of the
TADF mechanism of the two compounds. This is schematically
shown in Figure 5, along with the calculated rates for each of
the represented processes. In addition, we present natural transi-
tion orbitals (NTOs) for the three excited states most relevant
for the TADF mechanism. These NTOs demonstrate the similar
CT character of the S| state of both compounds, which helps
explain their coinciding fluorescence spectra. Finally, the NTOs
for the triplet states indicate a possible source for the difference
in their TADF efficiencies. Whereas the first two triplet states
of the D-A compound 1 correspond mostly to excitations local-
ized in the acceptor fragment, the T and T, states on the
D-A-D molecule POZ-DBPHZ display a mixed CT/LE char-
acter. It is known that having two states with different elec-
tronic characters allows for larger spin—orbit couplings, so we
would expect these couplings to be larger in the case of the
D-A molecule when comparing with the D-A-D compound.
This is indeed the case, as the average spin—orbit coupling for
the T; to S; transition in the D—A compound 1 is 0.462 meV,
whereas for the D—A-D compound POZ-DBPHZ it is
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0.177 meV. However, the average energy gap taken from all
geometries in the nuclear ensemble for this transition is 0.37 eV
for the D-A-D compound and 0.71 eV for the D-A molecule.
As such, the higher similarity in electronic character between
the singlet and triplet states of the D—A-D molecule was
enough to decrease the average energy gap without compro-
mising significantly the spin—orbit coupling, resulting in an

overall better TADF performance.

Conclusion

In conclusion, we have developed a new D—A-type TADF com-
pound and investigated its physicochemical properties for com-
parison with the corresponding D-A-D analogue. The number
of donor units has no effect on the absorption, due to the highly
twisted D—A(-D) structures, while an additional donor unit led
to a slight red shift in photoluminescence by the stabilization of
the charge-transfer singlet excited states (\CT). Most important-
ly, the additional donor unit not only lowers the 'CT energy but
also is bringing the T energy to the approximation of the SLE4
energy, leading to a narrower singlet—triplet energy gap and a
more efficient TADF process, when compared with the mono-
donor-substituted compound. On one hand, the comparison of
the activation energy for the TADF process for the two com-
pounds gave an inversed order of energy. In addition, the one-
less number of donor units in the molecular scaffold led to
lower solubility in organic solvents and thermal stability,
presumably due to the less steric hindrance around the m-ex-
tended conjugated acceptor unit with the unsymmetric mole-
cule structure. The OLEDs fabricated with the D—A emitter
achieved a good EQE up to 11%, which exceeds the theoretical
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Figure 5: Schematics of the TADF mechanisms along with NTOs for the relevant electronic states for a) D-A compound 1 and b) D—A-D compound

POZ-DBPHZ.
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maximum (ca. 5%) of prompt fluorescent emitter-based
OLEDs. The additional donor gave a better EQE of the OLED
device than that fabricated with the D-A compound, due to a
less efficient TADF process. Taken together the experimental
and theoretical calculations, the role of the additional donor unit
in the TADF mechanism is boosting the rISC process by
balancing the singlet—triplet energy gap and spin—orbit cou-
pling. The results showcased herein would allow for designing

efficient TADF emitters more flexibly in the future.
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The interest in organic materials exhibiting thermally activated delayed fluorescence (TADF) significantly increased in recent years

owing to their potential application as emitters in highly efficient organic light emitting diodes (OLEDs). Simple modification of

the molecular structure of TADF compounds through the selection of different electron-donating or accepting fragments opens

great possibilities to tune the emission properties and rates. Here we present the synthesis of a series of novel pyrimidine—carbazole

emitters and their photophysical characterization in view of effects of substituents in the pyrimidine ring on their TADF properties.

We demonstrate that electron-withdrawing substituents directly connected to the pyrimidine unit have greater impact on the

lowering of the energy gap between singlet and triplet states (AEgt) for efficient TADF as compared to those attached through a

phenylene bridge. A modification of the pyrimidine unit with CN, SCH3, and SO,CHj3 functional groups at position 2 is shown to

enhance the emission yield up to 0.5 with pronounced TADF activity.

Introduction

The first reports on highly efficient thermally activated delayed
fluorescence (TADF) mechanism and its successful realization
in organic light emitting diodes (OLEDs) by Adachi and
co-workers [1,2] have drawn the attention to the design and

synthesis of various emissive donor—acceptor organic com-

pounds. Efficient triplet harvesting in TADF compounds leads
to internal quantum efficiencies up to 100% and electrolumines-
cence yields exceeding 20% [3,4]. TADF OLEDs usually
contain pure organic molecules, which avoid expensive noble

metals and allow broad possibilities of molecular design. One of
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the main requirement for efficient TADF is a negligible energy
difference between the lowest singlet and triplet states (AEgt)
which is often obtained in (hetero)aromatic compounds
possessing twisted electron-donor (D) and acceptor (A) frag-
ments with strong intramolecular charge transfer (ICT) [5-7].
Moreover, the number and nature of various side units on the
emitter framework can also affect the properties of TADF com-
pounds [3]. Among the electron-donating units, 9,10-dihy-
droacridine, carbazole or phenoxazine derivatives often are used
as D units, while the m-electron-deficient nitrogen heterocycles
such as triazine, diazines or aromatics containing cyano and
sulfone groups are popular acceptor units for the construction of
highly efficient TADF emitters [8-11]. Pyrimidine (1,3-diazine)
owing to its aromaticity, significant rr-deficiency, strong elec-
tron affinity, high luminous efficiency, good electrical and
optical properties, and easy chemical modification is a desired
structural unit in organic structures targeted for numerous appli-
cations including organic photovoltaic solar cells (OPV) [12-
14], organic field-effect transistors (OFETSs) [15-17], chemical
and biosensors [18-23], and OLEDs [3,7-9,24]. In case of
TADF emitters, a pyrimidine ring is often connected with a
donor unit through a phenylene group as a conjugate m-spacer
(s) [25-28]. As the majority of research describes TADF com-
pounds with D-s—A—s—D layout, reports on TADF properties of
pyrimidine emitters where the pyrimidine moiety is directly
bonded with a donor moiety are scarce [29-31], though several
examples of such pyrimidine-based conjugates found utility as
high triplet energy hosts [32,33]. Envisaging the potential of the
pyrimidine—carbazole pair for achieving efficient deep-blue
emission, we were interested to study the influence of substitu-
ents in position 2 of the pyrimidine ring on the TADF proper-
ties of pyrimidine—carbazole emitters. For this purpose, we per-
formed the synthesis of novel 4,6-bis(3,6-di-tert-butyl-9H-
carbazol-9-yl)pyrimidines modified with various substituents in
position 2 of the pyrimidine ring (Figure 1).

[ N )
N\KN
R
R = H, SMe, SO,Me, CN, Ph, 4-CNCgH,,

3-CNC6H4, 3-BTC6H4, SC6H4-t-BU-4,
80206H4-t-BU-4

Figure 1: 2-Modified 4,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-5-
methylpyrimidines.

Beilstein J. Org. Chem. 2022, 18, 497-507.

For comparison, analysis of the TADF properties of a similar
pyrimidine—carbazole emitter tCbz-mPYR is also included in
this paper [29]. To enhance the electron-accepting character of
the pyrimidine moiety some electron-withdrawing groups,
namely cyano, bromo or sulfonyl groups were introduced
directly or through a phenylene bridge into position 2 of the
pyrimidine ring.

Results and Discussion
Synthesis

Due to the versatile reactivity of a methylthio group in the
pyrimidine nucleus [34,35] we used 4,6-bis(3,6-di-tert-
butyl-9H-carbazol-9-yl)-5-methyl-2-methylthiopyrimidine
(tCbz-mPYR) as a starting material for the synthesis of
2-substituted pyrimidine emitters (Scheme 1). Compound tCbz-
mPYR was synthesized by using the palladium-catalyzed
Buchwald-Hartwig amination reaction of 4,6-dichloro-5-
methyl-2-methylpyrimidine with 3,6-di-tert-butylcarbazole ac-
cording to the procedure reported by us previously [29].

In order to remove the methylthio group in tCbz-mPYR and to
obtain the 2-unsubstituted pyrimidine derivative 1, a hydro-
genolysis reaction employing Raney Ni was carried out. Effi-
cient methods for the introduction of aryl moieties into
methylthio-substituted nitrogen heterocycles such as tCBz-
mPYR are a Ni(0)-catalyzed cross-coupling reaction with Grig-
nard reagents [34,36] or the Liebeskind—Srogl reaction employ-
ing arylboronic acids [37-39]. Taking into account a large
assortment of arylboronic acids and the simplicity of the
method, we chose the Liebeskind—Srogl cross-coupling reac-
tion for the synthesis of the target 2-arylpyrimidine derivatives.
Thus, heating tCbz-mPYR with phenyl-, 4-cyanophenyl-,
3-cyanophenyl-, or 3-bromophenylboronic acid at 130 °C in
dioxane in the presence of Pd(PPh3),, copper(I) 3-methylsalicy-
late (CuMeSal), and Cs,CO3 as a catalyst system furnished the
corresponding 2-substituted pyrimidines 2a—d. For the introduc-
tion of cyano and 4-(fert-butyl)phenylthio groups into position 2
of the pyrimidine, the conversion of the methylthio group to the
better leaving methylsulfonyl group was necessary to perform.
A suitable oxidant for this purpose appeared to be oxone [40].
Thus, the oxidation of tCbz-mPYR with oxone proceeded in
DMEF at 80 °C to provide the 2-methylsulfonyl derivative 3 in
92% yield. Then, treatment of compound 3 with NaCN or
4-(tert-butyl)thiophenol led to the formation of the 2-cyano- and
2-(4-tert-butylphenylthio) derivatives 4 and 5 in 65% and 77%
yield, respectively. Finally, compound 5 in the reaction with
oxone furnished 2-(4-tert-butylphenylsulfonyl) derivative 6 in
reasonable 68% yield. 'H and !3C NMR spectroscopy and
HRMS were employed to confirm the structures of the synthe-
sized compounds (see Figures S1-S27 in Supporting Informa-
tion File 1).
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Scheme 1: Synthesis of 4,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-5-methyl-2-substituted pyrimidines 1-6. Reagents and conditions: i — Raney Ni,
MeOH, 90 °C, 2 h; ii — arylboronic acid (1.3 equiv), Pd(PPhgz)4 (5 mol %), Cs>CO3 (2 equiv; 1 equiv in case of meta-substituted boronic acids),
copper(l) 3-methylsalicylate (2.2 equiv), dioxane, 130 °C, 4 h, argon; iii — oxone (2.5 equiv), DMF, 80 °C, 3 h; iv — NaCN (2.2 equiv), THF, reflux,
3.5 h; v — 4-t-BuCgH4SH (1.1 equiv), EtgN (1.1 equiv), THF, 50 °C, overnight, argon.
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DFT analysis

To assess the structural and electronic properties of the chro-
mophores tCbz-mPYR and 1-6, quantum chemical calcula-
tions were performed. DFT analysis revealed that all studied
compounds were of similar molecular geometry with partially
twisted carbazole units (in the order of 45-47°). The steric
hindrance between the carbazole fragments and the pyrimidine
core was enhanced by introducing a methyl group in position 5
of the latter [29], enabling sufficient HOMO-LUMO decou-
pling. Single-bonded phenyl substituents (compounds 2a—d) are
almost coplanar with the pyrimidine core (dihedral angle
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0.5-1.5°), while a phenyl group connected with the pyrimidine
ring via a sulfur atom (compounds 5 and 6) is twisted out of the
pyrimidine plane and is not conjugated with the pyrimidine
ring. Despite the similar molecular structures, the studied chro-
mophores showed somewhat different electronic properties,
mainly due to the variation of the acceptor structure. The DFT
computed spatial distribution of frontier molecular orbitals
(FMOs) of compounds tCbz-mPYR and 1-6 is presented in
Figure 2. A comparison of the electronic structures revealed that
the electron density distribution in the HOMO is rather similar
for all molecules and tended to localize on the electron-donat-

compound HOMO LUMO compound HOMO LUMO
tCbz-mPYR 2d
1 3
2a 4
2b 5
2c 6

Figure 2: HOMO and LUMO spatial distributions of carbazole—pyrimidine TADF compounds.
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ing carbazole moiety partially extending to the pyrimidine ring.
The main differences in the electronic structure can be ob-
served in the LUMO distribution. For the 2-methylthio- and
2-(tert-butylphenyl)thio-substituted compounds (tCbz-mPYR
and 5) or the corresponding sulfonyl derivatives (3 and 6), the
LUMO is localized over the electron-withdrawing pyrimidine
unit with low extension to tCbz, being very similar to the
LUMO distribution for pyrimidine derivative 1 without a sub-
stituent at the position 2 of the pyrimidine ring. The m-electron
density distribution in the LUMO of compounds bearing a phe-
nyl (2a), para/meta-cyanophenyl, and meta-bromophenyl
moiety (2b—d) at position 2 of the pyrimidine ring tends to
localize over the pyrimidine ring and nearby phenyl groups, re-
sulting in a lower HOMO-LUMO overlap. A similar LUMO lo-

calization is observed for compound 4 with a 2-cyano group.

The energies of the HOMO level were in the range from
—5.50 eV to —5.70 eV with lower values for those compounds
bearing electron-withdrawing groups (Table 1). The LUMO
energies varied from -1,38 eV for compound 5 with a
phenylthio group to —2.15 eV for compound 2b bearing a
p-cyanophenyl group in position 2 of the pyrimidine ring. The
Sp—S; transition energies ranged from 3-3.4 eV with lower
values for the CN/Br/phenyl-substituted compounds due to the
larger conjugation length of the acceptor unit (also evidenced
by a deeper LUMO), followed by lower oscillator strengths of
So—S; transition due to more evident HOMO-LUMO decou-
pling (=0.04 vs ~0.4). Lower singlet—triplet energy gaps were
estimated for compounds with stronger acceptor units (down to
200 meV), beneficial for efficient thermal triplet upconversion.

Absorption and emission properties
Absorption (107 M toluene solutions) and emission spectra
(1 wt % PMMA films) of the carbazole—pyrimidine TADF
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compounds are shown in Figure 3 and details are enclosed in
Table 2. The absorption spectra were rather similar for all com-
pounds, described with, typical for tCbz units, vibronic progres-
sion-having peaks bellow ~340 nm [41]. Molar absorption coef-
ficients were in the range of 19700-34200 M~! cm™!, being in
line with DFT predicted Sy— S oscillator strengths and LUMO
energies. The fluorescence spectra, on the other hand, showed
much larger differences upon the modification of the acceptor
unit. In this case, the emission wavelength was tuned in the
range of 480 meV, starting from 411 nm (compounds 1 and 2a)
to 468 nm (compound 2b). Such trend was in line with the
increase of the strength of the acceptor unit, namely the energy
of the LUMO (see Table 1 and Figure S28 in Supporting Infor-
mation File 1), while the lower emission energy was observed
for compounds with more pronounced charge-transfer (CT)
character. This was also evidenced by larger FWHM values of
fluorescence spectra for compounds with stronger CT emission
(e.g., compounds 1 and 4). The phosphorescence (PH) spectra
of the carbazole—pyrimidine TADF compounds were rather
intriguing. 10 K PH spectra of compounds tCbz-mPYR, 1, 3, 5,
and 6 clearly resembled that of individual tCbz units, peaking at
about 418 nm [29], while for the rest of the compounds the PH
spectra were red-shifted, though still maintaining the vibronic
structure. However, the closer inspection of the PH spectra, see
Figure S29 in Supporting Information File 1, revealed that all
PH spectra coincided with that of the tCbz unit. Actually, the
lowest-energy 0-0’ vibronic peak was of very low intensity for
compounds 2a—d or 4 as well as the intensity ratio of high-
energy replicas was also different, though the T energy was the
same for all carbazole—pyrimidine compounds. The compounds
2a—d and 4 have one common feature, namely, their acceptor
unit is modified with various phenyl-like fragments, increasing
the flexibility of the molecular structure, probably altering the

electron—vibronic coupling. A similar behavior was observed

Table 1: DFT computed Sp— S¢/T1 transition energies, oscillator strengths of Sp— Sy transitions, and AEgT values of carbazole—pyrimidine TADF

compounds.
Compd. fSO_,31a ESO—>S1 (eV)b Eso_;ﬁ (eV)C AES1T1 (meV)d HOMO (eV)e LUMO (eV)f
tCbz-mPYR 0.3940 3.4265 3.1380 289 -5.53 -1.42
1 0.3999 3.4508 3.1400 311 -5.53 -1.39
2a 0.0383 3.4094 2.9911 418 -5.51 -1.52
2b 0.0360 2.9562 2.7535 203 -5.61 -2.15
2c 0.0473 3.1616 2.9003 261 -56.57 -1.89
2d 0.0465 3.2820 2.9518 330 -5.55 -1.71
3 0.3959 3.2132 2.9251 288 -5.66 -1.79
4 0.0496 3.0245 2.7858 239 -5.70 -2.09
5 0.4100 3.4377 3.1390 299 -5.50 -1.38
6 0.3779 3.2706 2.9864 284 -5.63 -1.71

ag,— Sy transition oscillator strength; PSy— S+ transition energies; ¢Sy— T4 transition energies; Isinglet-triplet energy gap; ®HOMO energies; LUMO

energies.
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Figure 3: Absorption (grey lines), fluorescence (black lines) and 10K
phosphorescence (red lines) spectra of carbazole—pyrimidine TADF
compounds. 10~2 M toluene solutions were used for absorption mea-
surements, while 1 wt % PMMA films were used for emission mea-
surements.

for similar pyrimidine TADF compounds [42]. Moreover, fluo-
rescence line shapes of compounds 2a and 2d were different
from the rest of compounds with low-energy shoulder. More

detailed analysis (see Figure S30 in Supporting Information
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File 1) revealed the presence of room-temperature phosphores-
cence (RTP), perturbing the lineshape of PL spectra. The esti-
mated singlet—triplet energy gaps (AEgt) of carbazole—pyrimi-
dine TADF compounds were in the range of 159-530 meV,
systematically decreasing for compounds with stronger acceptor
unit (see Figure S28d in Supporting Information File 1). AEgt
was large for the majority of compounds, however, for com-
pounds 2b, 3, 4, and 6 modified with CN and SO,CH3 groups
AEgt was as low as 159 meV, promising for efficient thermally

activated triplet upconversion.

Fluorescence decay transients of 1 wt % PMMA films of
carbazole—pyrimidine TADF compounds are shown in Figure 4.
Typical for TADF compounds temporal profiles having two
decay regimes were observed when the initial decay was of
prompt fluorescence and the latter one was of TADF. The PF
decay rate (1-4 x 108 s71) was typical for directly bound
carbazole—pyrimidine TADF compounds [43,44], though a
somewhat lower value was estimated for compound 3 modified
with a methylsulfonyl group. More insights could be drawn by
analyzing the fluorescence quantum yield (®p) as well as radia-
tive (k;) and non-radiative (k,,) fluorescence decay rates (see
Table 2). The ®pp was typical for carbazole—pyrimidine TADF
compounds [31,43,44], in the range of 0.01-0.07 and decreased
for compounds with stronger acceptor units (see Figure S28b in
Supporting Information File 1). The radiative decay rate was in
the range of 1.3—-13.0 x 10° s™L. Typically, k, was larger for
compounds with weaker acceptor units and a lower CT fluores-
cence strength (see Figure S28c in Supporting Information
File 1). In case of ky;, a similar analysis is hardly possible, as ky,
accounts for two different rates, namely internal conversion to
So and intersystem crossing. However, some faint trends could
be seen, as compounds with the strongest donor units tend to

have the larger k,, (compounds 2b-d).

In case of delayed fluorescence, more complicated fluorescence
temporal profiles were observed, aggravating its analysis. DF
decay transients were perturbed by conformational disorder,
typical for D-A TADF compounds in solid films [41,45-47].
The presence of conformational disorder made exponential
fitting of DF transients hardly possible due to the multiexponen-
tial temporal profiles of the DF decay. Unfortunately, TADF
decay rates were inaccessible. Similar emission decay tran-
sients were also estimated for RTP compounds 2a and 2d both
at singlet and triplet emission peaks (see Figure S31 in Support-
ing Information File 1). The largest DF quantum yield, ranging
from 0.34-0.49, was estimated for compounds tCbz-mPYR, 3,
and 4 with the lowest AEgT, modified with CN, SCH3, and
SO,CHj functional groups directly at the pyrimidine unit. The
introduction of phenyl substituents (compounds 2a—d) or S-aryl

units (compounds 5 and 6) at position 2 of the pyrimidine ring
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Table 2: Fluorescence parameters of carbazole—pyrimidine TADF compounds.

Compd. )\abs € ApL (DPFd
(m)2  (M~lem™")°  (nm)°
tCbz-mPYR 339 22000 415 0.05
1 339 33420 411 0.07
2a 339 29100 411 0.03
2b 339 34200 468 0.01
2c 339 28700 410 0.01
2d 339 30700 447 0.01
3 357 23000 440 0.06
4 358 19700 460 0.01
5 341 27400 408 0.03
6 355 23000 441 0.04

Ope® g ké k%r A OpF/Ppr  AEsT
(x10 (x1085)9  (x108s) (meV)
0.40 2.5 13.0 2.4 8.0 530
0.11 1.4 9.3 1.3 1.6 397
0.06 2.1 6.8 2.0 2.0 510
0.24 3.1 3.0 3.1 24.0 128
0.18 3.0 3.7 3.0 18.0 443
0.05 4.2 2.4 4.1 5.0 501
0.49 0.7 4.0 0.6 8.2 265
0.34 1.1 1.3 1.0 34.0 159
0.05 3.0 8.2 2.9 1.7 530
0.02 1.2 5.1 1.1 0.5 273

aAbsorption peak in toluene; Pmolar absorption coefficient in toluene; ®fluorescence peak in 1 wt % PMMA; 9prompt fluorescence quantum yield
1 wt % PMMA,; edelayed fluorescence quantum yield 1 wt % PMMA; ffluorescence decay rates 1 wt % PMMA; g!'adiative decay rates 1 wt % PMMA;
hnonradiative decay rates 1 wt % PMMA; iorompt and delayed fluorescence quantum yield ratio 1 wt % PMMA,; isinglet-triplet energy gap 1 wt %

PMMA.
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Figure 4: Fluorescence decay transients of 1 wt % PMMA films of carbazole—pyrimidine TADF compounds in oxygen-free conditions.

led to lower ®pE, probably due to the enlarged nonradiative
decay rate. Interestingly, AEgT was remarkably larger for tCbz-
mPYR despite its high ®pp. In this case, rISC probably was
promoted by efficient triplet upconversion through spin-vibroni-
caly bound T, energy levels [48].

Conclusion

In summary, a series of novel pyrimidine—carbazole TADF
emitters bearing different substituents in position 2 of the
pyrimidine moiety were successfully prepared by using Liebe-
skind—Srogl cross-coupling, hydrogenolysis, oxidation reac-
tions of 4,6-bis(3,6-di-tert-butyl-9-carbazolyl)-5-methyl-2-
methylthiopyrimidine and following nucleophilic substitution of

the methylsulfonyl group with sodium cyanide and 4-(tert-
butyl)thiophenol. The thorough photophysical analysis was
carried out to assess the impact of different substituents in
position 2 of the pyrimidine ring. It was shown that
HOMO-LUMO overlap and the resulting AEgt can be easily
minimized, enabling rather efficient TADF. We have shown
that electron-withdrawing substituents connected directly to the
pyrimidine unit have a larger impact on TADF efficiency in
comparison with those attached through a phenylene bridge.
The largest delayed fluorescence quantum yield, ranging from
0.34-0.49, was estimated for compounds with CN, SCH3, and
SO,CHj3 functional groups at the position 2 of the pyrimidine
unit. We believe that our findings on the TADF properties of
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differently substituted carbazole—pyrimidines will be useful for
molecular design of high-performance TADF emitters in the

future.

Experimental

General information

Reagents and solvents were purchased directly from commer-
cial suppliers and solvents were purified by known procedures.
Melting points were determined in open capillaries with a
digital melting point IA9100 series apparatus (ThermoFischer
Scientific) and were not corrected. Thin-layer chromatography
was performed using TLC aluminum sheets with silica gel
(Merck 60 F254). Visualization was accomplished by UV light.
Column chromatography was performed using silica gel 60
(0.040-0.063 mm, Merck). NMR spectra were recorded on a
Bruker Ascend 400 (400 MHz and 100 MHz for 'H and '3C, re-
spectively). 'H NMR and 13C NMR spectra were referenced to
residual solvent peaks. High-resolution mass spectrometry
(HRMS) analyses were carried out on a Dual-ESI Q-TOF 6520

(Agilent Technologies) mass spectrometer.

Photophysical properties were analyzed in 107 M toluene solu-
tions as well as 1 wt % PMMA (poly(methyl methacrylate))
films. The solid-state samples were prepared by dissolving the
compounds and polymer or host material at appropriate ratios in
toluene solution and then wet-casting the solutions on quartz
substrates. The absorption spectra were recorded by a Lambda
950 UV-vis—NIR spectrometer (Perkin Elmer). The fluores-
cence quantum yields (®p) in ambient air were estimated by the
integrating sphere method [49] in integrating sphere (Sphere
Optics) coupled to a CCD spectrometer PMA-12 (Hamamatsu)
via optical fibers excited with a CW xenon lamp. ®pg and Opg
values were estimated according to [50]. Time-integrated fluo-
rescence, phosphorescence spectra as well as fluorescence
decay kinetics were recorded with a time-gated intensified
iCCD camera iStar DH340T (Andor) with a spectrograph
SR-303i (Shamrock) coupled with nanosecond YAG:Nd3* laser
NT 242 with an optical parametric generator (Ekspla, pulse
width 7 ns, 1 kHz frequency, 100 nJ pulse energy). Fluores-
cence decay transients were obtained by exponentially increas-
ing the delay and integration time [51]. Phosphorescence spec-
tra were recorded at 10 K temperature after a 100 us delay with
a 49 ms integration time. Solid-state samples were mounted in a
closed cycle He cryostat (Cryo Industries 204 N) for PL mea-

surements in oxygen-free conditions.

Quantum chemical calculations were carried out by using densi-
ty functional theory at the B3LYP/6-31G(d) level as imple-
mented in a software package Gaussian 09 [52]. The solvation
behaviour of the surrounding toluene was estimated by the
polarizable continuum model. Although the B3LYP/6-31G(d)
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theory level due to the neglected long-range exchange interac-
tion can give less accurate results for calculated molecular
geometries and transition energies [53], however, it should be

sufficient for brief analysis.

Procedures and product characterization
4,6-Bis[3,6-di(tert-butyl)-9H-carbazol-9-yl]-5-methylpyrimi-
dine (1). Compound 1 was synthesized in a manner similar to
[30]. A mixture of compound tCbz-mPYR (90 mg, 0.13 mmol,
1 equiv), Raney nickel (270 mg, 3 equiv by mass), prepared
before reaction according to [54], and methanol (3 mL) were
placed in a screw-cap vial equipped with a magnetic stirring
bar. The reaction mixture was heated at 90 °C under stirring for
2 h. Then, Raney nickel was filtered off and washed with hot
chloroform. The filtrate was concentrated and the obtained
residue was purified by column chromatography using chloro-
form/petroleum ether 2:1 to pure chloroform as an eluent to
give 13.5 mg (16%) of compound 1. Mp > 300 °C (from
2-propanol); I'H NMR (400 MHz, CDCl3) 6 1.52 (s, 36H,
(CH3)3C), 2.01 (s, 3H, CHj3), 7.48 (d, J = 8 Hz, 4H, CHcy,),
7.62 (d, J = 8 Hz, 4H, CHcyy), 8.18 (s, 4H, CHcyy), 9.23 (s, 1H,
CH,y) ppm; 13C NMR (100 MHz, CDCl3) & 15.2, 31.9, 34.9,
110.7, 116.6, 121.8, 124.2, 124.7, 137.8, 144.6, 157.1, 160.2
ppm; HRMS-ESI (m/z): [M + H]* calcd for C45Hs3Ny,
649.4265; found, 649.4265.

2-Aryl-4,6-bis[3,6-di(tert-butyl)-9H-carbazol-9-yl]-5-
methylpyrimidines 2a-d

General procedure. 4,6-Bis(3,6-di-fert-butyl-carbazol-9-yl)-5-
methyl-2-methylthiopyrimidine (50 mg, 0.072 mmol), the cor-
responding boronic acid (0.094 mmol), CuMeSal (34 mg,
0.158 mmol), Pd(PPh3)4 (4.2 mg, 0.0036 mmol), Cs,CO3
(46.8 mg, 0.144 mmol, in case of mera-substituted boronic acid,
1 equiv) and dioxane (3 mL) were placed in a screw-cap vial
equipped with a magnetic stirring bar and flushed with argon
for 10 min. The reaction mixture was heated at 130 °C under
stirring for 4 h. Then, dioxane was removed by distillation
under reduced pressure, water (40 mL) was added to the
residue, and the mixture was extracted with chloroform
(3 x 25 mL). The combined extracts were washed with brine,
dried with anhydrous NaySQOy, filtered, and chloroform was re-
moved by distillation under reduced pressure. The residue was
purified by column chromatography using chloroform/petro-
leum ether (1:1 for compound 2a; 1:2 for compounds 2b, 2c;
1:4 for compound 2d) as an eluent to give the corresponding

product.

4,6-Bis[3,6-di(tert-butyl)-9H-carbazol-9-yl]-5-methyl-2-
phenylpyrimidine (2a). Yield 48%; mp > 320 °C (from
2-propanol); I'H NMR (400 MHz, CDCl3) 6 1.54 (s, 36H,
(CH3)3C), 1.96 (s, 3H, CH3), 7.52-7.59 (m, 7H, ArH, CHcy,,)
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7.61-7.66 (m, 4H, CHcy,), 8.20 (s, 4H, CHcyp,), 8.58-8.63 (m,
2H, ArH) ppm; 13¢ NMR (100 MHz, CDCl3) d 15.2, 32.0,
34.86; 111.0, 116.5, 118.4, 124.0, 124.6, 128.4, 128.7, 131.1,
136.9, 137.9, 144.4, 160.2, 163.0 ppm; HRMS-ESI (m/z):
[M + H]* calcd for C51Hs7Ny, 725.4578; found, 725.4576.

4,6-Bis[3,6-di(tert-butyl)-9H-carbazol-9-yl]-2-(4-cyano-
phenyl)-5-methylpyrimidine (2b). Yield 35%; mp 266-270 °C
(from 2-propanol); IH NMR (400 MHz, CDCl3) d 1.54 (s, 36H,
(CH3)3C), 2.00 (s, 3H, CH3), 7.54 (d, 3J = 8.61 Hz, 4H,
CHcpy), 7.64 (dd, 37 = 8.61 Hz, %J = 1.69 Hz, 4H, CHcy,), 7.82
(d, 37 = 8.35 Hz, 2H, ArH), 8.21 (d, %J = 1.61 Hz, 4H, CHcy,),
8.70 (d, 3J = 8.35 Hz, 2H, ArH) ppm; '3C NMR (100 MHz,
CDCl3) & 15.4, 32.0, 34.9, 110.9, 114.3, 116.7, 118.9, 119.7,
124.1, 124.7, 128.8, 132.6, 137.7, 140.9, 144.7, 160.5 ppm;
HRMS-ESI (m/z): [M + H]" caled for CsyHs¢N5s), 750.4530;
found, 750.4534.

4,6-Bis[3,6-di(tert-butyl)-9H-carbazol-9-yl]-2-(3-cyano-
phenyl)-5-methylpyrimidine (2¢). Yield 19%; mp 233-236 °C
(from 2-propanol); 'H NMR (400 MHz, CDCl3) d 1.44 (s, 36H,
(CH3)5C), 1.89 (s, 3H; CHj3), 7.43 (d, 3J = 8.63 Hz, 4H,
CHcy,), 7.52-7.56 (m, 5H, CHyp,, ArH), 7.71 (d, 3J = 7.7 Hz,
1H, ArH), 8.10 (d, *J = 1.68 Hz, 4H, CHcy,), 8.72 (d, 3J =
8.0 Hz, 1H, ArH), 8.77 (s, 1H, ArH) ppm; '3C NMR (100 MHz,
CDCl3) d 15.4, 32.0, 34.9, 110.8, 113.0, 116.7, 118.7, 119.7,
124.2, 124.7, 129.6, 131.9, 132.5, 134.2, 137.7, 138.1, 144.7,
160.5, 160.8 ppm; HRMS-ESI (m/z): [M + H]* calcd for
Cs5oHs6Ns, 750.4530; found, 750.4524.

4,6-Bis[3,6-di(tert-butyl)-9H-carbazol-9-yl]-2-(3-bromo-
phenyl)-5-methylpyrimidine (2d). Yield 55%; mp > 250 °C;
'H NMR (400 MHz, CDCl3) & 1.54 (s, 36H, (CH3)3C), 1.95 (s,
3H, CH3), 7.40 (t, 3J = 7.88 Hz, 1H, ArH), 7.53 (d, 3J = 8.6 Hz,
4H, CHcy,), 7.63 (dd, 3J = 8.68 Hz, 47 = 1.92 Hz, 4H, CHcy,),
7.67 (m, 1H, ArH), 8.20 (d, %J = 1.64 Hz, 4H, CHcy,,), 8.53 (dt,
3] =8.0 Hz, ¥ = 1.24 Hz, 1H, ArH), 8.72 (t, ¥/ = 1.72 Hz, 1H,
ArH) ppm; 13¢ NMR (100 MHz, CDCl3) d 15.2, 32.0, 34.9,
110.9, 116.6, 119.2, 123.0, 124.1, 124.6, 127.0, 130.3, 131.2,
134.0, 137.8, 139.0, 144.5, 160.4, 161.7 ppm; HRMS-ESI
(m/z): [M + H]* calcd for C51Hs5¢BrNy, 803.3683; found,
803.3675.

4,6-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-5-methyl-2-
methylsulfonylpyrimidine (3). A mixture of compound tCbz-
mPYR (60 mg, 0.086 mmol), oxone (133.2 mg, 0.217 mmol,
2.5 equiv by active component), and DMF (3 mL) were stirred
at 80 °C for 3 h. After completion of the reaction, water
(40 mL) was added to reaction mixture and the aqueous solu-
tion was extracted with chloroform (3 x 25 mL). The combined

extract was washed with brine twice, dried with anhydrous
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Na,SQy, filtered, and chloroform was removed by distillation
under reduced pressure. The residue was purified by column
chromatography using chloroform/petroleum ether 2:1 as an
eluent to give 58 mg (92%) of compound 3. Mp > 350 °C (from
2-propanol); 'H NMR (400 MHz, CDCl3) 6 1.52 (s, 36H,
(CHj3)5C), 2.03 (s, 3H, CH3), 3.45 (s, 3H, CH3S0,), 7.54 (d,J =
8.65 Hz, 4H, CH), 7.64 (dd, J = 8.67 Hz, J = 1.89 Hz, 4H, CH),
8.15 (d, J = 1.68 Hz, 4H, CH) ppm; 13C NMR (100 MHz,
CDCl3) 8 16.5, 31.9, 34.9, 39.4, 111.2, 116.7, 122.6, 124.4,
125.2, 137.3, 145.6, 160.8, 162.5, 163.8 ppm; HRMS-ESI
(m/z): [M + H]* calcd for C46Hs55N40,S, 727.4040; found,
727.4034.

4,6-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-5-methylpyrimi-
dine-2-carbonitrile (4). A mixture of compound 3 (50 mg,
0.069 mmol), NaCN (7.4 mg, 0.151 mmol), and THF (2 mL)
was refluxed under stirring for 3.5 h. After completion of the
reaction, THF was removed by distillation under reduced pres-
sure, water (30 mL) was added to the residue, and the aqueous
solution was extracted with chloroform (3 x 25 mL). The
combined extract was washed with brine, dried with anhydrous
Na,SQOy, filtered, and chloroform was removed by distillation
under reduced pressure. The residue was purified by column
chromatography using chloroform/petroleum ether 1:2 as an
eluent to give 30 mg (65%) of compound 4. Mp > 320 °C (from
2-propanol); I'H NMR (400 MHz, CDCl3) 6 1.43 (s, 36H,
(CH3)3C), 1.92 (s, 3H, CH3), 7.40 (d, 3J = 8.63 Hz, 4H,
CHcy,y), 7.55 (dd, 3J = 8.66 Hz, J = 1.93 Hz, 4H, CHcy,), 8.07
(d, 4J = 1.67 Hz, 4H, CHcp,) ppm; '3C NMR (100 MHz,
CDCl3) 8 16.4, 31.9,34.9, 111.0, 115.4, 116.8, 123.8, 124.3,
125.1, 137.2, 142.4, 145.6, 160.7 ppm; HRMS-ESI (m/z):
[M + H]* caled for C46Hs5oN5, 674.4217; found, 674,4213.

4,6-Bis[3,6-di(tert-butyl)-9H-carbazol-9-yl]-2-[4-(tert-
butyl)phenylthio]-5-methylpyrimidine (5). A mixture of com-
pound 3 (40 mg, 0.055 mmol), 4-(tert-butyl)thiophenol
(10.4 pL, 0.061 mmol), NEt3 (8.4 pL, 0.061 mmol), and THF
(2 mL) were placed in a screw-cap vial equipped with a mag-
netic stirring bar and flushed with argon for 10 min. The reac-
tion mixture was stirred at 50 °C overnight. Then, THF was re-
moved by distillation under reduced pressure, water (30 mL)
was added to residue, and the aqueous solution was extracted
with chloroform (3 X 25 mL). The combined extract was
washed with brine, dried with anhydrous Na,;SQOy, filtered, and
chloroform was removed by distillation under reduced pressure.
The residue was purified by column chromatography using
chloroform/petroleum ether 1:2 as an eluent to give 35 mg
(77%) of compound 5. Mp 214-217 °C (from 2-propanol);
'H NMR (400 MHz, CDCl3) 8 1.19 (s, 9H, (CH3)3Cpeny), 1.37
(s, 36H, (CH3)3Ccp;), 1.69 (s, 3H, CHj3), 7.28-7.35 (m, 6H,
ArH, CHcy,), 7.44 (dd, 37 = 8.65 Hz, %J = 1.66 Hz, 4H, CHcp,),
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7.60 (d, 3J = 8.27 Hz, 2H, ArH), 8.00 (d, *J = 1.39 Hz, 4H,
CHcw,) ppm; 3C NMR (100 MHz, CDCl3) & 15.3, 31.3, 32.0,
34.7,34.8, 111.4, 114.8, 116.3, 123.8, 124.6, 125.6, 126.2,
135.7, 137.6, 144.5, 152.6, 159.9, 170.9 ppm; HRMS-ESI
(m/z): [M + H]* calcd for C55HgsN4S, 813.4924; found,
813.4919.

4,6-Bis[3,6-di(tert-butyl)-9H-carbazol-9-yl]-2-[4-(tert-
butyl)phenylsulfonyl]-5-methylpyrimidine (6). Compound 6
was synthesized from compound 5 according to the procedure
described for compound 3. Yield 68%, mp 275-278 °C (from
2-propanol); I'H NMR (400 MHz, CDCl3) 6 1.38 (s, 9H,
(CH3)3Cbenz)’ 1.51 (S, 36H, (CH3)3CCbz)a 1.91 (S, 3H, CH3),
7.43 (d, 3J = 8.66 Hz, 4H, CHcp,), 7.56-7.65 (m, 6H, ArH,
CHcyy), 8.13 (d, 47 = 1.69 Hz, 4H, CHcy,,), 8.17 (m, 2H, ArH)
ppm; 13C NMR (100 MHz, CDCl3) & 16.6, 31.1, 31.9, 34.9,
354, 111.4, 116.6, 121.3, 124.2, 125.1, 126.2, 129.9, 134.5,
137.3, 145.4, 158.2, 160.5, 164.5 ppm; HRMS-ESI (m/z):
[M + H]* calcd for C55Hg5sN40,S, 845.4823; found, 845.4812.

Supporting Information

Supporting Information File 1

Copies of NMR spectra and extended photophysical
properties.
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supplementary/1860-5397-18-52-S1.pdf]
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The changes in absorption and emission of fluorescent materials with the introduction of Lewis acids have been frequently ob-

served due to either physical or chemical interactions. In this mini-review, we elaborate how Lewis acids adjust the optical proper-

ties and the bandgap of luminescent materials by simple coordination reactions. It is common that fluorescent materials containing

Lewis basic nitrogen heterocycles are more likely to provide the feasible band gap modulation. The essence of such phenomenon

originates from Lewis acid—base coordination and adducts, which highly depends on the electron-accepting property of the Lewis

acids. This intermolecular mechanism, considered as post-synthesis of new luminescent compounds offers promising applications

in sensing and electroluminescence by manipulating the frontier molecular orbital energy levels of organic conjugated materials,

simply based on Lewis acid—base chemistry.

Introduction

Organic light emitting diodes (OLEDs) show great potential to
dominate the next generation of flat-panel displays and effi-
cient light sources attributed to the advantages of self-illumina-
tion, high efficiency, wide color gamut, and flexibility [1-3]. In
OLEDs photons are mainly generated by radiative recombina-

tion in the emitting layer [4]. Therefore, the development of

efficient luminescent materials and the exploration of new lumi-
nescent mechanisms are one of the core tasks in academic
research. The most common luminescent materials are fluores-
cent compounds. Based on the spin statistics, the fluorescent
emitters can only use singlet excitons for light generation [5]. In

contrast, phosphorescent materials based on metal complexes
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could achieve a high internal quantum efficiency (IQE) up to
100% through intersystem crossing (ISC) [6,7]. In 2012, Adachi
et al. first reported purely organic thermally activated delayed
fluorescent (TADF) materials, which achieved nearly 100%
exciton utilization via reverse intersystem crossing (RISC) [8].
Meanwhile, novel materials based on new luminescence mecha-
nisms such as hybridized local and charge-transfer (HLCT) and
doublet emission have been designed and demonstrated [9,10].
However, the development of these materials often requires
complicated molecular design and synthesis [11,12]. Alterna-
tively, it is also possible to produce light emission by molecular
exciplexes composed of multiple molecules [13]. The exciplex
contains new excited states through charge transfer between a
donor molecule and an acceptor molecule. This provides a
simple way to create new luminescence processes through the

intermolecular interactions of existing molecules [14].

It has been reported that new emitters can be realized by adding
a Lewis acid to a fluorescent conjugated compound [15,16].
Lewis acids are common complexing agents [17] and are
frequently used to dope conjugated polymers to enhance their
conductivity while the luminescence is completely quenched
[18,19]. In contrast, in the presence of nitrogen-containing
heterocycles in the fluorescent materials, the addition of a
Lewis acid tended to induce red-shifted absorption and emis-
sion, shedding light on the fact that the Lewis acid interacts
easily with the nitrogen-containing fluorescent materials. This
interaction mechanism is the coordination between Lewis acids
and bases, which can finely adjust the optoelectronic properties
of the fluorescent molecules, such as band gaps, peak wave-
lengths, and even frontier molecular orbitals if bound together

[20]. The traditional way to manipulate the optoelectronic prop-

Beilstein J. Org. Chem. 2022, 18, 825-836.

erties of the emitters highly depends on the molecular design
and structures, including linkers, donor and acceptor units,
which requires complex and time-consuming molecular synthe-
sis and optimization [21-23]. In contrast, the introduction of
specific Lewis acid—base pairs in existing molecules can be
utilized to achieve brand new luminescent properties. In this
mini-review, we summarize unique electron donor and acceptor
materials which regulate luminescent properties via Lewis
acid—base interactions and briefly explain the exploration of

their chemical nature and interaction mechanisms.

Review
Lewis acids as electron acceptors

Some Lewis acids have good solubility in common organic sol-
vents, which makes it easy to fabricate films for optoelectronic
applications [24]. Because of their strong electrophilicity [25],
Lewis acids may dominate charge distributions of the fluores-
cent materials featured with electron-rich nitrogen-containing
heterocycles, resulting in the change of energy levels and spec-
tra. The following will illustrate Lewis acids used in the explo-
ration of luminescent materials and mechanisms due to Lewis
acid-base interactions. The chemical structures of some candi-
date Lewis acids are shown in Figure 1.

In 2002, Monkman reported the addition of camphor sulfonic
acid (CSA) to the fluorescent polymer poly{2,5-pyridylene-co-
1,4-[2,5-bis(2-ethylhexyloxy)]phenylene} (compound 1 in
Figure 2) containing pyridine groups led to the protonation
effect [26]. CSA has strong acidity and low volatility, which is
feasible to be bound with pyridine groups. As shown in
Figure 3a, the protonation by CSA resulted in a significant red-

shift in the photoluminescence (PL) spectrum, which was simi-

O o
o cl. .Cl
SO3H 7 i
3 o Cl HCI Br F Cl
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H F
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H H F F
TFA HOAc B(CGH5)3 B(CsF5)3

Figure 1: Chemical structures of Lewis acid examples.
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Figure 2: Chemical structures of Lewis basic fluorescent polymer poly{2,5-pyridylene-co-1,4-[2,5-bis(2-ethylhexyloxy)]phenylene} 1 and D—A-D com-

pound 2,5-bis((N,N-diphenylamino)phenyl)thiazolothiazole 2.
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Figure 3: (a) Normalized PL spectra of films with compound 1 doped with different Lewis acids. (b) PL spectra of compound 2 under different acid
conditions in dichloromethane. (c) EL spectra of devices with compound 2 doped with CSA at different concentrations. Figure 3a was reprinted with
permission from [26], Copyright 2002 American Chemical Society. This content is not subject to CC BY 4.0. Figure 3b and 3c were reproduced from
[27] with permission from The Royal Society of Chemistry. This content is not subject to CC BY 4.0.

lar to the cases caused by other Lewis acids such as methanesul-
fonic acid (MSA) and dichloracetic acid (DCA). Wang et al.
used HCI, TFA, and BBr3 as dopants which were respectively
added to the donor—acceptor—donor (D—-A-D) molecule 2,5-
bis((V,N-diphenylamino)phenyl)thiazolothiazole (compound 2
in Figure 2) containing thiazolothiazole units. As shown in
Figure 3b, four different colors ranged from green, yellow, red
and NIR regions, i.e., a dramatic wavelength shift of 215 nm
[27]. Light-emitting devices were fabricated by adding differ-
ent concentrations of CSA into the fluorescent compound and a
wide range of color tunability was observed in the EL spectra
(see Figure 3c).

In 2009, Welch et al. employed the Lewis acid B(C¢F5)3 (BCF)
to bind to nitrogen atoms at the basic site a of -conjugated
polymer, providing a simple strategy to regulate the optical
properties of the A-D—A chromophore with charge transfer
excited state properties [28]. In 2019, Wang et al. constructed a
novel exciplex system by using the Lewis acids B(C¢Fs)3 and
B(CgHs)s as electron acceptors, respectively [29]. B(CgFs5)3

displays high chemical stability and Lewis acidity [30]. More-
over, its good solubility endows the possibility to form Lewis
acid-base adducts in films by solution processing. The strong
electron attraction of the fluorine substituents on the benzene
rings of B(C¢Fs)3 is responsible for its stronger Lewis acidity
compared to B(CgHs)3, and reacted efficiently with the basic
fluorescent materials.

In 2011, Hayashi investigated the modification of pyridyl-
conjugated polymer films with the Lewis acid BF3 [31].
Through repeated acid-base treatment, the polymer film can
achieve reversible color changing. Due to the poor solubility,
the doped polymer film was simply prepared by BF3 vapor
treatment. The schematic diagram is shown in Figure 4. It is
clear that the film achieved a gradient of colors from top to
bottom under 365 nm UV light, which confirmed that the emis-
sion was sensitive to BF3 concentration. Yang et al. used also
TFA to shape the fluorescence emission based on the proton-
ation effect between the dissociated H" and the fluorescent ma-
terial [32].
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Figure 4: Schematic diagram of a BF3-OEt, vapor-treated device and
the macroscopic gradation emissive pattern of polymer films on a glass
plate after treatment and excited by 365 nm UV light. Figure 4 was
reproduced from [31] with permission from The Royal Society of
Chemistry. This content is not subject to CC BY 4.0.
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Lin et al. used the Lewis acids B(C¢F5)3 and AIClj to regulate
the optoelectronic properties of a fluorene-based copolymer
with an sp? nitrogen heteroatom via supramolecular coordina-
tion [33]. The PL emission in solution showed an obvious red-
shifted profile. The polymer LED with different molar equiva-
lents of Lewis acids was investigated. The EL peak wavelength
was gradually red-shifted with increasing the concentration of
the Lewis acid, changing from 440 nm to 520 nm. In order to
further explore the doping mechanism of Lewis acid on organic
semiconductors, Yurash et al. found that B(CgF5)3 possessed
the best doping effect and thus increased the conductivity, com-
pared with BF3, BBr3, and AlCl3, respectively, mixed in the
low bandgap conjugated polymer materials. This is ascribed to

the formation of Lewis acid—base adducts [34].

Fluorescent materials as electron donors

Hancock et al. compared the PL and EL spectra of the m-conju-
gated heterocyclic oligomer 6,6’-bis(2-(1-pyrenyl)-4-octyl-
quinoline) (BPYOQ, compound 3 in Figure 5), which could be

tuned in the whole visible range through the complex reaction
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Figure 5: Chemical structures of Lewis basic fluorescent compounds 3—-14.
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with CSA [35]. This is supposed to be the first EL example of
the protonated organic semiconductor. Compound 3 is an aro-
matic end-capped oligoquinoline, with both quinoline and pyri-
dine as N-containing heterocycles rich in electrons, which are
the key structural factors leading to acid discoloration. At the
same time, Kappaun et al. synthesized a series of conjugated
alternating and statistical copolymers (poly[2,7-(9,9-dihexyl-
fluorenyl)-alt-(2,6-pyridinyl)]) (compound 4 in Figure 5) and
(poly[2,7-(9,9-dihexylfluorenyl)-stat-(2,6-pyridinyl)]) (com-
pound S in Figure 5) with pyrene and pyridine units [36]. The
pyridine groups in the conjugated polymer contain basic sites
presumably induced by nitrogen atoms, where protonation
occurred.

In 2012, Zalar et al. synthesized the conjugated polymer F8Py
(compound 6 in Figure 5), in which the incorporation of the
pyridine co-monomer provides a lone pair of electrons for
binding Lewis acids [37]. The formation of acid—base adducts
accurately regulated the band gap of the luminescent polymer.
The PL spectra in solution showed the evident red-shift upon

mixing the polymer with the Lewis acid (Figure 6a). This prop-

(a) 701 . 2 2 : :

6.0 -
5.0 -

403 [ 1
-
& 3.0 2
2.04
1.0
0.0
400 450 500 550 600 650 700
Wavelength / nm
()
1.4
2 35ul ﬂ’
5_{ 124 TFA TFA
= —
Z 1.0 , OuL.
g oy " ——5uL
£ 05 oy — 1o
: o / ‘\Q 15uL)
A 0.64 | 20p]
E ——25u
o= d 30]J.L
3 0.4 v A sl
S 02 Mw:%_ 45uL
V4 —55pl
00 U]
400 450 500 550 600 650 700 750 800

Wavelength(nm)

~_
G
8
1

Beilstein J. Org. Chem. 2022, 18, 825-836.

erty was also successfully demonstrated in OLEDs to modify

the electroluminescence (EL) characteristics (Figure 6b).

In 2020, Yang et al. designed and synthesized a blue fluores-
cent material CzZPA-F-PD (compound 7 in Figure 5), which
consisted of the twisted A—-m—D-m—A structure with N-(4-
aminophenyl)carbazole (CzPA) as electron donor unit, pyridine
as electron acceptor unit, and 9,9-dioctylfluorene (F) as
m-conjugated linker [32]. Compound 7 showed remarkable dual-
fluorescence properties when mixed with a very small amount
of trifluoroacetic acid (TFA). As shown in Figure 6c¢, the PL
spectra in solution were dominated by the amount of TFA. At
the appropriate ratio, the solution-processed device with com-
pound 7 as single emission layer generated broadband white

light emission under EL process (see Figure 6d).

In 2016, Yamaguchi et al. designed and synthesized a series of
5-N-arylaminothiazoles with 4-pyridyl groups at the 2-position
(compounds 8-12 in Figure 5), which behaved as strong Lewis
basic sites [38]. After adding BCF to compound 12, a new

emission peak was generated in the orange-red region, accom-
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Figure 6: (a) PL spectra of compound 6 in toluene after addition of 0.0 (black line), 0.1 (red line), 0.3 (green line), 0.7 (blue line), 1.3 mol equiv
(orange line) B(CgFs)s. (b) EL spectra of the device with compound 6 at a constant current density of 111 mA cm=2 for 0.00 (black line), 0.01 (red
line), and 0.02 mol equiv (green) B(CgFs5)3. (c) PL spectra of compound 7 in solution containing different amounts of TFA under irradiation of UV light.
(d) EL spectra of devices with different ratios of compound 7 and TFA; device A, compound 7/TFA 50:1 (v/v); device B, compound 7/TFA 5000:1 (v/v);
device C, neat film of compound 7. Figure 6a and 6b were reproduced from [37], P. Zalar et al., “Color Tuning in Polymer Light-Emitting Diodes with
Lewis Acids”, Angew. Chem., Int. Ed., with permission from John Wiley and Sons. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein-
heim. This content is not subject to CC BY 4.0. Figure 6c and 6d were reproduced from [32] with permission from The Royal Society of Chemistry.

This content is not subject to CC BY 4.0.
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panied with a decrease of the original blue emission, as shown
in Figure 7. The PL emission changed from blue to orange. This
phenomenon was also reproducible by adding other Lewis
acids, such as BCl3 and AlCl3. Interestingly, white light emis-
sion was achievable by adjusting the ratio of B(CgFs)3.
Regarding the materials developed by Lin et al., supramolecu-
lar coordination of PF8-co-DAF8 (13, Figure 5) with Lewis
acids played an important role. They selected the more rigid
4,5-diazafluorene (DAF) with nitrogen atoms inserted at the 4
and 5-positons of the fluorene moiety [33]. The heteroatomic
fluorene showed enhanced planarity of the molecule. The coor-
dination tended to be more efficient if a stronger Lewis acid
was employed.

The bipolar host material 35DCzPPy (14, Figure 5) was initially
synthesized by Kido’s group [39]. It combines two carbazole
electron donors with high triplet energy and a pyridine electron
acceptor with high electron affinity. Later in 2020, Wang’s
group employed this host material, respectively mixed with two
Lewis acids, namely BCF and B(C¢Hs)3, to construct highly
luminescent exciplexes [29]. The PL spectra of the new emis-
sion system showed an obvious red-shift through intermolecu-
lar charge transfer. Compared with B(CgHs)3, the exciplex
system constructed by BCF exhibited a more pronounced red-
shift in the PL spectra and unexpectedly improved EL proper-
ties.

The fluorescent materials, which can easily interact with Lewis
acids and simultaneously exhibit significant chemical and pho-
tophysical changes, have some common structural characteris-
tics. For instance, heterocyclic units containing a nitrogen atom
such as pyridine and thiazole, are one of the key structural fea-
tures either in small molecules or polymers. Thus, the introduc-
tion of nitrogen with lone pairs of electrons in fluorescent mate-
rials, makes them have a good affinity for Lewis acids. In other
words, these fluorescent materials contain Lewis basic sites for
the formation of Lewis acid—base pairs. According to this prin-
ciple, it can be inferred that analogous materials containing

basic nitrogen atoms tend to interact with the Lewis acids dis-

Beilstein J. Org. Chem. 2022, 18, 825-836.

cussed in this review and thus lead to a significant shift of their
optoelectronic properties. It has been confirmed that organic
molecules containing pyrimidine, pyrazine, and indole groups
display similar interactions upon the addition of Lewis acids
[40-42].

Lewis acid—base interaction mechanisms
Chemical essence of Lewis acid—base interaction
All the above discussed fluorescent materials share the common
characteristics of Lewis basicity. Therefore, the changes in band
gaps and colors of the donor materials is essentially attributed to
a Lewis acid—base complexation reaction. In order to clarify the
coordination reaction of nitrogen atoms, Bazan’s group de-
signed a conjugated polymer containing pyridine and thiazole
groups and small molecule 15 (Figure 8) and compared the
TH NMR spectra and '°F NMR spectra after the addition of
1 equivalent B(CgFs)3 at various temperatures from 230 to
300 K (see Figure 9) [43].

As shown in Figure 9a, when the temperature reached 280 K,
the aromatic resonances became intense, implying the appear-
ance of a new species, which was assigned to the Lewis
acid-base adduct. Fifteen new resonance peaks were also ob-
served in the '°F NMR spectrum (see Figure 9b), which were
different from the same chemical environment of fluorine atoms
in the original B(CgFs)3. To further explore the interaction of
the Lewis acid—base pairs, Huang et al. added B(CgFs)3 to pyri-
dine group-capped diketopyrrolopyrrole (DPP) molecules, i.e.,
DPPPy-Py-F (16), DPPPy-Ph-3F (17), and DPPPy-Ph-F (18,
Figure 8), and determined the ''B NMR spectra (Figure 9c)
[44]. When coordinated with nitrogen atoms, the resonance
peak shifted slightly from ca. =10 to 0 ppm, which suggested

the interaction between boron and nitrogen atoms.

Wang’s group studied the interaction of compound 14 respec-
tively with B(CgFs)3 and B(CgHs)3 by X-ray photoelectron
spectroscopy (XPS) [29]. The B(1s) signal showed peaks at
190.61 and 191.08 eV, respectively. This is close to the re-
ported characteristic B-N binding energy (190.5 eV) in B-N

2 & 5 B | B
0.5 15 2.5 4.5 7.5 15 50

0 equiv

Figure 7: Photos of a solution of compound 12 and B(CgF5)3 at different ratios in toluene under a 365 nm UV lamp. Figure 7 was reproduced from
[38] (© 2016 K. Yamaguchi et al., published by Wiley-VCH Verlag GmbH & Co. KGaA, distributed under the terms of the Creative Commons Attribu-
tion-NonCommercial 4.0 International License, https://creativecommons.org/licenses/by-nc/4.0/). This content is not subject to CC BY 4.0.
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Figure 8: Structure of small molecule 15 containing pyridine and thiazole groups reported by Bazan et al. and pyridine groups-containing diketo-
pyrrolopyrroles (DPP) 16—18 investigated by Huang et al.

(a) (b) metas (€)

\ el *\\_DPPPy-Py-F/BCF in CD:Cl:
o ortho-F 16 s
15 ’; \

+00K | B l para-F

*
1) W 300K J A DPPPy-Ph-3F/BCF in CD:Cl
15 + B(CeFs)s / N 17 *
15 + B(CoFo)s ’ ‘ 300K JQ |
300K Jl 15 +B(CFs)s { ‘N—L DPPPy-Ph-FIBCF in CD:Clx
. - 280K o | L i f—‘—‘/kﬂ

15+ B(CsFs)s 15+ B(CeFe)s

20K 11 O 1 0 B R S N 1 llumk_
1 N \I‘\ ‘ * BCFinCD:Cla |2
. U L 15+ B(CGFy),

250K |l | 151 .

15 + B(C4Fs)s 15 + B(C4Fs). 2 control
230K o I | | l 2;'0'( sFs)s 1J L“ ‘ . l ’U‘M‘L M'l

95 90 85 80 75 70 65 60 55 ppm

425 A3 A3 A4 A5 A4S0 A5 460 165 ppm 80 40 50

0
Chemical Shifts

Figure 9: (a) "H NMR spectra in the aromatic region and (b) °F NMR spectra of compound 15 (top) and the mixture with 1 equivalent B(CgFs)3 at dif-
ferent temperatures from 300 to 230 K. (c) 1B NMR spectra of B(CgFs)3, DPPPy-Py-F (compound 16)/B(CgFs)3, DPPPy-Ph-3F (compound 17)/
B(CsF5)3, and DPPPy-Ph-F (compound 18)/B(CgFs)3 in CD2Cly, respectively. Figure 9a and 9b were reprinted with permission from [43], Copyright
2011 American Chemical Society. This content is not subject to CC BY 4.0. Figure 9c was reprinted from [44], Dyes and Pigments, vol. 153, by J.
Huang; Y. Li, Y. Wang; H. Meng; D. Yan; B. Jiang; Z. Wei; C. Zhan, “A Lewis acid-base chemistry approach towards narrow bandgap dye molecules”,
pages 1-9, Copyright (2018), with permission from Elsevier. This content is not subject to CC BY 4.0.

crystals. Despite the weak signals of boron in these two Lewis ~ Luminescent mechanisms

acids, it was assumed that compound 14 formed a B-N coordi- In view of the phenomenon that Lewis acid—base coordination
nation bond when doped with B(CgF5)3 and B(CgHs)3, respec-  contributes to a decrease of the band gap and bathochromic
tively. shifts of absorption and emission, it is essential to explore the
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mechanisms. Welch et al. supposed that the strong electrophilic
Lewis acid triggers charge transfer with nitrogen-containing
heterocycles containing lone-pair electrons. Consequently, it
reduces the electron density of the m-conjugated system and the
characteristics of the excited states, accounting for the decrease
of band gap [27,37,43]. In 2018, Li et al. used density func-
tional theory (DFT) to investigate the energy levels of poly-
mers 19 (P1) and 20 (P2, Figure 10) containing pyrazine groups
before and after the addition of B(C¢Fs)3 (see Figure 11a) [45].
Considering the electrostatic potential surface (EPS) maps (see
Figure 11b) of the pyrazine-containing polymers before and
after B(CgFs)3 coordination, it is likely that B(CgF5)3 sacrificed
the electron density of the polymer skeleton and turned it from

an electron-rich to an electron-deficient species. This was

19, P1

Figure 10: Pyrazine-containing polymers 19 and 20 investigated by Li et al.
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assumed to be the reason for the decrease of the band gap.
Meanwhile, the LUMO levels estimated from electrochemistry
experiments (see Figure 11c and 11d) were also depressed from
—3.60 eV (compound 19) to —3.96 eV (compound 19/B(CgFs)3)
and from -3.59 eV (compound 20) to —4.12 eV (compound
20/B(CgF5)3), which were consistent with the theoretical calcu-
lation results.

Yang and co-workers compared the energy level distributions of
the HOMO and LUMO of CzPA-F-PD (compound 7 in
Figure 5) before and after protonation, which were diverse [32].
The cyclic voltammogram (CV) curves of CzPA-F-PD and
CzPA-F-PD-H* showed that the energy levels of both the
HOMO and LUMO of CzPA-F-PD-H" decreased relative to
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Figure 11: (a) HOMO/LUMO orbitals and energy levels (unit: eV) and (b) electrostatic potential surface (EPS) maps calculated by Gaussian 09 at the
B3LYP/6-31G(d,p) level of theory. (c) Cyclic voltammetry curves of the four compounds and HOMO/LUMO energy level diagram and (d) estimated
from the CV tests. Figure 11a—d were reproduced from [45] with permission from The Royal Society of Chemistry. This content is not subject to CC

BY 4.0.
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those of CzPA-F-PD, and the LUMO level decreased more sig-
nificantly. According to the theoretical calculation results, the
HOMO and LUMO distributions of CzPA-F-PD-H* were more
spatially separated, the charge transfer characteristics of the
excited states turned to be stronger, and the localized excited
states characteristics was reduced. The energy level gap be-
tween S; and Ty (AEgt) of CzPA-F-PD-H* was 0.16 eV, which
is significantly lower than the 0.39 eV of CzPA-F-PD [32].

The formation of exciplexes, e.g., with the donor-like
35DCzPPy (compound 14 in Figure 5) and acceptor-like Lewis
acids, effectively reduces the energy gap between S| and Sy and
thus leads to a red-shift of emission (Figure 12a), as claimed
by Xie and Wang’s group [29]. The absorption of both
35DCzPPy:B(CgFs5)3 and 35DCzPPy:B(Cg¢Hs)3 were nearly
identical to that of their constituting materials, which suggested
that there existed no new ground-state in the exciplex films
(Figure 12b). The reduction of the LUMO energy level would
correlate closely with the protonation effect on the pyridine unit
of the donor. More importantly, delayed fluorescence profiles of
the exciplexes were detected (see Figure 12c¢, Ty = 57.07 ns and
T, = 158.20 ns), which proved the possibility to harvest triplet
excitons based on Lewis acid—base adducts. Therefore, the
OLED using 35DCzPPy:B(CgFs)3 as the emitting layer exhib-
ited a maximum external quantum efficiency of =6.2%,
surpassing the upper limit (ca. 5%) of the conventional fluores-

cence devices.

Strength of Lewis acid—base interactions

The energy levels of Lewis acid—base adducts are sensitive to
the strength of the Lewis acids and bases. In 2002, Monkman et
al. found that the degree of the spectral red-shift of protonated
conjugated polymers depended greatly on the strength of the

Beilstein J. Org. Chem. 2022, 18, 825-836.

Lewis acid (Figure 3a) [26]. Wang et al. modulated the elec-
tron-accepting strength of intramolecular charge transfer mole-
cules by using different acids and obtained four distinctly dif-
ferent solid-state emission colors of green (524 nm), yellow
(576 nm), red (640 nm), and NIR (739 nm) (Figure 3b) [27].
The stronger Lewis acidity resulted in a stronger emission and
bathochromic shift when comparing the effects of BCF and
B(CgHs)3 on the optoelectronic properties of the organic UV
fluorescent material 35DCzPPy (14, Figure 5) [29,39]. As illus-
trated in Figure 12a, BCF can narrow down the bandgap of the
exciplex because of the stronger electrophilicity of the fluorine
atoms. Similarly, Yamaguchi et al. used molecular modifica-
tions to introduce stronger electron donors to luminescent mole-
cules and obtained stronger spectral changes [38]. This demon-
strates that stronger Lewis acids and Lewis bases will result in
stronger charge transfer. Moreover, stronger electron donors or
more accessible nitrogen-containing groups would interact
easily via Lewis acid coordination. As shown in Figure 13b, the
energy levels determined from the optimized structures of com-
pounds 21 and 22 (Figure 13a) by DFT suggest that pyridine is
a better binding site than thiophene [43].

The effect of steric hindrance on the Lewis acid—base binding
should not be ignored. If there is large steric hindrance of the
Lewis basic molecules, it will hinder the coordination with a
Lewis acid. For example, Bazan’s group investigated the analo-
gous compounds 21 and 22 shown in Figure 13a, featuring the
same nitrogen heterocycles but with different steric hindrances.
Subsequently, the ability of their coordination with B(CgF5)3
and BBr3 was compared, respectively [43]. As displayed in
Figure 13c and 13d, the UV—-vis—NIR absorption spectra mani-
fested that the larger steric hindrance interrupted the binding of
BCF more effectively than that of BBrj.
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Figure 12: (a) UV-vis absorbance and (b) PL spectra (excited by 330 nm) for 35DCzPPy (compound 14), B(CgF5)3, B(CgHs)3, 35DCzPPy:B(CgF5)3
(1:1), and 35DCzPPy:B(CgHs)3 (1:1) in films. (c) Fluorescence decay curves for the solid films of 35DCzPPy, 35DCzPPy:B(CgHs)3, and
35DCzPPy:B(CgFs)3 recorded at photoluminescence maxima (385, 435, and 509 nm) at room temperature. Figure 12 was reprinted from [29], Chemi-
cal Engineering Journal, vol. 380, by M. Zhang; G. Xie; Q. Xue; H. Wang, “Electroluminescence of intra-molecular exciplexes based on novel Lewis
acid borane acceptors and a high triplet level donor”, article no. 122527, Copyright (2020), with permission from Elsevier. This content is not subject to

CC BY 4.0.
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Figure 13: (a) Schematic diagram of the low-band gap materials 21 and 22. (b) Ground state geometry optimizations of compound 15 and its corre-
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Conclusion

For fluorescent materials containing nitrogen atoms with Lewis
basic nature, it is easily found that the addition of suitable
Lewis acids can lead to a dramatic red-shift in the absorption
and emission of the mixtures. The electrophilic Lewis acid as
electron acceptor frequently reacts with the nitrogen-containing
heterocyclic conjugated molecules, ascribed to the charge redis-
tributions of the molecules. This governs their optoelectronic
properties and most likely rouses the non-radiative triplet exci-

tons of reverse intersystem crossing.

Lewis acid-base chemistry provides a simple and effective way
to finely regulate the optoelectronic properties of fluorescent
materials, avoiding the complicated molecular synthesis. Lewis
acid-base interactions found some promising applications in
band gap engineering, photoluminescence, and electrolumines-
cence. The in-depth study of the mechanisms of this phenome-
non could inspire the innovation in cutting-edge researches
beyond organic light-emitting diodes [29,32], e.g., organic thin-
film transistors [45,46], organic photovoltaics [47], and chemi-
cal sensing [48].
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Abstract

Metal-free organic emitters with thermally activated delayed fluorescence (TADF) characteristics are emerging due to the potential
applications in optoelectronic devices, time-resolved luminescence imaging, and solid-phase sensing. Herein, we synthesized two
(4-bromobenzoyl)pyridine (BPy)-based donor—acceptor (D—A) compounds with varying donor size and strength: the emitter BPy-
pTC with tert-butylcarbazole (TC) as the donor and BPy-p3C with bulky tricarbazole (3C) as the donor unit. Both BPy-pTC and
BPy-p3C exhibited prominent emission with TADF properties in solution and in the solid phase. The stronger excited-state charge
transfer was obtained for BPy-p3C due to the bulkier donor, leading to a more twisted D—-A geometry than that of BPy-pTC. Hence,
BPy-p3C exhibited aggregation-induced enhanced emission (AIEE) in a THF/water mixture. Interestingly, the singlet—triplet
energy gap (AEgt) was reduced for both compounds in the aggregated state as compared to toluene solution. Consequently, a faster
reverse intersystem crossing rate (krysc) was obtained in the aggregated state, facilitating photon upconversion, leading to en-
hanced delayed fluorescence. Further, the lone-pair electrons of the pyridinyl nitrogen atom were found to be sensitive to acidic
protons. Hence, the exposure to acid and base vapors using trifluoroacetic acid (TFA) and triethylamine (TEA) led to solid-phase
fluorescence switching with fatigue resistance. The current study demonstrates the role of the donor strength and size in tuning

AEgr in the aggregated state as well as the relevance for fluorescence-based acid—base sensing.

Introduction
Metal-free organic solid-state emitters have gained increasing [6,7], security [8], and storage devices [9]. The optical and
interest in recent years due to the potential applications in opto-  electrochemical properties of the organic emitters can

electronic devices [1-4], solid-phase sensing [5], bioimaging be tuned by external stimuli, such as mechanical force,
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heat, solvent, acid and base fumes, etc. [10,11]. However, the
fluorescence quantum yield of such emitters in the solid state is
relatively low due to the aggregation-caused quenching (ACQ)
effect [12-14] and limits practical applications. Hence, metal-
free emitters with high photoluminescence quantum yield
(PLQY) in solution and in the solid state and with multicolor
tunability by external stimuli are crucial for task-specific appli-
cations.

Recently, donor—acceptor (D—A)-based organic emitters have
shown tunable optical and electrochemical properties due to al-
teration of the intermolecular charge-transfer (ICT) interactions
[15]. Several molecular designs were proposed to adjust the ICT
interactions through covalent D—A linking. The separation of
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the donor and
acceptor molecules leads to a reduction of the singlet—triplet
energy gap (AEgt) [16,17]. The low AEgT facilitates the exciton
upconversion through reverse intersystem crossing (RISC) [2],
which is commonly known as thermally activated delayed fluo-
rescence (TADF) [16]. Theoretically, this has up to 100%
internal quantum efficiency and could replace heavy metal-
based emitters in organic light-emitting diode (OLED) devices
[18]. Nevertheless, many TADF emitters suffer from quenching
of the emission due to the aggregation-caused quenching effect
[19,20]. The strong m—m-stacking interactions in the solid or
aggregated state may lead to emission quenching. Therefore, an
appropriate molecular design to suppress m— stacking should
help to obtain a strong emission in solution as well as in the
solid state.

Solid-state organic emitters with reversible fluorescence
switching are emerging for the sensing of pollutant acid vapor
[21-23]. However, quickly detecting organic acid vapor at
ambient conditions is challenging for solid-state detectors.
Therefore, developing a solid-state emitter with reversible
switching of the optical properties by external stimuli, such as
acid and base vapors, is important. As per the recent literature,
such sensors are being developed mainly by focusing on photo-
physical processes, such as photoinduced electron transfer
(PET), excited-state intramolecular proton transfer (ESIPT),
fluorescence resonance energy transfer (FRET), etc.
[21,22,24,25]. Several literature reports have also demonstrated
the switching of fluorescence in designing heteroatom-contain-
ing (N, O, S, etc.) chromophores [26]. The lone-pair electrons
of heteroatoms can possess a certain degree of basicity, which
results in sensitivity to acid. Consequently, the lone pair may be
protonated and deprotonated by consecutively adding acid and
base. The disruption of the molecular conjugation or ICT inter-
actions upon protonation or deprotonation would lead to

switching of the optical properties. While there are many

Beilstein J. Org. Chem. 2022, 18, 1177-1187.

reports on acid—based sensors, TADF emitter-based sensors are
rare in the literature.

In this context, we chose the D-A molecular design to demon-
strate the solid-phase acid—base sensing process and to deter-
mine the RISC rate (kgrsc). The selection of different donors
with varying donor strength and size should help to understand
the charge transfer (CT) interactions and D—A twist. Control-
ling the D-A twisting by varying the donor unit should be bene-
ficial for suppressing nonradiative deactivation channels,
leading to aggregated- or solid-state emission properties. To this
end, we chose fert-butylcarbazole (TC) and bulky tricarbazole
(3C), respectively, as donor unit in combination with a
(4-bromobenzoyl)pyridine (BPy) acceptor core to demonstrate
AEgT tuning in solution and in an aggregated state, including
the aggregation-induced enhanced emission (AIEE) characteris-
tics. Further, solid-phase fluorescence switching by alternat-
ingly adding acid and base vapors demonstrated the sensing
ability. Therefore, the current study deciphers the role of molec-
ular design and donor size in tuning AEgt in an aggregated state

and in fluorescence switching by acid—base addition.

Results and Discussion

Design and synthesis

Several BPy derivatives have been reported to lower AEgT in
D-A pairs to promote spin upconversion from the low-lying
triplet excited state to the singlet state via RISC [17,27]. Hetero-
atom lone-pair electrons are sensitive to acid and, once proto-
nated, to base, which would facilitate the tuning of optical prop-
erties in such media [21,22]. Herein, (4-(3,6-di-tert-butyl-9H-
carbazol-9-yl)phenyl)(pyridin-4-yl)methanone (BPy-pTC) and
(4-(9'H-[9,3":6',9""-tercarbazol]-9'-yl)phenyl)(pyridin-4-
yl)methanone (BPy-p3C) were synthesized via Ullmann cou-
pling following the reported protocol [28]. These two TADF
emitters have already been synthesized and device fabrication
had been demonstrated. However, detailed photophysical inves-
tigations in the aggregated state have not yet been performed
[28]. The acceptor core BPy, coupled with carbazole deriva-
tives, produced BPy-pTC and BPy-p3C, respectively
(Scheme 1). The detailed synthetic procedures and characteriza-
tion data are given in the Experimental section and in Schemes
S1 and S2 in Supporting Information File 1. Both compounds
were further purified by temperature-gradient vacuum sublima-
tion and characterized by 'H and 13C NMR spectroscopy
(Figures S9-S12, Supporting Information File 1) as well as
high-resolution mass spectrometry.

Photophysical studies and DFT calculations
The UV-vis absorption and emission spectra of BPy-pTC and
BPy-p3C were recorded in solvents with varying polarity

(Figure 1 and Table 1). BPy-pTC exhibited prominent absorp-
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Scheme 1: Synthetic schemes of BPy-pTC and BPy-p3C.

tion bands at A,pg = 337, 355, and 383 nm. The peaks at
Aabs = 337 and 335 nm were due to the m—m* and n—* transi-
tions [29], whereas the broad peak at A, = 383 nm was due to
the ICT transitions. Similarly, three peaks centered at
Aabs = 336, 350, and 368 nm were observed for BPy-p3C. The
ICT band of BPy-p3C (A s = 368 nm) was blue-shifted as com-
pared to BPy-pTC (A ps = 383 nm) due to the weaker ground
state CT interactions. As a result, a stronger molar extinction
coefficient was obtained for the CT band in BPy-pTC
(8373 nam = 17310 M~ L.cm™!) as compared to BPy-p3C
(365 nm = 14690 M~ l.cm™1).

Computational calculations were performed to understand the
ground state electronic communication between the donor and
acceptor in BPy-pTC and BPy-p3C using the Gaussian 16
program package (Figure S1 as well as Tables S1 and S2 in
Supporting Information File 1). The LUMO of both com-
pounds was predominantly located on the acceptor core, where-
as the HOMO was distributed mainly over the donor unit for
both compounds and extended to the adjacent phenyl n-spacer
ring only for BPy-pTC (Figure S1, Supporting Information
File 1). As a consequence, a higher oscillator strength
(f = 0.213) was obtained for BPy-pTC as compared to BPy-p3C
(f = 0.073, Table S1, Supporting Information File 1). Addition-
ally, a 48° and 51° (59° for the second donor and overall D-A
dihedral = 97°) D-A dihedral angle was obtained for BPy-pTC

and BPy-p3C, respectively (Figure S1, Supporting Information
File 1). Therefore, the coplanarity between the D—A linkage in
BPy-pTC facilitated the prominent ground-state communica-
tion from the donor to the acceptor core, as compared to the
twisted BPy-p3C (Figure S1, Supporting Information File 1)
[30].

The steady-state emission of both BPy-pTC and BPy-p3C was
recorded in different polar media (Figure 1c and Figure 1d).
The BPy-pTC emission lay in the cyan region, and the peak was
centered at Aep; = 476 nm in toluene (Figure 1b). The emission
spectra of BPy-pTC were red-shifted in polar media, and the
emission maxima changed from A, = 476 nm in toluene to
Aem = 497 nm in THF and to A¢p, = 545 nm in DCM (Figure 1c).
Similarly, blue emission was observed in toluene at
Aem = 488 nm for BPy-p3C, and it red-shifted to Aep, = 530 nm
in THF and to A = 582 nm in polar DCM (Figure 1d). As
compared to the absorption spectra, the significant solva-
tochromic shifts in the fluorescence spectra suggested the pres-
ence of a highly dipolar excited state with a stronger ICT char-
acter, in contrast to the ground state of the molecule. But
the Stokes shift of BPy-p3C (E = 6640 cm™! in toluene and
Av =9991 cm™! in DCM) was always higher than that of BPy-
pTC (AT) = 5145 cm™! in toluene and Av = 7761 cm™! in
DCM) in all polar media, indicating a highly dipolar excited
state (Figure 1c and Figure 1d as well as Tables S3 and S4 in

1179



1.04(@) ——BPy-pTC
o ——BPy-p3C
g
& 0-8-
o)
o
S 0.6-
]
©
- 0.4-
S
S
= 0.2

0.0 . . .

350 400 450 500
Wavelength (nm)
l(c —TL

1.04(c) . ol
> THF
7 981 ——DCM
3
E 0.6 -
£0.4-
S
o
Z 0.2

0.0+ : : : E—

400 450 500 550 600 650 700

Wavelength (nm)

Beilstein J. Org. Chem. 2022, 18, 1177-1187.

1.04(b) ——FL_BPy-pTC
A ——FL_BPy-p3C
> Y A ----PH_BPy-pTC
=038 '
w0 ) W -=-=--PH_BPy-p3C
c Y "
(] ! W\
‘E 0.6 - 'J \‘\
= i S
g 0.4 ! ‘\t‘
Zo !
0.2 b RN
[ \‘
" LN
0.0 AX =
400 450 500 550 600 650 700
Wavelength (nm)
ld —TL
1.04(d) ol
> \ THF
= - —
=08 DCM
5
.E 0.6-
£0.4-
S
o
Z 9.2
0-0 J T T T T T
400 450 500 550 600 650 700

Wavelength (nm)

Figure 1: (a) Normalized absorption spectra of BPy-pTC and BPy-p3C in toluene at room temperature; (b) normalized fluorescence (Aey = 375 nm,
10 uM in toluene) spectra at ambient temperature and phosphorescence spectra (Agx = 375 nm, 10 uM) of BPy-pTC and BPy-p3C at 77 K; emission
spectra (Aex = 375 nm) of BPy-pTC (c) and BPy-p3C (d) in various polar solvents. (TL: toluene, DIO: 1,4-dioxane, THF: tetrahydrofuran, DCM:

dichloromethane).

Table 1: Photophysical properties of BPy-pTC and BPy-p3C.2

compound Aem (NM) PF (ns)
BPy-pTC 476 6.5
BPy-p3C 488 5.1

aMeasured in degassed toluene (10 pM).

Supporting Information File 1). The large Stokes shift and spec-
tral broadening indicated a highly polarized ICT state in both
compounds (Figure 1c and Figure 1d as well as Tables S3 and
S4 in Supporting Information File 1) [30]. The excited-state CT
characteristics were further probed using the Lippert—-Mataga
plot for both the compounds (Figure S2 and Tables S3-S5 in

TOF (ps) Drotal (%) AEgr (eV)
0.5 19 0.121
0.4 26 0.047

Supporting Information File 1) [29]. A larger Stokes shift and
transient dipole (ug—png) than in BPy-pTC were observed in
BPy-p3C (Table S5, Supporting Information File 1). This indi-
cated the relatively stronger excited-state CT interactions in
BPy-p3C (Figure 1c and Figure 1d as well as Tables S3-S5 in
Supporting Information File 1).
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The phosphorescence spectra of BPy-pTC and BPy-p3C were
recorded in toluene at 77 K (Figure 1b). The structural
phosphorescence bands were obtained for both compounds.
The nature of the phosphorescence bands indicated the
locally excited (PLE) character of the T state. The onset
of the fluorescence spectrum (energy of S;) in toluene at
room temperature and the onset of the phosphorescence
spectrum (energy of T;) in toluene at 77 K was chosen
to estimate the AEgT values of the emitters (Figure 1b) [31].
A smaller singlet—triplet splitting was observed for
BPy-p3C (AEgT = 0.047 eV) as compared to BPy-pTC
(AEgt = 0.121 eV) due to the twisted molecular geometry
(Figure 1 and Table 1). The small AEgt values indicated a
possible RISC process from the T to the S; state for both the
compounds. The photophysical properties of both the emitters

in toluene are summarized in Table 1.

Time-resolved spectroscopy

Further, the fluorescence lifetimes on the nanosecond and
microsecond timescales of both emitters were recorded in
degassed THF to understand the photon upconversion process
(Figure 2 and Tables S6 and S7 in Supporting Information
File 1). Emission decay on the nanosecond and microsecond
timescales was obtained for BPy-pTC, with decay lifetimes of
6.2 ns and 5.8 ps, respectively (Figure 2a as well as Table S6 in
Supporting Information File 1). In comparison, a biexponential
fluorescence decay with average lifetimes of T,yg = 3.5 ns and
6.6 ns was obtained for BPy-p3C (Figure 2b as well as Table S7
in Supporting Information File 1). The short component was
due to the prompt fluorescence (PF), and the long component
was the delayed fluorescence (DF) [32]. Hence, both emitters
displayed prominent DF due to the small AEgrT, facilitating the
photon upconversion from the T; to the S state through an

RISC process.

1(a) 10000
1000 - - §
E 10 4
: 100- 8 ) 20 'Fi(:ne (nsg) 80 1qo
S $
]
3
104 § ,
o g 00
9 0 QOWD 00
0 20 40 60
Time (us)

Beilstein J. Org. Chem. 2022, 18, 1177-1187.

Aggregation-induced enhanced emission
(AIEE)

In order to determine the molecular aggregate formation of
BPy-pTC and BPy-p3C and the impact on the optical proper-
ties, we carried out aggregation studies in THF/water mixtures
(Figure 3) [33]. BPy-pTC emits in the blue-green region at
Aem = 497 nm in THF with a PLQY of 12.7% (Figure 3a). The
emission intensity was reduced to near 0 upon increasing the
water fraction from 10 to 70 vol % in the THF solution of BPy-
pTC (Figure 3a and Figure 3c). The formation of a dark twisted
intramolecular CT state led to fluorescence quenching in the
highly polar water/THF mixture (10-70 vol % water, Figure 3a,
¢, and e) [34-36]. It again started glowing when the water frac-
tion was increased beyond 80 vol % (Figure 3a, c, and e). The
formation of molecular aggregates in >80 vol % water/THF
mixtures led to the regaining of fluorescence in BPy-pTC
(Figure 3a, c, e, and f). A slight blue shift was also observed in
80-90 vol % water/THF mixtures of BPy-pTC due to restric-
tion of D—A rotation in the aggregated state, which led to dimin-
ished CT [34]. The nanoaggregates (in 90 vol % water/THF) of
BPy-pTC were characterized using scanning electron microsco-
py (SEM). The SEM image showed the spherical nanoaggre-
gates of BPy-pTC, with 95 nm diameter (Figure 3f). The BPy-
p3C compound emitted in the green region at Aer, = 530 nm in
THF, with a PLQY of 3.6% (Figure 3a). Similar to BPy-pTC,
for BPy-p3C, a dark state in 10-70 vol % water/THF mixtures
and emissive aggregates in 80-90 vol % water/THF mixtures
were obtained (Figure 3b, d, and e). Interestingly, AIEE was ob-
tained only for BPy-p3C in a 90 vol % water/THF mixture
(Figure 3e).

The bulky donor group in BPy-p3C led to facile D-A rotation
in solution. As a result, we observed the twisted molecular ge-
ometry and a lower PLQY of 3.6% as compared to rigid BPy-

10000 1

1000 -

100 5

Counts

10 4

Time (us)

Figure 2: Transient photoluminescence decay (Aex = 375 nm) of (a) BPy-pTC and (b) BPy-p3C in degassed THF (10 uM) at room temperature.
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Figure 3: AIEE studies: Emission spectra (Agx = 375 nm, 10 uM) of (a) BPy-pTC and (d) BPy-p3C in THF with increasing water fraction (in vol %) at
room temperature. Digital photographs of (c) BPy-pTC and (d) BPy-p3C in THF/water solutions under exposure to a UV lamp (Agx = 365 nm). (e) Plot
of PL intensity vs water fraction of BPy-pTC and BPy-p3C depicting the AIEE phenomenon in BPy-p3C. (f) SEM image of BPy-pTC aggregates

formed in a 90 vol % water/THF mixture.

pTC (PLQY = 12.7%) in THF solution. In contrast to the THF
solution, BPy-p3C showed enhanced PLQY from 3.6% to 9.8%
in an aggregated state, while BPy-pTC showed reduced PLQY
from 12.7% in THF solution to 7.0% in the aggregated state.
The enhanced emission in the aggregated state of BPy-p3C as
compared to the THF solution was due to the restricted D-A
rotation in the aggregated state [21]. As revealed from the pho-
tophysical studies and DFT calculations, BPy-p3C has a twisted
molecular geometry with a stronger excited-state ICT than BPy-
pTC. As a consequence, it facilitates nonradiative deactivation

pathways in solution due to molecular vibrations and facile

D-A rotation, as compared to rigid BPy-pTC (strong ground-
state CT interactions render the D—A complex rigid). In com-
parison, due to the ground-state D—A communication on the
basis of a +R effect, the weak excited-state CT interactions and
rigid molecular geometry in BPy-pTC led to the regain of fluo-
rescence in the aggregated state [30]. However, the fluores-
cence intensity of aggregates of BPy-pTC did not reach beyond
the native THF solution. Another factor that may have been re-
sponsible for this were the m—m-stacking interactions in the
aggregated or solid phase of BPy-pTC as compared to twisted
BPy-p3C [36].
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To determine the effect of aggregation on the spin-flipping
process (indicated by kgrysc) from the low-lying triplet state T}
to the singlet excited state S;, we recorded the fluorescence and
phosphorescence spectra of aggregates (90 vol % water/THF) at
room temperature and 77 K, respectively (Figure 4). The struc-
tural phosphorescence band was obtained from the aggregates
in 90 vol % water/THF mixtures (Figure 4). Additionally, the
phosphorescence spectra of both compounds were recorded in
THF at 77 K (Figure S3 in Supporting Information File 1). The
retention of the structural phosphorescence band in THF indi-
cates its origin from the locally excited triplet state SLE. The
AEgT values calculated based on the onset of the fluorescence
and the phosphorescence spectra of BPy-pTC and BPy-p3C in
90 vol % water/THF were 0.06 and —0.047 eV, respectively
(Figure 4). The AEgT values were lower in the aggregated state
than in solution for both compounds (AEgt in toluene for
BPy-pTC and BPy-p3C = 0.121 and 0.047 eV, respectively),
which indicated aggregation-induced RISC boosting. BPy-p3C
showed a negative AEgT value because the phosphorescence
emission came from the locally excited triplet states (LE-
structured emission), not from the 3CT state [37]. This

low AEgT value facilitates fast spin-flipping in the aggregated
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state. Consequently, a fast kgygc rate (0.74-10% s~! for BPy-pTC
and 2.06-10° s~! for BPy-p3C) was obtained in the aggregated
state (Table 2). Interestingly, a higher reduction of AEgy
as compared to BPy-pTC was obtained for the aggregates
of BPy-p3C. This could have been due to the locking of the
twisted molecular geometry in the aggregated state and
more dipolar excited states in the highly polar water/THF mix-

tures.

Further, the PF and DF lifetimes of the aggregates of BPy-pTC
and BPy-p3C were measured in degassed solutions (Figure 5
and Table 2). We found an over 1.5- and 3-fold enhancement of
the PF and DF lifetimes, respectively, for BPy-pTC in the
aggregated state as compared to the THF solutions (Figure Sa
and Table 2). However, only the PF lifetime was enhanced in
BPy-p3C (3.5-fold), and no significant change was obtained in
the DF lifetime of the aggregates (Figure 5b and Table 2).
Therefore, it is evident that the aggregation helped to suppress
the fluorescence quenching as well as to boost the DF by
reducing the AEgT in BPy-pTC. At the same time, the signifi-
cant enhancement of the PF lifetime was due to the molecular

rigidification and restriction of D—A rotation in BPy-p3C aggre-
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Figure 4: Normalized fluorescence at room temperature and phosphorescence spectra at 77 K (Agx = 375 nm, 10 uM) of (a) BPy-pTC and (b) BPy-

p3C aggregates in 90 vol % water/THF mixture.

Table 2: Photophysical properties of BPy-pTC and BPy-p3C aggregates.

compound sample  Agm?® AEgr® PP ™F  Dtal
(nm)  (eV)  (ns) (ps) (%)
BPy-pTC 90 vol % 496 0.06 9.0 19.1 7.0
water/THF
BPy-p3C 90 vol % 505 -0.047 19.2 6.8 9.8
water/THF

a8Measured in 90 vol % water/THF mixture.

Opr  Opf Ky kisc krisc Knr, s
(%) (%) (1 0’ S‘1) (1 0’ 8‘1) (105 3‘1) (107 8‘1)
4.8 2.2 0.5 0.36 0.74 6.9
6.8 3.3 0.4 0.18 2.06 3.2
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Figure 5: Transient photoluminescence decay (Aex = 375 nm, 20 pM) of (a) BPy-pTC and (b) BPy-p3C aggregates in 90 vol % water/THF mixture.

gates. Thus, a judicious choice of D—A molecular architecture is
necessary to tune the solid- or aggregated-state optical proper-

ties for triplet harvesting.

Fluorescence switching

The lone-pair electrons of heteroatoms, such as oxygen and
nitrogen, are susceptible to acidic protons [22]. BPy-pTC and
BPy-p3C exhibit lone-pair electrons at the pyridinyl nitrogen
atom and show prominent emission in the solid and aggregated
states. We therefore demonstrated the switching of fluores-
cence using acid and base vapors in neat film (Figure 6a and
Figure 6c¢). Both emitters exhibited switching of the fluores-
cence responses upon exposure to acidic and basic fumes on
neat film (Figure 6a and Figure 6c¢). The intense green emission
of the BPy-pTC film turned dark upon exposure to trifluoro-
acetic acid (TFA) vapor for 4 s (Figure 6a). The green fluores-
cence reappeared after neutralization with triethylamine (TEA)
vapor for 6 s (Figure 6a). The reversible color switching was
upheld with fatigue resistance for multiple cycles. Similarly, the
film of BPy-p3C showed reversible changes of the fluores-
cence from green to dark upon successive exposure to TFA and
TEA vapors (Figure 6c¢).

To understand the effect of an acidic solution on the optical
properties, we carried out the same experiment in toluene solu-
tion (Figure 6b and Figure 6d). The protonation of the pyridinyl
nitrogen atom upon addition of TFA quenched the fluorescence
of both compounds (Figure 6b and Figure 6d). In turn, neutrali-
zation of the toluene solution by TEA or KOH addition led to
the regain of fluorescence (Figure 6b and Figure 6d). Further,
the Stern—Volmer plots were analyzed for both compounds to
obtain the quenching and recovery constants (Figures S4 and S5
in Supporting Information File 1). The linear fitted

Stern—Volmer plots for quenching and recovery were obtained

for both compounds upon addition of acid and base. Thereby,
the protonation—deprotonation events were confirmed using
absorption spectroscopy (Figure S6, Supporting Information
File 1). The new peak at A,s = 425 nm in the absorption spec-
trum of BPy-pTC upon adding TFA, indicated the protonation
of the pyridinyl nitrogen atom (Figure S6a, Supporting Informa-
tion File 1). This enhanced the electron-deficient character of
the BPy acceptor core and the ground-state communication be-
tween the donor and acceptor units. As a result, the red-shifted
CT absorption band in the acidic medium was obtained (Figure
S6a in Supporting Information File 1). The absorption spectra
upon addition of TEA again matched with the absorption spec-
tra in toluene (Figure S6a, Supporting Information File 1).

Further, TDDFT calculations for a protonated pyridinyl
nitrogen atom (N-H) and carbonyl oxygen atom (CO-H)
were performed in comparison to neutral BPy-pTC to deter-
mine the protonation site (Figure S7 in Supporting Information
File 1). The computed absorption band of BPy-pTC and
protonated pyridinyl resembled the change observed experimen-
tally (Figures S6 and S7 in Supporting Information File 1).
Additionally, the 'H NMR study upon the addition of TFA
in BPy-pTC suggested protonation of the pyridinyl nitrogen
atom (Figure S8, Supporting Information File 1). Thus, the
facile protonation of the pyridinyl nitrogen atom affected
the optical properties of both compounds. The reversible
change of absorption and emission by successive addition
of acid and base in solution as well as in the solid state indicat-
ed that both compounds are suitable for acid sensing in solution
and in the solid phase. Reversible fluorescence for thin emitter
films was observed in the presence of TFA and TEA. Essen-
tially, quenching occurs in the presence of acid and regaining of
the fluorescence intensity happens under basic conditions
(Figure 7).
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Figure 6: Fluorescence switching by acid and base fumes exposure: Emission spectra (Agx = 375 nm) of (a) BPy-pTC and (c) BPy-p3C in neat film
upon exposure to TFA and TEA vapor at room temperature. Fluorescence switching by addition of TFA and KOH to (b) BPy-pTC and (d) BPy-p3C in
toluene solution.
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Figure 7: Fluorescence intensity vs number of exposures for (a) BPy-p3C and (b) BPy-pTC thin films upon exposure to TFA and TEA vapors.
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Conclusion

In summary, we designed and synthesized two D—A-based
TADF emitters, BPy-pTC and BPy-p3C. Both emitters showed
excited-state ICT characteristics, leading to positive solva-
tochromism in solution. The Lippert-Mataga plot and DFT
calculations indicated that BPy-p3C had more excited-state CT
properties than BPy-pTC due to the bulkier donor group. Both
compounds displayed strong emission in the aggregated state in
a highly polar medium (80-90 vol % water/THF mixtures). As
compared to the native solution, BPy-p3C showed AIEE. More-
over, as compared to the solution, AEgT was reduced in the
aggregated form. Consequently, a fast RISC rate was obtained
for the aggregates of both compounds. Further, these two TADF
emitters were used to demonstrate solid-state fluorescence
switching upon exposure to TFA and TEA vapors. The current
study helps to understand the enhancement of DF in the aggre-
gated state, which is important for the fabrication of efficient
OLED devices and reversible switching of fluorescence by
acid—base exposure.

Supporting Information

Supporting Information File 1

General information, synthesis and characterization data
including NMR spectra, computational details, UV—vis
data, Lippert—-Mataga plot, and acid—base switching.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-122-S1.pdf]
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We designed and synthesized two new ionic thermally activated delayed fluorescent (TADF) emitters that are charged analogues of
a known multiresonant TADF (MR-TADF) compound, DiKTa. The emission of the charged derivatives is red-shifted compared to
the parent compound. For instance, DiKTa-OBulm emits in the green (Ap, = 499 nm, 1 wt % in mCP) while DiKTa-DPA-OBulm
emits in the red (App, = 577 nm, 1 wt % in mCP). In 1 wt % mCP films, both emitters showed good photoluminescence quantum
yields of 71% and 61%, and delayed lifetimes of 316.6 ps and 241.7 ps, respectively, for DiKTa-OBulm and DiKTa-DPA-
OBulm, leading to reverse intersystem crossing rates of 2.85 x 103 s™! and 3.04 x 103 s™!. Light-emitting electrochemical cells
were prepared using both DiKTa-OBulm and DiKTa-DPA-OBulm as active emitters showing green (Apax = 534 nm) and red

(Amax = 656 nm) emission, respectively.
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Introduction

Light-emitting electrochemical cells (LEECs) are thin film
light-emitting devices typically consisting of an emissive layer
containing ionic species that facilitate charge transport and an
emissive semiconductor material. The emissive layer is sand-
wiched between two air-stable electrodes [1]. Upon application
of an external bias the ions in the active layer migrate to the
corresponding electrodes, resulting in the formation of elec-
trical double layers (EDLs) at the interface of the electrodes.
The EDLs facilitate charge injection into the emissive layer
regardless of the energy levels of the electroactive species and
work function of the electrodes. Injection of electrons and holes
creates oxidized and reduced species near the anode and
cathode, respectively. These oxidized and reduced species are
stabilized by the ions to form a p-i-n junction in the bulk of the
emissive layer and emission takes place within the intrinsic

region [2-6].

Two families of widely investigated emitters for LEECs are
ionic transition metal complexes (iTMCs) [7-10] and conju-
gated polymers (CPs) [4]. From the early use of ruthenium(II)
complexes, a significant amount of research has focussed on
developing high-performance iTMC-based LEECs [11,12], with
iridium(III) complexes typically showing the greatest potential.
A detracting feature of many iTMC LEECs is the use of scarce
noble metal complexes. Despite the enormous number of low
molecular weight organic emitters designed for use in organic
light-emitting diodes (OLEDs), relatively little attention has
been devoted to the design of ionic small molecule (SM) [13]
organic emitters for LEECs. The majority of the reported SM
emitters for LEECs are fluorescent in nature and so the internal
quantum efficiency (IQE) of the device is limited to 25% [13].
Thermally activated delayed fluorescent (TADF) emitters are
one class of purely organic materials that can harvest triplet
excitons in electroluminescent (EL) devices through a triplet to
singlet reverse intersystem crossing (RISC) upconversion
process [14]. Indeed, OLEDs using TADF emitters can achieve
up to 100% IQE, comparable to devices using phosphorescent
emitters [15].

Purely organic TADF emitters have not been widely investigat-
ed for use in LEECs. We reported the first organic TADF
LEEC, I (Figure 1a, original compound 2 in [16]), in 2015 by
adapting the structure of the known TADF emitter 2CzPN with
imidazolium groups [16,17] (Figure 1a). The LEEC devices
showed a maximum external quantum efficiency (EQE,x) of
0.39%, a maximum brightness (Bax) of 13 cd m~2, and a peak
electroluminescence (Agr) at 538 nm. The device performance
suffered when the emissive layer was doped with an ionic liquid
(EQEax = 0.12%, Byax = 10 cd m~2), which was incorporated

to increase charge mobility within the emissive layer. We later

Beilstein J. Org. Chem. 2022, 18, 1311-1321.

showed that this emitter could act as host material in combina-
tion with a cyanine dye emitter [18]. The EQE,,x for this
host—guest device was higher than for the non-doped device, at
2.0% demonstrated 100% exciton utilization efficiency in the
device and efficient energy transfer from the host to the guest
cyanine emitter. Deep blue emission in LEECs is challenging.
We also reported a blue-emitting LEEC employing a cationic
sulfone-based donor—acceptor TADF emitter, imCzDPS
(ApL = 440 nm, ®Opp = 44%, neat film) [19]. The EL of the
LEEC was red-shifted at Agp, of 470 nm compared to the PL.
Following these initial reports Edman and co-workers demon-
strated how neutral TADF small molecules [20], polymers [21],
and dendrimers [22] could be employed in LEECs where the
emissive layer also contained an inorganic salt and a conduct-
ing polymer. Recently, a step-change in device performance
were achieved by He et al. who employed a cationic TADF
compound that possesses low-lying through-space and through-
bond charge transfer excited states [23]. The LEEC showed a
green EL with a peak brightness of 572 cd m™~2 and an EQE;,x
of 6.8% at 4.0 V. The half-life of their device reached 218 h at a
brightness of 162 cd m™2. Recently, Su et al. reported two ionic
TADF emitters incorporating a pyridinium moiety, Pym-CZ
and Pym-tBuCZ as the acceptor and carbazole or tert-butylcar-
bazole as donor groups [24]. Pym-CZ showed red emission in
dichloromethane (Apy, = 691 nm, ®p;, = 43%) and in the neat
film (Apy, = 583 nm, ®py, = 15%). The emission is further red-
shifted and attenuated in Pym-tBuCZ in dichloromethane
(Apr, = 740 nm, ®p, = 8%) and in the neat film (Ap, = 593 nm,
®pr, = 6%). The LEECs with Pym-CZ (Ag, = 599 nm,
Bmax = 8.69 ¢cd m 2, EQE .« = 0.91%) and Pym-tBuCZ
(Mg = 618 nm, Bpax = 1.96 ¢cd m™2, EQE ¢ = 0.05%) are the
first examples of orange-red devices employing purely organic
intrinsically ionic TADF emitters. Though these reports hint at
the potential of TADF emitters in LEECs, the emission in these
devices is typically broad, reflective of the charge transfer (CT)
character of the emission, and so colour purity suffers.

Narrowband emission has, however, been demonstrated in
multiresonant TADF (MR-TADF) materials. MR-TADF com-
pounds, first introduced by Hatakeyama and co-workers, are
typically p- and n-doped nanographenes [25,26]. OLEDs using
MR-TADF emitters can simultaneously achieve narrowband
emission and very high EQE,,,.«. Inspired by our recent work on
neutral MR-TADF emitters for OLEDs [27,28], we designed
two charged analogues of DiKTa [29] (Figure 1b), to make
them amenable for use as emitters in LEECs, DiKTa-OBulm
and DiKTa-DPA-OBulm (Figure 1c). In 1 wt % doped mCP
films, DiKTa-OBulm emits in the green region (Apy, = 499 nm,
®pr, = 71%, 1 wt % in mCP) and DiKTa-DPA-OBulm is a red
emitter (App, = 577 nm, ®pp. = 61%, 1 wt % in mCP). The pres-
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ence of the DPA group in DiKTa-DPA-OBulm transforms this
compound from one that is MR-TADF to one that is better de-
scribed as a donor—acceptor TADF, which is reflected in the

red-shifted and broadened emission [28].

Results and Discussion

DiKTa-OBulm was obtained in three steps (Scheme 1) in 23%
overall yield. First, hydrolysis of 1, in situ conversion to the
acyl chloride and subsequent Lewis acid-promoted
Friedel-Crafts acylation reaction produced compound 2
(Scheme 1), where the AICl; was also responsible for the

(i) EtOH/H,0, NaOH, HCI, 3 h
(i) DCM, (COClI),, cat. DMF,
AICl3, 40 °C, 20 h

67%

i) 1-methylimidazole,
100 °C, 2 h

ii) NH4PFg, H,0, rt, 15 min

85%

DiKTa-OBulm

0 o 1 M BBr3 in DCM,
-78°Ctort,2h
shove™
4 N 5

2N
i) 1-methylimidazole,
100 °C, 2 h
ii) NH4PFg, HO, rt, 15 min

93%

Scheme 1: Synthesis of DiKTa-OBulm and DiKTa-DPA-OBulm.

Beilstein J. Org. Chem. 2022, 18, 1311-1321.

demethylation. Compound 2 was then subjected to monoalkyla-
tion with 1,4-dibromobutane in moderate yield, followed by a
second alkylation step with 1-methylimidazole in very good
yield. DiKTa-OBulm was isolated as its hexafluorophosphate
salt following anion metathesis with NH4PF¢. DiKTa-DPA-
OBulm was obtained also in three steps at 35% overall yield
from compound 4 using a similar synthetic strategy, which
itself was synthesized from Br-DiKTa [28] following a Buch-
wald-Hartwig coupling. Details of the synthesis are found in
Supporting Information File 1. The identity and purity of the
molecules were verified using a combination of 'H and

NaOt-Bu, THF,
1,4-dibromobutane,
65 °C, 16 h

40%

NaOt-Bu, THF,
1,4-dibromobutane, O [e)
65°C,12h
N
O = U0 0
N 6 N
R= N NUABr
OH O.

Ag@= 365nm
THE veCN

i

—Y
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13C NMR spectroscopy, high resolution mass spectrometry
(HRMS) (Figures S1-S24 in Supporting Information File 1),

and melting point analysis.

We modelled the electron density distribution in DiKTa-
OBulm and DiKTa-DPA-OBulm using density functional
theory (DFT) calculations in the ground state, at the PBEQ/6-
31G(d,p) level of theory in the gas phase (Figure 2a). The
calculations were based on model systems, DiKTa-OMe and
DiKTa-DPA-OMe, respectively, wherein we replaced the
imidazolium side chain of DiKTa-OBulm and DiKTa-DPA-
OBulm, respectively, with a methyl group [30]. Compared to
DiKTa (HOMO -6.20 eV, LUMO -2.23 eV,
AE, = 3.97 eV), both emitters possess a smaller
HOMO-LUMO gap. The HOMO is more strongly affected by
the incorporation of donor units [28]. For instance, in the case
of Cz-DiKTa and DMAC-DiKTa the HOMO is destabilized
by 0.47 eV and 0.94 eV, respectively, compared to DiKTa [28].
The lowest unoccupied molecular orbital (LUMO) for both

compounds is localized on the DiKTa core (Figure S25 in Sup-
porting Information File 1). This orbital is only slightly stabi-
lized in DiKTa-DPA-OMe due to the presence of the more
strongly electron-donating DPA group. The highest occupied

0
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-2 217ev @ CA X )
=T 90
> -3 i ’
© :
> i
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& |
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molecular orbital (HOMO) in DiKTa-OMae is also localized on
the DiKTa core and the electron density distribution of this
molecule is reminiscent of that of a MR-TADF compound and
is nearly identical to that of the parent emitter, DiKTa [27]
(Figure S25 in Supporting Information File 1). There is a very
large change in both the electron density distribution and the
HOMO energy between the two emitters. For DiKTa-DPA-
OMe, the HOMO is mainly localized on the DPA unit but with
some delocalization onto the DiKTa core, resulting in a
destabilization of this orbital from —5.91 eV in DiKTa-OMe to
—5.19 eV in DiKTa-DPA-OMe. The HOMO-LUMO gap, AE,,
thus decreases to 3.08 eV compared to that of DiKTa-OMe
(3.74 eV). The excited states were modelled using spin-compo-
nent scaling second-order approximate coupled-cluster (SCS-
CC2) in tandem with the cc-pVDZ basis set (Table S1 in Sup-
porting Information File 1). Figure 2b shows the difference den-
sity plots for singlet (S) and triplet (T) excited states for
DiKTa-OMe and DiKTa-DPA-OMe. Compared to DiKTa
(S1=3.45eV,T; =3.18eV, f=0.20, AEgT = 0.27 eV) [28], the
lowest-lying singlet (S;) and triplet (T;) states are stabilized in
the case of DiKTa-OMe, while the singlet—triplet energy gap,
AEgT, remained the same at 0.27 eV. The nature of S| and T
resemble to those of its parent DiKTa and so this compound is

S 6. Ak,/\
= ' 9
}’“ £ oy S,:3.70 eV
J ) %GQ’Y’ £=0.15
sz —
b $,:3.07eV T,:3.36eV
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Figure 2: (a) HOMO and LUMO electron density distribution and orbital energies of DiKTa-OMe and DiKTa-DPA-OMe calculated at the PBE0/6-
31G(d,p) level of theory in the gas phase, isovalue = 0.02; (b) difference density plots and energies for the two lowest-lying singlet and triplet excited
states for DiKTa-OMe and DiKTa-DPA-OMe calculated at SCS-CC2/cc-pVDZ in the gas phase (isovalue = 0.001). The blue color represents an area
of decreased electron density, and yellow represents an increased electron density between the ground and excited states; f denotes the oscillator

strength for the transition to the excited singlet state.
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likely to behave as a MR-TADF emitter. The nature of the S,
state is n—r* in DiKTa-OMe. The excited state picture of
DiKTa-DPA-OMe is different to that of other reported D—A-
type systems containing DiKTa as the acceptor [28]. Long
range charge transfer is not apparent here and instead the
coupled cluster calculations predict a compound that is
MR-TADF but where the electron density distribution is delo-
calized over the entire molecule. Compared to DiKTa-OMe,
both S; and T of DiKTa-DPA-OMe are stabilized to 3.07 eV
and 2.83 eV, respectively. The AEgt decreases to 0.24 eV and
there is no intermediate triplet state. The trend of stabilized S|
and T states when a donor group decorates the DiKTa core
(S;1=3.45eV, T| =3.18 eV) has been previously observed in
reported emitters such as Cz-DiKTa (S; = 3.35 eV,
T =3.09 eV) and DMAC-DiKTa (S; =3.43 eV, T{ =3.17 eV)
[28]. We also calculated the charge transfer character of each
excited state, focussing on the distance of charge transfer (Dcr).
When considering the S| excited state, there is an increase in
CT character moving from DiKTa, DiKTa-OMe, and DiKTa-
DPA-OMe (Dcr = 1.45 A, 1.81 A, and 3.34 A, respectively)

reflected in the increased donor strength.

The electrochemical properties of DiKTa-OBulm and DiKTa-
DPA-OBulm were investigated by cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) in acetonitrile with
0.1 M tetra-n-butylammonium hexafluorophosphate as the sup-
porting electrolyte (Figure 3a and Table S2 in Supporting Infor-
mation File 1). The oxidation and reduction of both emitters
showed good reversibility, which is beneficial for better perfor-
mance in LEEC devices [31]. The oxidation potentials, Ey, de-
termined from the peak value of the first DPV curve are 1.05 V
and 0.44 V for DiKTa-OBulm and DiKTa-DPA-OBulm, re-

(a) T T o

DiKTa-DPA-OBulm CV

s

DiKTa-OBulm DPV

DiKTa-OBulm CV

0
Vvs SCE/V
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spectively, which correspond to HOMO energy levels of
—5.85 eV and -5.24 eV, respectively. The trend of a destabi-
lized HOMO energy level from DiKTa-OBulm to DiKTa-
DPA-OBulm is predicted by DFT calculations. DiKTa pos-
sesses an oxidation potential of 1.66 V and an associated
HOMO energy level of —5.93 eV. The reduction potentials,
E.eq, are —1.67 V and —1.61 V, respectively, for DiKTa-
OBulm and DiKTa-DPA-OBulm. The corresponding LUMO
levels are —3.13 eV and -3.18 eV for DiKTa-OBulm and
DiKTa-DPA-OBulm, respectively. The LUMO values of both
emitters match that of DiKTa (-3.11 eV), which suggests that
reduction occurs on the DiKTa core in both compounds, a
contention corroborated by the DFT calculations. The electro-
chemical gap reduced from 2.72 V in DiKTa-OBulm to 2.06 V
in DiKTa-DPA-OBulm, a trend that is in line with the DFT
calculations.

Figure 3b shows the solution-state photophysical properties of
DiKTa-OBulm and DiKTa-DPA-OBulm in acetonitrile and
the data are compiled in Table 1. The lowest energy absorption
band for DiKTa-OBulm at 453 nm (e = 17 x 103 M~ em™) is
red-shifted and slightly more intense than that of the parent
DiKTa at 436 nm, (¢ = 14 x 103 M~! em™!) [27] owing to the
increased conjugation in DiKTa-OBulm. For the emitter 7a
(Figure 1b) [33] reported by Yan et al. the red-shift of the
lowest energy absorption band was more pronounced than that
in DiKTa-OBulm. This band is assigned to a short-range
charge transfer transition (SRCT) that is a hallmark character-
istic in MR-TADF compounds [28]. The Stokes shift is 54 nm
(2361 cm™!) for DiKTa-OBulm. The lowest energy absorption
band in DiKTa-DPA-OBulm is red-shifted and less intense
(e=6x103Mem™) compared to DiKTa-OBulm, in line

®) Abs DiKTa-OBulm

564nM — Abs DIKTa-DPA-OBuIm |
i Ap DiKTa-OBulm

Ap DiKTa-DPA-OBuUIm

-

40

*FWHM =92 nm

PL Intensity / a.u.

Figure 3: (a) Cyclic and differential pulse voltammograms measured in degassed MeCN with 0.1 M [n-BuysN]PFg as the supporting electrolyte and
Fct/Fc as the internal reference (0.38 V vs SCE) [32]. Scan rate = 100 mV s™'; (b) solution-state photophysical measurements: absorption and
steady-state emission spectra at 300 K measured in MeCN. Agyc = 453 nm for DiKTa-OBulm and Agy = 488 nm for DiKTa-DPA-OBulm.
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Table 1: Photophysical properties of DiKTa-OBulm and DiKTa-DPA-OBulm.

Compound Medium  Aaps? [nm]  Ap P [nm]
. sol.f 453 (17) 507
DiKTa-OBulm .
film9 - 500
. sol.f 488 (6) 563
DiKTa-DPA-OBulm .
film9 - 578
Op N [%] 7o' [ns] T4 [bs]
. 482 14.32 -
DiKTa-OBulm
71 (57)b 8.7b 316.6°
. 11a 12.72 -
DiKTa-DPA-OBulm
61 (53)P 14.10 241.70

FWHMC [nm] Est9[eV] Et9[eV] AEgte [eV]
75 2.66 2.41 0.25
66 2.65 2.45 0.20
92 - - -

95 2.40 2.21 0.19
kiscl [s7] krisc! [s7] ks J[s™'] ks_nd [s7]
(x107) (x10%) (x107) (x107)
359+1.3 2.85+1.1 6.60 2.69
221+1.2 3.04+1.7 3.78 2.38

al owest energy absorbance band, absorptivity (¢) in parentheses (/ x 103 M- s=1). bSteady-state emission maximum at 300 K; Agy = 340 nm. °Full
width at half maximum of the emission peak. 9S4 and Ty energies were obtained from the onsets of the respective prompt fluorescence (delay: 1 ns;
gate time: 100 ns) and phosphorescence spectra (delay: 1 ms; gate time: 9 ms) at 77 K; Agye = 343 nm. €AEsT = E(S1) - E(T1). fIn MeCN solutions
(108 M). 9Measured in spin-coated thin films consisting of 1.0 wt % emitter in MCP; Agye = 340 nm. "dp|_ in solutions were measured by the relative
method using quinine sulfate as a standard (®, = 54.6% in 1 N HoSOy) [38], while absolute ®p_ of thin films were measured using an integrating
sphere; Agxc = 340 nm under nitrogen and the values in parentheses are in the presence of O,. Prompt and delayed lifetimes in solutions and thin
films obtained by TCSPC and MCS, Agyc = 379 nm. lintersystem and reverse intersystem crossing rates were calculated using the steady-state

approximation method as described in literature [39].

with its decreased oscillator strength (vide supra). According to
the calculations (vide supra), the S| excited state is also SRCT,
but with larger long-range charge transfer (LRCT) content.
Owing to the relative flexibility around the DPA donor unit,
the Stokes shift is larger at 75 nm (2761 cm™!). DiKTa-
OBulm and DiKTa-DPA-OBulm exhibited broad green
(Mpr, = 507 nm, FWHM = 75 nm) and red (Apy, = 563 nm,
FWHM = 92 nm) emissions in MeCN, respectively, which is
larger than DiKTa (46 nm in MeCN) [27] in line with the
greater LRCT character for these emitters; this observation has
been noted for other donor decorated MR-TADF emitters [34-
36]. The photoluminescence quantum yield, ®py, in MeCN for
DiKTa-OBulm is 48% which decreases in air to 34%. The
emission is much weaker in DiKTa-DPA-OBulm, reflecting
both the smaller oscillator strength of the transition to S; and

the greater non-radiative decay due to the energy gap law
(®pr = 11% and 7% under vacuum and in air, respectively) in
MeCN [37]. The S; and Ty levels were measured from the
onsets of fluorescence (2.66 eV) and phosphorescence spectra
(2.41 eV) in 2-MeTHF glass at 77 K (Figure S26, Supporting
Information File 1). DiKTa-OBulm possesses a AEgy of
0.25 eV. Unfortunately, DiKTa-DPA-OBulm was insoluble in
2-MeTHF and so the measurement could not be made. No
delayed component was observed in MeCN solution under
vacuum for either of the compounds (Figure S27 in Supporting
Information File 1).

The thin film PL behavior of both emitters was then assessed in
1 wt % doped film in 1,3-di-9-carbazolylbenzene (mCP)
(Figure 4). At this doping concentration, the photophysical

T T T T 10°
@) 1l 578.nm DiKTa-OBulm 1 (b)
=] DiKTa-DPA-OBulm
<
2 1wt% mCP film
0
g 2
E £
S 3
°
[3]

@
& L FWHM = 95 nm
]
S
z

0 : L -

400 500 600 700 800

X/ nm

—
— Bkraoeacsum o)
IRF
— 77K
200K
——300K | |

Time /ms

Time / ms

Figure 4: (a) Steady-state emission spectra of DiKTa-OBulm and DiKTa-DPA-OBulm in 1 wt % doped mCP films, Agyc. = 340 nm; (b) temperature-
dependent time resolved PL decays of DiKTa-OBulm in 1 wt % doped mCP films. Inset: prompt PL decay of DiKTa-OBulm; (c) temperature-depend-
ent time resolved PL decays of DiKTa-DPA-OBulm in 1 wt % doped mCP films. Inset: prompt PL decay of DiKTa-DPA-OBulm, Agyc. = 379 nm.
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properties should reflect monomolecular entities. Emission was
observed at 500 nm (FWHM = 66 nm) and 578 nm
(FWHM = 95 nm) for DiKTa-OBulm and DiKTa-DPA-
OBulm, respectively. The emission spectrum of DiKTa-
OBulm is slightly blue-shifted and narrower than that in
MeCN, which is expected due to the higher polarity of the sol-
vent than mCP. Surprisingly, for DiKTa-DPA-OBulm the
emission is red-shifted by 14 nm, and with negligible change in
the FWHM. This suggests that the conformation of the emitter
in the solid state is slightly more conjugated than that in solu-
tion or that there are specific host—guest interactions with the
DPA unit that perturbs the energy of the excited state. The
emission is broader than that of a structurally similar emitter,
QAD-mTDPA, a derivative of DiKTa containing two DPA
substituents, reported by Zhang et al. [40] The structure of
QAD-mTDPA (App, = 587 nm, FWHM = 62 nm, ®pp = 97%,
AEgT = 0.33 eV, tp = 269 us, 1.5 wt % CBP) is shown in
Figure 1b. Both emitters showed red-shifted and broadened
emission compared to that of DiKTa (Ap;, = 466 nm,
FWHM = 40 nm, ®p;, = 70%, AEgT = 0.20 eV, 1p = 168 ps,
2 wt % mCP) in the same host [28]. Both emitters exhibited
high ®py values in the mCP film at 71% and 61% under
nitrogen, and these reduced to 57% and 53% in air for DiKTa-
OBulm and DiKTa-DPA-OBulm, respectively. As neat thin
films, the emission for both compounds are red-shifted and sig-
nificantly quenched (Figure S28 in Supporting Information
File 1); indeed, the ®py, for the neat film of DiKTa-OBulm is
only 9% while we could not ascertain a reliable value for
DiKTa-DPA-OBulm. Severe aggregation-caused quenching of
the emission in the neat film was also observed for DiKTa
(®pr. = 11%, under Nj) [27]. The S| and T levels were
measured from the onsets of fluorescence and phosphorescence
spectra in the 1 wt % doped mCP film at 77 K (Figure S29 in
Supporting Information File 1). The corresponding AEgT values
are 0.20 eV and 0.19 eV, respectively, for DiKTa-OBulm and
DiKTa-DPA-OBulm, which are nearly same to that reported
for DiKTa (AEgt = 0.20 eV) [28]. Experimental AEgT values
are smaller than those computationally predicted (0.27 eV and
0.24 eV, respectively for DiKTa-OBulm and DiKTa-DPA-
OBulm). However, the trend of decreasing AEgT is in line to
the findings from DFT. The temperature dependent time-
resolved PL decays in the 1 wt % doped mCP films are
presented in Figure 4b and c. Both emitters show prompt and
delayed emission components with an enhancement of the
delayed emission with increasing temperature, a feature of
TADEF. Unlike the delayed emission lifetime of DiKTa (15 ps
in 3.5 wt % mCP, 23 us in PhMe) [27], and its derivatives such
as Cz-DiKTa (tp = 196 us, 2 wt % mCP), DMAC-DiKTa
(Tp = 6.6 ps, 2 wt % mCP), and QAD-mTDPA (tp = 168 ps, in
2 wt % mCP) in Figure 1b [28,40], the delayed lifetimes from
DiKTa-OBulm and DiKTa-DPA-OBulm are long at 317 ps

Beilstein J. Org. Chem. 2022, 18, 1311-1321.

and 242 ps, respectively. RISC rate constants, kgrisc, were
calculated for both emitters, which are 2.85 x 103 s7! and
3.04 x 103 57!, respectively for DiKTa-OBulm and DiKTa-
DPA-OBulm, compared to that of DiKTa (4.6 x 10% s71) in
toluene [27,39].

Light-emitting electrochemical cells

LEECs were fabricated using DiKTa-OBulm and DiKTa-
DPA-OBulm as emitters. The device stack was the following:
ITO/PEDOT:PSS/emitter/Al (where ITO is indium tin oxide;
PEDOT:PSS is poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate)). The PEDOT:PSS and the emitter layers were pre-
pared from solution and the device was finished with an evapo-
rated Al top contact. Details of the LEEC fabrication can be
found in the General Methods section of Supporting Informa-
tion File 1. Driven by their promising ®p;. LEEC devices using
DiKTa-OBulm and DiKTa-DPA-OBulm as 1 wt % doped
films in mCP as the emitter layer were prepared. The devices
showed no turn-on, both in lifetime measurements and in cur-
rent density and luminance versus voltage sweeps (JVL) up to
8 V. Most likely the low content of ionic species in the neutral
matrix hindered the required ionic transport for LEEC opera-
tion. To solve this, we fabricated devices adding an ionic liquid
(lithium hexafluorophosphate (LiPFg) or 1-butyl-3-methylimi-
dazolium hexafluorophosphate (BMIM:PFg) in a 4 to 1 molar
ratio) and, in some cases, an electrolyte matrix (PEO (polyeth-
ylene oxide)), to improve the ionic mobility on the active film
[5,41]. However, despite these efforts, still no emission was ob-
served when the devices were biased. Next, neat films of
DiKTa-OBulm and DiKTa-DPA-OBulm were directly used
as active layers. Non-doped small molecule films have shown
recently promising results in LEEC devices [42]. As both emit-
ters are ionic, in principle there is no need to incorporate addi-
tional mobile ions. A host—guest approach, using 1 wt % of
DiKTa-DPA-OBulm in DiKTa-OBulm was also used, the
latter acting as a host matrix for the former. The electrolumines-
cence (EL) of the three device stacks is shown in Figure Sa.
Similar to the PL, the EL spectra are broad and unstructured.
The EL of DiKTa-OBulm and DiKTa-DPA-OBulm occurs at
AgL of 534 and 656 nm, respectively. Both neat-film EL spectra
are red-shifted from the solution state and the 1 wt % in mCP
film PL spectra. The origin of this red shift could be ascribed to
the presence of emissive aggregates in the emissive layer [19].
Interestingly, in the host—guest system the energy transfer is not
complete and both molecules are responsible for the electrolu-
minescence, with a Agp, at 586 nm, between the emission of the
neat films. JVL characterization (from -2 to 8 V) was carried
out on the three stacks (Figure Sb—d). As it can be seen, the cur-
rent density reaches high values, and the injection is primarily
dominated by ohmic behavior. The device with DiKTa-DPA-

OBulm shows a steeper injection reaching values of
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Figure 5: (a) Electroluminescence spectra of DiKTa-OBulm (green curve), DiKTa-DPA-OBulm (red curve) and 1% of DiKTa-DPA-OBulm in DiKTa-
OBulm (black curve). Current (black) and luminance (blue) versus voltage (JVL) sweep (from -2 to 8 V) of (b) DiKTa-OBulm, (c) DiKTa-DPA-

OBulm, and (d) 1% of DiKTa-DPA-OBulm in DiKTa-OBulm.

10,000 A m~2 at 8 V when compared with the device with
DiKTa-OBulm, which shows a current density of 1000 A m~2
at the same voltage value. The current density in the device
with the host—guest system is dominated by the presence of
DiKTa-OBulm. Light emission is detected at around =5 V,
with values of 15 cd m™2 for the device with DiKTa-DPA-
OBulm and around 2 c¢d m~2 for the devices with DiKTa-
OBulm and the host—guest system, each at 8 V. From the EL
spectra it is possible to estimate the external quantum effi-
ciency (EQE) values; however, they are also highly affected by
the luminance levels, giving as a result very low efficiencies
(<0.01%).

Conclusions

Two new ionic TADF emitters were designed and synthesized
for LEECs application using a known MR-TADF emitter
DiKTa. Our MR-TADF green emitter, DiKTa-OBulm exhib-
ited efficient green luminescence and TADF in 1 wt % mCP
film (Apr, = 499 nm, FWHM = 66 nm, ®pp = 71%, 14 = 317 ps,
krisc = 2.85 x 103 s71). This emitter represents a rare example
of an ionic MR-TADF emitter for LEEC applications. The red
emitter, DiKTa-DPA-OBulm, was obtained by coupling a me-

thoxy-modified diphenylamine unit onto the DiKTa fragment.
Addition of a donor unit red-shifted the emission to red region
with TADF (App, = 577 nm, FWHM = 95 nm, ®pp = 61%,
T4 =242 ps, krisc = 3.04 x 103 s7!, 1 wt % in mCP). Different
strategies were explored to prepare LEECs based on DiKTa-
OBulm and DiKTa-DPA-OBulm as emitters. The devices
showed green and red emission, respectively.

Supporting Information

The research data supporting this publication can be
accessed at
https://doi.org/10.17630/6ef45b8-579d-4075-891e-595516
c56e47.

Supporting Information File 1

IH NMR and !3C NMR spectra, GC-MS, and HRMS;
supplementary computational data and coordinates;
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Abstract

In order to investigate the joint influence of the conformation flexibility and the matching of the energies of the charge-transfer
(CT) and the localized triplet excited (3LE) states on the thermally activated delayed fluorescence (TADF) in electron
donor—acceptor molecules, a series of compact electron donor—acceptor dyads and a triad were prepared, with naphthalimide (NI)
as electron acceptor and phenothiazine (PTZ) as electron donor. The NI and PTZ moieties are either directly connected at the
3-position of NI and the N-position of the PTZ moiety via a C-N single bond, or they are linked through a phenyl group. The tuning
of the energy order of the CT and LE states is achieved by oxidation of the PTZ unit into the corresponding sulfoxide, whereas con-
formation restriction is imposed by introducing ortho-methyl substituents on the phenyl linker, so that the coupling magnitude be-
tween the CT and the 3LE states can be controlled. The singlet oxygen quantum yield (®,) of NI-PTZ is moderate in n-hexane
(HEX, ® = 19%). TADF was observed for the dyads, the biexponential luminescence lifetime are 16.0 ns (99.9%)/14.4 us (0.1%)
for the dyad and 7.2 ns (99.6%)/2.0 ps (0.4%) for the triad. Triplet state was observed in the nanosecond transient absorption spec-
tra with lifetimes in the 448 ps range. Computational investigations show that the orthogonal electron donor—acceptor molecular

structure is beneficial for TADF. These calculations indicate small energetic difference between the SLE and 3CT states, which are
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helpful for interpreting the ns-TA spectra and the origins of TADF in NI-PTZ, which is ultimately due to the small energetic differ-
ence between the JLE and 3CT states. Conversely, NI-PTZ-O, which has a higher CT state and bears a much more stabilized 3LE

state, does not show TADF.

Introduction

Thermally activated delayed fluorescence (TADF) has attracted
much attention in recent years, not only for its application in
organic light emitting diodes (OLED) [1-3] but also as a mean
for studying of charge-transfer (CT) and intersystem-crossing
(ISC) phenomena [4,5]. Compounds showing TADF are usually
presenting an orthogonal electron donor—acceptor molecular
structure, i.e., the m-planes of the electron donor and acceptor
adopt an orthogonal geometry [6,7]. Such an architecture is
beneficial to spatially split HOMO and LUMO orbitals, thus
reducing the electron-exchange integral (J) for the two elec-
trons in the frontier molecular orbitals which reduced the
energy gap (2J) between these two states. It is widely consid-
ered that this small energy gap (a few dozens of meV) is benefi-
cial for both ISC and the reverse ISC (rISC) in TADF [1-3,8-
13].

However, it is noted that in some electron donor—acceptor
dyads, TADF is not observed even when the CT state is acces-
sible [14,15]. This is typically because the direct ISC between
ICT and 3CT is forbidden and non-efficient, and this hyperfine
interaction-driven ISC is slow. Recently, it was proposed that
an intermediate localized triplet state (3LE) is essential to en-
hance the ISC and rISC, through the so-called spin-vibronic
coupling effect [8,16-19]. However, the effect of the molecular
geometry on the ISC and rlSC is complicated, and additional in-
vestigations are required to verify the above postulate and to

unravel the TADF mechanism.

Recently, we and others found that the orthogonal
donor—acceptor dyad derived from 1,8-naphthalimide (NI) and
phenothiazine (PTZ) shows TADF in the red spectral range [20-
22]. Our purpose of designing that dyad was to study the
spin—orbit charge-transfer ISC (SOCT-ISC), i.e., to determine,
if the ISC is enhanced by the charge recombination (CR) in the
orthogonal dyad. Indeed, CR is accompanied by orbital angular
momentum change, which off-sets the electron spin angular
momentum change, allowing the angular momentum to be
conserved and, consequently, ISC to be enhanced [23-31]. We
underline that the orthogonal geometry of this dyad reduces the
LCTACT states energy gap while simultaneously enhancing the
ISC for the 'CT —3LE process. Therefore, we propose that the
TADEF is actually a special case of SOCT-ISC, when the three
ICT/ACT/ALE states have similar energies. Nevertheless, in
most orthogonal dyads showing SOCT-ISC, the 3LE state has a

much lower energy than the CT states, especially in triplet

photosensitizers, for which a final 3LE state is desired [32,33].
As explained above, an orthogonal geometry is beneficial to
achieve SOCT-ISC. However, for TADF, it was proposed that
the rotational freedom is beneficial for the rISC, and that too
rigid molecular structures may favor phosphorescence and
therefore limit rISC and TADF [34,35]. Studies with time-
resolved electron paramagnetic resonance (TREPR) spectra and
theoretical methods also support that conformation fluctuations
are beneficial to TADF [16]. This is in stark contrast with the
SOCT-ISC mechanism.

To further explore these contradictory requirements for SOCT-
ISC and TADF, we designed herein a series of NI-PTZ dyads,
and the synthesis route is mentioned in the following section of
molecular design and structural confirmation. These dyads are
different from the previously reported dyads by the substitution
position, and the number of PTZ moieties attached on the NI
unit, as well as the redox potential of the PTZ moiety. NI-PTZ
has a linkage at the 3-position of the NI moiety, for the recently
reported analogous dyad, however, the substitution is at the
4-position [20]. For the current NI-PTZ dyad, the torsion be-
tween the NI and PTZ has a larger freedom, due to the reduced
steric hindrance originating from the peri-H atoms on the two
chromophores. We also tuned the redox potentials by oxidation
of the electron donor PTZ (NI-PTZ-0). Thus, the energy of CT
states and the matching with their SLE counterpart can be
altered. We underline that the approach of oxidation of the PTZ
unit, which has minimal impacts on the geometry and the 3LE
state energy in the dyad, was rarely explored [8]. We also modi-
fied the energy of the CT states by increasing the distance be-
tween the electron donor and acceptor by using an intervening
phenyl linker between the NI and the PTZ moieties (NI-Ph-
PTZ and NI-PhMe,-PTZ) [36]. The electronic coupling be-
tween the NI and PTZ units differ these two dyads. Finally, in
NI-PhMe,-PTZ with methyl substituents, the phenyl linker
adopts an orthogonal geometry with respect to the NI moiety,
inducing a weaker coupling than that in NI-Ph-PTZ. The pho-
tophysical properties of the dyads were studied with steady-
state and time-resolved spectroscopic methods, as well as theo-

retical calculations.

Results and Discussion
Molecular design and structure confirmation

In order to study the effect of conformational flexibility on
TADF, NI-PTZ was designed (Scheme 1). As dicussed above,
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Scheme 1: Synthesis of the compounds?®. @Key: (a) phenothiazine, sodium tert-butoxide, dried toluene (TOL), tri-tert-butylphosphine tetrafluoroborate,
Pd(OAc)2, 120 °C, 8 h, 93.1%; (b) H202 (30%), CH3COOH, 40 °C, 1 h, yield: 87.2%; (c) similar to step (a), yield: 80.0%; (d) bis(pinacolato)diboron,
KOAc, Pd(dppf)Cly, toluene, N, 110 °C, 16 h, yield: 11.9%.; (e) 1-bromo-4-iodobenzene, Pd(PPh3)4, KoCOg3, TOL, EtOH, HoO, Ny, reflux, 8 h, yield:
92.9%; (f) similar to step (a), yield: 62.4%,; (g) 5-bromo-2-iodo-1,3-dimethylbenzene, Pd(PPhg)4, KoCO3, TOL, EtOH, H2O, Np, 110 °C, 9 h, yield:

60.6%; (h) similar to step (a), yield: 28.3%.
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various approaches (different connection, linkers, oxidation of
the PTZ, and addition of methyl groups) have been used to tune
the relative energies of the key states and the geometry.
Scheme 1 summarizes the synthetic routes used to obtain the
various compounds and shows the molecular structures. The
synthesis of the dyads is based on the ordinary derivatization of
the NI and PTZ chromophores [20]. The molecular structures
were confirmed by IH NMR, B¢ NMR, and HRMS methods

(Experimental section).

UV-vis absorption and fluorescence

emission spectra

The UV-vis absorption spectra of the compounds were studied
(Figure 1 and Figure S25 in Supporting Information File 1).
NI-PTZ shows structured absorption bands in the 300-350 nm
range, which are attributed to the NI moiety [20]. Moreover,
there is a broad, structureless absorption band centered at
412 nm (e = 1.30 x 103 M~! em™!), which is assigned to a CT
absorption band, i.e., to the Sy— LCT transition. This is an indi-
cation of the strong electronic coupling between the electron
donor (PTZ) and acceptor (NI). Indeed, in the absence of such
coupling, the Sy— !CT transition would be forbidden, and no
CT absorption band would be observed [14,37-41].

NI-PTZ

] --=--NI-PTZ-0
o 02 | ——NI-PTZ,
Q | ——NI-Ph-PTZ
© | —e— NI-PhMe,-PTZ
2
?0.1- ]
Q
<

0.0, e
300 400 500 600

Wavelength / nm

Figure 1: UV-vis absorption spectra of NI-PTZ, NI-PTZ-O, NI-PTZ,,
NI-Ph-PTZ, and NI-PhMe,-PTZ in HEX. ¢ = 1.0 x 10> M at 20 °C.

Interestingly, the CT absorption is similar to the previously re-
ported NI-N-PTZ dyad with a linkage at the 4-position of the
NI moiety [20], for which the CT absorption band is centered at
411 nm. Interesting in the NI-PTZj; triad, the absorption band at
300-350 nm is different from that of NI-PTZ, and the CT
absorption band centered at 423 nm is much more intense than
that of NI-PTZ, indicating that the electronic effect of the sub-

stituents does not have a simple additive effect on the photo-

Beilstein J. Org. Chem. 2022, 18, 1435-1453.

physical properties [42]. The CT absorption band of NI-PTZ-O
is much weaker, confirming that the CT absorption band
strongly depends on the electron-donating ability of the donor.
In both NI-Ph-PTZ and NI-PhMe,-PTZ, the CT band is negli-
gible, due to the large separation between the NI and PTZ
moieties. Note that in NI-Ph-PTZ, the electronic coupling be-
tween the NI and the phenyl linker is non-negligible, which
results in a CT absorption in which the phenyl moiety acts as
the donor. This analysis is supported by the UV—vis absorption
spectrum of the 3-phenyl NI [43]. A careful examination of the
UV-vis absorption spectra indicates that the PTZ moiety in
NI-Ph-PTZ induces a slight redshift of the CT absorption band
(centered at 405 nm) as compared to that of 3-phenyl NI [43].

These results show that our methods for tuning the electronic
coupling between the donor and acceptor groups by alternation
of the redox potentials of the donor (or acceptor), variation of
the distance between the donor and acceptor, and conformation-
al restriction, are all successful [44-46].

The fluorescence of the dyads was studied (Figure 2 and Figure
S26 in Supporting Information File 1). As compared to that in
cyclohexane (CHX) and HEX, the fluorescence of NI-PTZ is
strongly quenched in TOL and solvents with higher polarity.
This trend is similar to the one previously reported for the
NI-N-PTZ analog [20]. We note that the CT emission band of
NI-PTZ is slightly red-shifted as compared to that of the previ-
ously reported dyad. Upon oxidation of the PTZ moiety, i.e., for
NI-PTZ-O, the fluorescence quenching in polar solvents is less
significant than that of NI-PTZ (Figure 2b), and the CT emis-
sion band is blue-shifted as compared to that of NI-N-PTZ
[20], a likely consequence of the reduced electron-donating
ability of the PTZ moiety.

For NI-PTZ,, a solvent polarity-dependent fluorescence band
was observed (Figure 2¢), which is similar to that of NI-PTZ.
For NI-Ph-PTZ, a structured fluorescence band was observed
in the 400-600 nm range (Figure 2d), which is assigned to LE
emission. In toluene, however, a broad emission band centered
at 624 nm was observed, which we attribute to the CT emission
(with the phenyl moiety as donor group). The emission
maximum (624 nm) is blue-shifted as compared to that of
NI-PTZ (731 nm in toluene), indicating that the CT state
energy of NI-Ph-PTZ is higher than that of NI-PTZ [47]. Simi-
lar results were observed for NI-PhMe,-PTZ (Supporting
Information File 1, Figure S26).

As a preliminary study to assess the existence of TADF for the
dyads and the triad, the fluorescence spectra of the compounds
in Nj-saturated and air-saturated solution were recorded
(Figure 3 and Figure S27 in Supporting Information File 1). For
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Figure 2: Fluorescence spectra of the compounds (a) NI-PTZ; (b) NI-PTZ-O; (c) NI-PTZ3, and (d) NI-Ph-PTZ in different solvents. The solvents used
are: CHX, HEX, TOL and acetonitrile (ACN). Optically matched solutions were used, A = 0.100, Agyx = 330 nm, 20 °C.

both NI-PTZ and NI-PTZ,, the fluorescence intensity was
quenched significantly in aerated solution as compared to that
in deaerated solution (Figure 3a and 3c and Figure S27a and
S27c¢ in Supporting Information File 1). For NI-PTZ-O and
NI-Ph-PTZ (Figure 3b and 3d), however, the fluorescence in-

tensity is less dependent on the atmosphere.

However, one should be careful with the interpretation of such
data, as the quenching of the fluorescence in aerated solution
does not necessarily imply TADF, since fluorescence species
with long fluorescence lifetime can be also quenched by O, (a
paramagnetic species). This is in particular relevant for the
present compounds, since the fluorescence of NI-PTZ and
NI-PTZ, originate from CT states, whereas the emissions of
NI-PTZ-O and NI-Ph-PTZ come from an emissive 'LE state
(due to the oxidation of the PTZ unit, or the phenyl linker, the
CT state energy increases, and the ILE state becomes the

lowest-lying state). Longer lifetimes are typically found for CT

emission than LE emission, because of the forbidden feature of
the !CT— Sy transition.

Therefore, the fluorescence decay trace of the compounds was
recorded (Figure 4). The fluorescence decay trace of NI-PTZ
shows a distinct biexponential signature, the lifetime is 16.0 ns
(99.9%)/14.4 us (0.1%) in deaerated n-hexane (Figure 4a). In
aerated solution, the luminescence lifetime is reduced to 7.6 ns
(99.8%)/0.19 ps (0.2%) (Figure 4d). These are footprints for
TADF. Similar features were reported for an analogous
NI-PTZ dyad [20]. NI-PTZ; displays similar characteristic
TADF lifetimes (Figure 4b and 4e). Clearly, besides the confor-
mational flexibility, other factors do play a role in the photo-
physical properties of the dyad, i.e., the magnitudes of CT/3LE
energy gap, and related spin—vibronic couplings. Increasing the
CT state energy either through oxidation of the PTZ moiety (for
NI-PTZ-O) or by using a longer linker (NI-Ph-PTZ and
NI-PhMe,-PTZ), leads to a normal fluorescence decay. Specif-
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Figure 3: Fluorescence spectra of (a) NI-PTZ, (b) NI-PTZ-O, (c) NI-PTZ5, and (d) NI-Ph-PTZ in HEX under different atmospheres (Ny, air). Optically
matched solutions were used, A = 0.100, Agx = 330 nm, ¢ = 1.0 x 10~ M, 20 °C.

ically, the luminescence lifetimes of NI-PTZ-O and NI-Ph-
PTZ are 3.1 ns (99%)/22.1 ns (1%) and 1.2 ns (77%)/4.5 ns
(23%), respectively (Figure 4c and 4f). The fluorescence life-
times of NI-PhMe,-PTZ in CHX, HEX, and TOL were deter-
mined to be 1.6 ns (56%)/12.9 ns (44%), 1.2 ns (51%)/7.2 ns
(49%), and 2.7 ns (22%)/18.7 ns (78%), respectively (Figure
S28 in Supporting Information File 1).

were determined to be 2.24 eV, 2.27 eV, and 2.27 eV, respec-
tively (see Supporting Information File 1, Figure S29). For
NI-PTZ-O (Figure 5b), the phosphorescence lifetime of the
frozen solution attains 363 ms, which is similar to the phospho-
rescence lifetime of unsubstituted NI (ca. 410.3 ms) [48]. The
phosphorescence lifetime of NI-Ph-PTZ, NI-PhMe,-PTZ, and
NI-3Br are 432 ms (Figure S30a, Supporting Information
File 1), 376 ms (Figure S30b), and 4 ms (Figure S30c), respec-
In order to determine the NI energy in the dyads and in the tively.
triad, the phosphorescence emission spectra of NI-PTZ-O in

frozen solution at 77 K were recorded (Figure 5 and Figure S29  The photophysical properties of all compounds are compiled in

in Supporting Information File 1). No phosphorescence was  Table 1. The fluorescence quantum yields of the dyads (1.0% to

detected for NI-PTZ nor NI-PTZ;. For NI-PTZ-O (Figure 5a),
a structured emission with significant vibrational progression
was observed in the 520-650 nm range, which is attributed to
the 3LE state, as the emission band is similar to the one of
4-bromo NI [48]. Thus, the 3NI state energy can be approximat-
ed to be 2.29 eV from the 0-0 band of the phosphorescence.
The 3NI energy of NI-Ph-PTZ, NI-PhMe,-PTZ, and NI-3Br

~4.5%) are generally much lower than those of the amino-NI
derivatives (60% to =70%) [20]. In order to have a preliminary
evaluation of the ISC of the compounds, the singlet oxygen
quantum yields (®,) were studied in several solvents (Table 1
and Table 2). For NI-PTZ, ®, is high in HEX (19%), which is
similar to the value previously reported for the analogous dyad
NI-N-PTZ (®5 = 16%) [20]. However, ®, is lower in CHX
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Figure 5: (a) Phosphorescence spectra of NI-PTZ-O; (b) decay traces of the phosphorescence of the compounds NI-PTZ-0. Agy = 340 nm, at 77 K, in

2-methyltetrahydrofuran, ¢ = 1.0 x 102 M.

(O = 8%) and negligible in other solvents with higher polarity.
In contrast, NI-PTZ-O, NI-PTZ,, NI-Ph-PTZ, and
NI-PhMe,-PTZ show much larger ®, values in HEX (20% to

~50%), respectively. For NI-3Br and NI-Ph-Br, ®, are much
larger, up to 100% in dichloromethane (DCM) and ACN, likely
due to the heavy-atom effect.
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Table 1: Photophysical parameters of the compounds.

Beilstein J. Org. Chem. 2022, 18, 1435-1453.

Compound Solvent Aabs (NM)2  gP Aem (NM)S  T¢ (ns)d Tp (MS)®  Of (%)f ®p (%)9
NI-PTZ CHX 327 15 605 9.9 (99.7%) _h 1.9 8
250 (0.3%)
HEX 325 1.5 644 7.6 (99.8%) 1.7 19
190 (0.2%)
NI-PTZ-O CHX 329 2.0 468 3.4 (99%) 363 2.0 33
18.1 (1%)
HEX 327 2.0 472 1 (99%) 1.2 37
21 2 (1%)
TOL 335 2.0 542 4.3 (99%) 2.0 53
19.8 (1%)
NI-PTZ, CHX 295 27 630 5.8 (99.6%) _h 1.9 1
260 (0.4%)
HEX 301 2.4 644 4.9 (99.6%) 1.7 38
200 (0.4%)
NI-Ph-PTZ CHX 332 1.4 490 3 (54%) 432 4.2 31
4 (46%)
HEX 332 14 482 2 (77%) 4.1 28
5 (23%)
TOL 336 1.3 585 9 (31%) 4.5 34
141 (69%)
NI-PhMe,-PTZ CHX 328 1.6 479 1.6 (56%) 376 1.3 35
12.9 (44%)
HEX 329 1.6 478 1.2 (51%) 1.0 42
7.2 (49%)
TOL 333 1.6 595 2.7 (22%) 1.3 40
18.7 (78%)

aMaximal UV-vis absorption wavelength, ¢ =1.0 x 10-5 M, 20 °C; Pmolar absorption coefficient at absorption maxima, €: 10* M= cm~"; Cemission
wavelength; %luorescence lifetime, Agx = 340 nm; ©phosphorescence lifetime, Agx = 340 nm, in 2-methyltetrahydrofuran; ffluorescence quantum yields
determined, Agy = 330 nm; singlet oxygen quantum yields, Ru(bpy)s[PFg]> was used as standard compound (®p = 57% in DCM); Pnot observed.

Table 2: Singlet oxygen quantum yields (®p, in%) in different
solvents?@.

Compound CHX HEX TOL DCM  ACN
NI-PTZ 8 19 -b -b -b
NI-PTZ-0 33 37 53 90 9
NI-PTZ, 1 38 -b -b -b
NI-Ph-PTZ 31 28 34 b b
NI-PhMey-PTZ 35 42 40 b b
NI-3Br 33 38 46 100 100
NI-Ph-Br 30 39 50 100 100

aThe E7 (30) values of the solvents are 30.9 (CHX), 31.0 (HEX), 33.9
(TOL), 40.7 (DCM), and 45.6 (ACN), respectively, in kcal mol~".
Singlet oxygen quantum yield (®) with Ru(bpy)s[PFs]> as standard
(®a = 0.57 in DCM) in different solvents, Aey = 437 nm; Pnot observed.

Electrochemistry study

The redox potentials of the dyads were studied with cyclo-
voltammetry (Figure 6, Table 3), and the Gibbs free energy
changes of the charge separation (AG¢g) and charge separation

states energy levels (Ecg) of the compounds were calculated

(Table 4). A reversible oxidation wave at +0.36 V (vs Fc/Fc*)
was observed for NI-PTZ, which is attributed to the oxidation
of the PTZ units. A reversible reduction wave at —=1.75 V (vs
Fc/Fct) was observed, which is attributed to the reduction of the
NI moiety. These reduction potentials are similar to the ones
previously reported for the NI-N-PTZ dyad (+0.39, —1.72).
However, for NI-PTZ-0, an irreversible oxidation wave at
+1.09 V (vs Fc/Fc*) was observed, which indicates that, upon
oxidation, the PTZ moiety becomes a poor electron donor. A re-
versible reduction wave at —1.57 V was observed, which is
cathodically shifted as compared to that of NI-PTZ, an ex-
pected trend considering the poor electron-donating ability of
the oxidized PTZ moiety.

However, the data of NI-PTZ, shows less intuitive trends, as a
reversible reduction wave is observed at —1.63 V (vs Fc/Fc*),
which is not in line with the presence of two electron-donating
PTZ moieties — one would expect, the reduction potential of
NI-PTZ, should be more negative than the one for NI-PTZ.
Slightly lower oxidation potentials were observed for NI-Ph-
PTZ and NI-PhMe,-PTZ. However, the 0.04 eV difference in
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Figure 6: Cyclic voltammograms of the compounds. NI-PTZ, NI-PTZ,,
NI-Ph-PTZ, and NI-PhMe2-PTZ were studied in deaerated DCM;
NI-PTZ-0O in deaerated ACN. Ferrocene (Fc) was used as internal
reference (set as 0 V in the cyclic voltammograms). 0.10 M BusNPFg
as supporting electrolyte. Scan rates: 100 mV/s, ¢ = 1.0 x 103 M,

20 °C.

-2

the oxidation potentials of these two dyads indicates that the
different conformational restriction affects the electronic cou-
pling between the NI and PTZ moieties. To help the assign-
ment of the possible CT states in the time-resolved spectra (see
later section), the spectroelectrochemistry of the compounds
was studied (Figure 7).

For NI-PTZ, when a positive potential of +0.53 V (vs Ag/
AgNOj3) was applied, the hallmark absorption bands of the
PTZ"* radical cation centered at 516, 794, and 891 nm are ob-
served [20]. These bands are similar to the ones observed for
the previously reported NI-N-PTZ dyad. Upon a negative

Beilstein J. Org. Chem. 2022, 18, 1435-1453.

Table 3: Electrochemical redox potentials of the compounds.?

Compound E(ox)/V E(red)/V
NI-PTZb +0.36 -1.75
NI-PTZ-0°¢ +1.09 -1.57
NI-PTZ,° +0.38 -1.63
NI-Ph-PTZb +0.29 -1.82
NI-PhMe,-PTZP  +0.25 -1.84
NI-3Brb —d -1.56
NI-N-PTZ +0.39 -1.72

aCyclic voltammetry in No-saturated solvents containing 0.10 M
BuyNPFg. Pt electrode as the counter electrode, glassy carbon elec-
trode as the work electrode, ferrocene (Fc/Fc*) as the internal refer-
ence (set as 0 V in the cyclic voltammograms), and Ag/AgNO3 couple
as the reference electrode; 2in DCM; %in ACN; 9not observed.

potential at —1.83 V (vs Ag/AgNOs) applied, the absorption
bands of the NI'™ radical anion at 424, 492, 720, and 801 nm are
observed, which are also similar to the ones of the analogous
dyad [20]. For NI-PTZ-O, similar NI'~ absorption bands were
observed. However, the PTZ"* absorption bands of NI-PTZ-O
are less resolved as compared to those of NI-PTZ (Figure 7a).
These results indicate the effect of oxidation of the PTZ moiety.

The spectroelectrochemistry traces of NI-Ph-PTZ, NI-PTZ,,
and NI-PhMe,-PTZ were also studied (Supporting Informa-
tion File 1, Figure S31). For NI-Ph-PTZ, the NI'~ absorption
bands in the 350—-600 nm range are less resolved than for
NI-PTZ. This likely comes from the effect of the m-conjuga-
tion of the phenyl ring with the NI moiety in NI-Ph-PTZ. In
contrast, the PTZ"* absorption band of NI-Ph-PTZ resembles
the one of NI-PTZ, indicating that the spin density of PTZ"* in
NI-Ph-PTZ is confined on the PTZ moiety, and does not signif-
icantly spread on the phenyl linker. The spectroelectrochem-
istry of NI-PhMe;,-PTZ shows that the NI'™ absorption band in
this dyad is similar to that of NI-PTZ, but not to the one of

Table 4: Gibbs free energy changes of the charge separation (AGcgs) and charge separation states energy (Ecs) of the compounds?2.

Compound AGgs (eV) Ecs (eV)

HEX TOL DCM ACN HEX TOL DCM ACN
NI-PTZb -0.38 -0.51 -0.85 -0.95 2.28 2.15 1.81 1.71
NI-PTZ-0O°¢ -0.23 -0.29 -0.47 -0.52 2.88 2.81 2.63 2.58
NI-PT22d -0.29 -0.34 -0.93 -1.06 2.39 2.24 1.75 1.62
NI-Ph-PTZ® -0.04 -0.28 -1.10 -1.31 2.98 2.74 1.92 1.71
NI-PhMez-PTZf -0.07 -0.32 -1.16 -1.37 3.00 2.75 1.91 1.70

aCyclic voltammetry in deaerated solutions containing 0.10 M BusNPFg. Pt electrode as counter electrode, glassy carbon electrode as working elec-
trode, and Ag/AgNO3 couple as the reference electrode; PEqq = 2.66 eV; °Eqgg = 3.11 eV; 9Eqg = 2.68 eV; Eqg = 3.02 eV; 'Egg = 3.07 eV. Ego
(Eoo = 1240/A) is the singlet state energy of compounds, A is the wavelength of the crossing point of normalized UV—vis absorption spectra and fluo-

rescence emission spectra.
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20 °C.

NI-Ph-PTZ. This illustrates the impact of the conformational
restriction on the photophysical properties of NI-PhMe,-PTZ.

We underline that the absorption of the CT states of the dyads
may not be the “simple sum” of the absorption of the radical
cation and the radical anion of the dyads, obtained by the spec-
troelectrochemistry (Figure 7). The reason is that, in spectro-
electrochemistry, one forms either D**—A or D-A"", but not
D*"-A"". When photoexciting the dyads, however, the CT
(D**-A"") state is formed resulting in a different exciton
binding energy related to the interaction between the radical
anion and cation; this interaction being far from negligible in

compact dyads.

Nanosecond transient absorption (ns-TA)

spectra

In order to identify the lowest-lying transient species of the
dyads and the triad formed upon photoexcitation, the ns-TA
spectra of the compounds were recorded (Figure 8). For the
reference NI-3Br (Figure S33a, Supporting Information File 1),
sharp excited state absorption (ESA) bands centered at 360 and
470 nm were observed in HEX, and a 63 us lifetime was deter-
mined. For NI-PTZ, positive absorption bands centered at 360,
470, 390, and 520 nm were observed upon pulsed laser in HEX
(Figure 8a). This absorption profile drastically differs from the
absorption of the radical anion and the cation (see Figure 7a and
b) and that of NI-3Br. It is also different from the previously
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Figure 8: Nanosecond transient absorption spectra of (a) NI-PTZ (c = 1.5 x
(c = 5.0 x 10~3 M). The corresponding decay traces are (d) NI-PTZ (c = 5.0

10-4 M), (b) NI-PTZ-0 (c = 2.5 x 104 M), and (c) NI-PTZ,
x 1076 M) at 520 nm, (e) NI-PTZ-O (c = 2.0 x 10~% M) at 530 nm, and

(f) NI-PTZ3 (c = 6.0 x 106 M) at 510 nm. In deaerated HEX, Ay = 355 nm, 20 °C.

studied analogous dyad, for which a CT state was observed
[20]. Thus, we tentatively propose that a 3LE state was ob-
served for NI-PTZ. The lifetime of the transient species was
determined as 16 us. This lifetime is much longer than that ob-
served for the analogous dyad (2.6 ps), which was assigned to a
CT state [20]. This conclusion is supported by the fact that the
3LE state energy (2.27 eV) of NI-PTZ is slightly lower than its
CT state (2.34 eV, approximated from the CT emission band,
Figure 3a). Discrepancy results were observed for NI-PTZ,
(Figure 8c) and the lifetime was determined to be 4 pus
(Figure 8f). In this case the 3LE and CT states share similar
energy, the CT state energy is 2.25 eV (approximated from the
CT emission band, Figure 3c), and the 3LE state energy,
2.27 eV. Observation of a long-lived CT state in compact
donor—acceptor dyads is rare [49-51], the CR of 3CT— Sy is
spin forbidden, the 3CT state should be longer-lived than the
ICT state, which is attributed to the electron spin control effect
[15,52-57]. These results confirm that the molecules showing
TADEF can have either a lowest-lying CT state or a lowest-lying
3LE state.

The ns-TA spectra of NI-PTZ-O were also studied (Figure 8b).
Upon oxidation of the PTZ moiety, the CT state energy in-

creases by 0.6 eV as compared to that of NI-PTZ (Table 4).
However, the ESA bands of NI-PTZ-O are close to those of
NI-PTZ. Thus, we tentatively assign the transient species as
3LE state of NI-PTZ-0O, and that the 3LE state stands as the
lowest-lying triplet state with an energy of 2.29 eV based on the
low temperature phosphorescence, significantly below the esti-
mated value of 2.88 eV for the CT state (approximated from the
CT absorption band, Figure 1). The longer lifetime of NI-PTZ-
O infers that for NI-PTZ, CT state sharing similar energy with
3LE may drain the excited state and shorten the triplet state life-

time.

The ns-TA spectra of NI-Ph-PTZ and NI-PhMe,-PTZ were
also studied (Figure S32 in Supporting Information File 1). For
these two dyads, especially NI-PhMe,-PTZ, the ESA bands
and the triplet state lifetimes (43 ps) are similar to those of
NI-3Br, and the 3LE state is therefore observed in these two
dyads. Interestingly, the conformation restriction in NI-PhMe;-
PTZ leads to literally the same ESA bands as in NI-3Br. Due to
the large separation of the electron donor and acceptor, the CT
state energy is increased by ca. 0.7 eV as compared to that of
NI-PTZ (Table 4). In NI-PhMe,-PTZ, the CT state energy is
3.02 eV (approximated from the CT emission band, Figure S26
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in Supporting Information File 1), and the 3LE state energy
attains 2.27 eV (approximated from the low temperature phos-
phorescence). For NI-Ph-PTZ, the CT state energy is 2.99 eV
(approximated from the CT emission band, Figure 3d), and the
3LE state energy is 2.24 eV (approximated from the low tem-
perature phosphorescence). Therefore, it is evident that the 3LE
state is the lowest-lying triplet state in both NI-Ph-PTZ and
NI-PhMe,-PTZ.

It is known that the CT state energy decreases substantially
when increasing the solvent polarity. For instance, in NI-PTZ,
the CT state lies at 2.28 eV in HEX (Table 4), but only at
1.71 eV in ACN, whereas the 3LE state is much less sensitive to
the polarity and remains at ca. 2.27 eV. Therefore, the ns-TA
spectra of the dyads in ACN were studied as well (Figure S34 in
Supporting Information File 1). For NI-PTZ, positive absorp-
tion bands centered at 420 nm and a minor band at 510 nm were
observed. These absorption bands are different from the ns-TA
of NI-PTZ in HEX, however, a feature which is similar to the
one found in NI-N-PTZ [20]. In other words, the transient
species of NI-PTZ in ACN upon photoexcitation corresponds
to be a CT rather than the 3LE state. The CT state lifetime was
determined to be 0.37 us (Figure S34b, Supporting Information
File 1), and it is ca. twice longer than the CT state lifetime of
NI-N-PTZ measured in the same experimental conditions
(ca. 0.16 ps, Figure S34d). The CT state lifetime of NI-PTZ is
rather long, considering the compact dyad structure and the low
CT energy in ACN (ca. 1.71 eV). For NI-PTZ,, the CT state

Beilstein J. Org. Chem. 2022, 18, 1435-1453.

was measured in ACN as well, and a 189 ns lifetime was deter-
mined (Figure S35a in Supporting Information File), hinting
that the CT state observed in the NI-PTZ; ns-TA experiments
is in fact a 3CT state, rather than a 'CT state. Indeed, the lumi-
nescence studies have shown that the lifetime of 'CT state is
short with prompt fluorescence on ns timescale.

In comparison, we also studied the triplet state ns-TA spectra of
the reference compound NI-3Br in ACN (see Supporting Infor-
mation File 1, Figure S33c), and the data were compared to the
ns-TA spectra in HEX. The results show that NI-3Br has simi-
lar ns-TA spectral features in both HEX and ACN, and the
triplet state lifetime are similar in both solvents (63 us and
118 ps, respectively). Similar results were observed for NI-Ph-
Br, the triplet state lifetimes are 45 us and 108 us in HEX and
ACN, respectively (Figure S36, Supporting Information File 1).
For NI-PTZ-0, 3LE and 3CT states were observed in ACN, and
the lifetime was determined as 71 ps (Figure S35c).

Computational investigations

To explain the experimental results, quantum chemical calcula-
tions were used to obtain additional insights into both the
excited states involved and the photo-deactivation dynamics.
First, the ground state geometry of the compounds was opti-
mized (Figure 9). For the compact NI-PTZ and NI-PTZ-O
dyads, the two units adopt almost orthogonal geometry. A simi-
lar result was observed for the triad NI-PTZ;. For the dyads
containing a phenyl linker between the NI and the PTZ

Figure 9: Optimized ground state geometry of (a) NI-PTZ, (b) NI-PTZ-O, (c) NI-PTZ,, (d) NI-Ph-PTZ, and (e) NI-PhMe2-PTZ; the green and orange

sheets show the planes of the donor and the receptor.
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moieties, the steric hindrance imposed by the methyl substitu-
ents on the phenyl linker is significant: the dihedral angle be-
tween the NI and the phenyl linker is 37° only in NI-Ph-PTZ,
but it increases up to 84° in NI-PhMe,-PTZ. In NI-Ph-PTZ,
the dihedral angle between the NI and the PTZ is ca. 55°, and it
increases up to 87° in NI-PhMe,-PTZ.

As shown in Table S1 (Supporting Information File 1), for all
compounds, S; corresponds to a HOMO—LUMO electronic
transition (see the molecular orbitals involved in Figure 10) at
the Franck—Condon region. The spatial separation between the
HOMO and LUMO orbitals along with the very small calcu-
lated oscillator strengths (see Table S1 and Table S2, Support-
ing Information File 1) are clear indicators of a CT character for
Si. Relaxation on the lowest triplet excited state potential
energy surfaces leads to different scenarios for the studied com-
pounds as shown in Table S2: a 3CT character is found for the
lowest triplet excited state (T) of NI-PTZ and a considerable
3CT character is found for the T; of NI-N-PTZ and NI-PTZ,.
Conversely, for NI-PhMe,-PTZ, NI-Ph-PTZ, and NI-PTZ-O
a predominant SLE character is found at the T; optimized
minima (see Table S2). Note that, at the Frank—Condon region,
T, corresponds to a LE state for all the compounds (see Table
S1). Thus, in NI-PTZ-O, the relaxation on the T and T, poten-
tial energy surfaces leads to the same state ordering between the
3LE and 3CT states with respect to the Franck—Condon region,
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i.e., the 3LE state remains the lowest triplet excited state at both
the Franck—Condon region and at its optimized geometry. T
corresponds to a SLE state localized on the acceptor ligand and
it predominantly involves a HOMO-2-to-LUMO electronic ex-
citation (see Figure 10 for the orbitals). For the same com-
pound, T; corresponds to a HOMO —LUMO transition with a
predominant 3CT character. The computed triplet energies (see
Table S2) are in reasonable agreement with the experimental
ones. More in details, the experimental emission maximum for
the for 3LE band peaks at 2.29 eV, which reasonably matches
the computed one (2.02 eV). Note that experimentally, the 3LE
state was still observed to be the lowest triplet state for
NI-PTZ. In this respect, the computed energetic difference be-
tween T and T falls within the typical TD-DFT error bar (ca.
0.3 eV), which explains the difference in state ordering be-
tween experiments and calculations. Note also, that the experi-
mental results point to a small energetic difference between the
3LE and 3CT states, as triplet state lifetime is shorter than the
pristine NI state.

For completeness, Table S3 (Supporting Information File 1)
reports the adiabatic and vertical energies of the >LE and 3CT
states for NI-PTZ and NI-PTZ-O (as representative cases of
the different photophysical scenarios within the series of com-
pounds) along with the state ordering at the 'CT optimized
geometries. Comparing NI-PTZ-O with NI-PTZ at their !CT

e

0.97 LUMO +4
136 LUMO

-1.13 LUMO

-6.62 HOMO
-7.41 HOMO -1

NI-PTZ, ° NI-ph-PTZ

NI-PhMe,-PTZ

Figure 10: Kohn—Sham frontier molecular orbitals (CAM-B3LYP/6-31G(d) in gas phase) involved in Sy, Ty, and T» of NI-N-PTZ, NI-PTZ, NI-PTZ-O,
NI-PTZ;, NI-Ph-PTZ, and NI-PhMe,-PTZ, based on the optimized ground state geometries. An isovalue of 0.02 is used.
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optimized geometries, a different ordering of the triplet excited
states is obtained. More in details, for NI-PTZ-O, both 3LE
(2.63 eV) and 3CT (3.09 eV) are lower in energy than the IcT
state (3.12 eV), but for NI-PTZ the 3LE state (2.74 eV) is
higher in energy than the 'CT state (2.60 eV), while 3CT
remains slightly lower in energy (2.57 eV). This has some im-
portant consequences on the TADF mechanisms.

Table 5 lists spin—orbit couplings matrix elements (SOCMEs)
between 'CT, 3LE, and 3CT states. The SOCMEs between 'CT
and 3CT are small, 0.03 cm™! at most, which was expected as
they involve the same electronic transitions. Conversely, the
SOCMEs between 'CT and 3LE amount up to 0.47 cm™! in the
case of NI-PTZ-O. For NI-PTZ the computed ISC rate from
ICT towards 3LE attains to 2.92 x 107 s71, which is two orders
of magnitude larger than the ISC rate towards JCT
(8.51 x 10° s71). The RISC from 3CT (2.79 x10° s™!) back to
ICT is large enough to compete with other photodeactivation
processes, so TADF is likely. In order to further proof this, we
also calculated the phosphorescence rate (kppos; see Experimen-
tal section, Computational details). The computed kppos
amounts up to 6.85 x 107! s7!, thus confirming that phospho-
rescence from 3CT is not competitive with RISC, also in agree-
ment with the experimental evidences. For NI-PTZ-O, the
fastest rate of ISC is found for the !CT—3LE transition
(4.12 x 10° s71). Conversely, the RISC process from the 3LE
state is very unlikely to occur, as the back process to 'CT is
characterized by a large energy gap (ca. 0.49 eV, see Table S3
in Supporting Information File 1), thus explaining the different
TADF properties experimentally measured for NI-PTZ-O and
NI-PTZ. The analysis of the computed reorganization energies
for selected (R)ISC processes of NI-PTZ-O and NI-PTZ and
the activation barriers derived from these values clearly high-
light the same trends obtained with the rate calculations [58].
For instance, a negligible RISC decay rate for the SLE— !CT
process in NI-PTZ-O roots on a large adiabatic energy differ-
ence and an even larger reorganization energy (0.75 and 1.92
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eV, respectively), which lead to an activation barrier of ca. 3.42
eV (see details in Supporting Information File 1). Conversely,
the sizable value of the RISC rate for the for the SLE—!CT
process in NI-PTZ roots on a small adiabatic energy difference
and a similar value for the reorganization energy (0.23 vs
0.53 eV, respectively). This results in an activation barrier for
the RISC process of ca. 0.076 eV, which is small enough to

enable the RISC process at room temperature.

In Scheme 2, a summary of the photodeactivation pathways for
NI-PTZ and NI-PTZ-O is presented. In addition, the impact of
solvent on the energy of the states is included. When moving
from apolar to polar solvents a little increase in the energy gap
between 'CT and 3LE is observed (amounting to up to 0.13 eV
in acetonitrile), which is mostly due to the stabilization of 3LE
(0.23 eV for NI-PTZ and 0.30 eV for NI-PTZ-0) while the
ICT state is only stabilized by 0.10 eV and 0.17 eV, respective-
ly for both NI-PTZ and NI-PTZ-0O. Comparing the computed
energies (Scheme 2) with the experimental energies (see
Table 4) results in a reasonable agreement, especially in a polar
solvent (ACN), where the experimental energy of NI-PTZ for
the !CT state is 1.71 eV and the computed energy, 1.74 eV. For
NI-PTZ-O the experimental energy of the 3CT in ACN is
2.58 eV, while the computed energy, 2.82 eV, deviates more
from the experiment (0.24 eV), but remains in a reasonable
agreement with the measured values. The CT character of the
ICT and 3CT states is visible in the electronic density differ-
ence (EDDs) plots shown in Scheme 2, which clearly indicates
the flow of electron density from the PTZ to the NI moieties.
Conversely, the LE states are fully localized within the acceptor
fragment.

Conclusion

In order to study the impact of the energy matching between the
charge-transfer (CT) and localized triplet excited (’LE) states
on the thermally activated delayed fluorescence (TADF), a
series of compact electron donor—acceptor dyads and a triad

Table 5: Calculated SOCMEs (cm~") and computed rates (s~) along with selected reorganization energies (values between brackets in eV) for the

(R)ISC processes NI-PTZ and NI-PTZ-O.

Molecule SOCME (cm™1) kisc (s71)2 krisc (s71)2
1CT-3LE 1cT-3CT 1CT-8LE 1cT-8CT 1CT-8LE 1CT-3CT
NI-PTZ 0.33 0.03 2.92 x 107 851 x 10° 379 x10° 279 x 10%
(0.53)°
NI-PTZ-O 0.47 0.02 412 x 108  1.23 x10° 0 8.13 x 104
(1.92)b

@Rates obtained by making use of the vertical hessian model as implemented in FCclasses. All computations are performed in the gas phase.

PReorganization energies (in eV) for the RISC processes.
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Scheme 2: Jablonski diagram of (a) NI-PTZ and (b) NI-PTZ-0, including electron density difference (EDD) at T (3LE) geometry and computed in gas
phase. EDD isovalues are 0.02 au. The cyan and blue lobes of the EDD indicate increase and decrease of electron density, respectively. The ener-
gies in eV were obtained with single point calculations on optimized S4, T4, and T> geometry in HEX, DCM, TOL, and ACN.

were prepared. In the dyads and the triad, naphthalimide (NI)
was used as electron acceptor and phenothiazine (PTZ) as elec-
tron donor. The NI and PTZ moieties are either directly
connected at the 3-position of NI and the N-position of the PTZ
moiety via a C—N single bond, or connected through an inter-
vening phenyl linker. Tuning the electron-donating ability of
the PTZ unit, and consequently the CT state energy, was
achieved by its oxidation to yield the corresponding sulfoxide.
The conformation restriction was imposed through introducing
ortho-methyl substituents on the phenyl linker. TADF was ob-
served for the dyads and the triad, indicated by the biexponen-
tial fluorescence decay, for instance 16.0 ns (99.9%)/14.4 ps
(0.1%). Singlet oxygen photosensitizing experiments showed
that the ®p of NI-PTZ is moderate in HEX (®p = 19%), but
that upon oxidation of the PTZ unit in the dyad much larger
values were observed for the resulted dyad NI-PTZ-O (up to
90% in DCM) due to the increase of the CT state energy. In
nanosecond transient absorption spectra in HEX, in general a
3LE state was observed (lifetime: 16-48 ps). For all the com-
pounds, CT emission bands were observed in HEX. In polar
solvents, CT state was observed for NI-PTZ, NI-N-PTZ, and
NI-PTZ, (lifetime: 156-365 ns). Computational investigations
unambiguously unraveled the origins of TADF in NI-PTZ. Our
investigations also underpin the striking photophysical behav-
ior of NI-PTZ-O (i.e., phosphorescence and absence of TADF)
which originates from a different excited state ordering be-
tween the 3CT and 3LE states in NI-PTZ and NI-PTZ-O. The
tuning of the energy order of the 3CT and 3LE state is achieved
by the feasible oxidation of the PTZ unit in the dyads, while the
other factors kept intact; this approach may become a promis-
ing methodology in the study of the entangled excited states and
the photophysical processes of TADF molecules based on the
electron donor—acceptor dyads structure motif. These studies

are also useful to understand the subtle entanglement of the

1LE, ]CT, 3CT, and 3LE states of TADF based on electron
donor—acceptor dyads, as well as the photophysical processes of

these dyads upon photoexcitation.

Experimental

General methods

All the chemicals used in synthesis are analytical pure and were
used as received without purification. UV—vis absorption spec-
tra were measured on a UV-2550 spectrophotometer (Shimadzu
Ltd., Japan). Fluorescence emission spectra were recorded with
an FS5 spectrofluorometer (Edinburgh instruments Ltd., U.K.).
Fluorescence quantum yields (&) were measured by an
absolute photoluminescence quantum yield spectrometer
(Quantaurus-QY Plus C13534-11, Hamamatsu Ltd., Japan). Lu-
minescence lifetimes of compounds were recorded with an
OB920 luminescence lifetime spectrometer (Edinburgh Instru-
ments Ltd., U.K.). NI-PTZ, NI-PTZ-O, NI-PTZ,, NI-Ph-
PTZ, and NI-PhMe,-PTZ were prepared according to the liter-
ature methods [21,59].

Synthesis of NI-PTZ

Compound NI-PTZ was synthesized in a manner similar to
[21]. Under N, atmosphere, NI-3Br (468.0 mg, 1.209 mmol),
phenothiazine (289.0 mg, 1.452 mmol), Pd(OAc), (49.2 mg,
0.219 mmol) and sodium tert-butoxide (760.0 mg, 7.908 mmol)
were dissolved in dry toluene (22 mL). Then tri-fert-butylphos-
phine tetrafluoroborate (66.4 mg, 0.229 mmol) was added. The
mixture was refluxed and stirred for 8 h under Nj. After cool-
ing, water (20 mL) was added, and the mixture was extracted
with ethyl acetate (80 mL). The organic layer was separated and
washed with water and brine (3 X 30 mL), respectively. The
organic layer was combined, dried over anhydrous Na;SOy,, and
the solvent was evaporated under reduced pressure. The crude

product was purified by column chromatography (silica gel,
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DCM/PE 1:3, v:v). Compound NI-PTZ was obtained as orange
solid. Yield: 570 mg (93.1%). Mp 61.9-62.7 °C; 'H NMR
(CDCl3, 400 MHz) 5 0.88 (t, J = 14.17 Hz, 3H), 0.94 (t, J =
14.89 Hz, 3H), 1.29-1.34 (m, 4H), 1.36-1.41 (m, 4H),
1.93-1.97 (m, 1H), 4.07-4.17 (m, 2H), 6.61 (d, J = 7.99 Hz,
2H), 6.97-7.03 (m, 4H), 7.22 (d, J = 7.63 Hz, 2H), 7.75-7.77
(m, 1H), 8.08 (s, 1H), 8.13 (d, J = 8.18 Hz, 1H), 8.57 (s, 1H),
8.58 (s, 1H); 13C NMR (CDCl3, 125 MHz) & 164.40, 163.96,
141.60, 138.00, 133.34, 130.84, 130.44, 129.54, 127.72, 127.22,
126.37, 125.31, 125.01, 124.16, 122.85, 119.77, 44.36, 37.97,
30.77, 29.70, 28.71, 24.08, 23.10, 10.66; HRMS-MALDI (m/z):
[M + HJ" caled for C35H39N,0,S, 506.2028; found, 506.2023.

Synthesis of NI-PTZ-O

Compound NI-PTZ-O was synthesized in a manner similar to
[59]. Compound NI-PTZ (200 mg, 0.4 mmol) was dissolved in
glacial acetic acid (28 mL), H,O, (8.2 mL, 30%, 6.5 mmol) was
added dropwise. The mixture was stirred at 40 °C overnight.
The mixture was poured into water and the pH of the mixture
was brought to 7 with a saturated aqueous solution of Na,COj;.
After cooling, water (20 mL) was added, and the mixture was
extracted with ethyl acetate (80 mL). The organic layer was
separated and washed with water and brine solution
(3 x 30 mL), respectively. The organic layer was dried over an-
hydrous Na;SO, and the solvent was evaporated under reduced
pressure. The crude product was purified by column chromatog-
raphy (silica gel, DCM/MeOH 50:1, v:v). NI-PTZ-O was ob-
tained as yellow solid. Yield: 180 mg (87.2%). Mp
176.2-177.2 °C; 'H NMR (CDCl3, 400 MHz) 5 0.88-0.98 (m,
6H), 1.27-1.43 (m, 8H), 1.95-2.01 (m, 1H), 4.11-4.22 (m, 2H),
6.67 (d, J = 8.26 Hz, 2H), 7.29 (d, J = 7.38 Hz, 2H), 7.38-7.42
(m, 2H), 7.88-7.92 (m, 1H), 8.05 (d, J = 7.38 Hz, 2H), 8.28 (d,
J =8.00 Hz, 1H), 8.42 (s, 1H), 8.62 (s, 1H), 8.76 (d,J = 7.13
Hz, 1H); '3C NMR (CDCl3, 125 MHz) & 164.51, 139.11,
138.73, 138.17, 133.68, 133.51, 132.44, 131.95, 131.22, 130.44,
127.36, 123.27, 122.83, 121.64, 44.27, 37.98, 30.75, 28.71,
24.07, 23.10, 20.81, 10.66; HRMS-MALDI (m/z): [M + H]*
calcd for C3,H39N,03S, 522.1977; found, 523.2050.

Synthesis of NI-PTZ,

Compound NI-PTZ, was synthesized in a manner similar to
[21]. Under Nj atmosphere, compound 1 (190.0 mg,
0.409 mmol), phenothiazine (294.5 mg, 1.478 mmol),
Pd(OAc), (36 mg, 0.160 mmol), and sodium zert-butoxide
(317.0 mg, 3.299 mmol) were dissolved in dry toluene (12 mL).
Then, tri-fert-butylphosphine tetrafluoroborate (53.0 mg,
0.183 mmol) was added. The mixture was refluxed and stirred
for 24 h under N,. After cooling, water (20 mL) was added, and
the mixture was extracted with ethyl acetate (80 mL). The
organic layer was separated and washed with water and brine

(3 X 30 mL), respectively. The organic layer was dried over an-
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hydrous NaySOy4 and the solvent was evaporated under reduced
pressure. The crude product was purified by column chromatog-
raphy (silica gel, DCM/PE 1:4, v:v). Compound NI-PTZ, was
obtained as orange solid. Yield: 230 mg (80.0%). Mp
100.1-101.0 °C; '"H NMR (CDCl3, 400 MHz) & 0.86-0.94 (m,
6H), 1.30-1.41 (m, 8H), 1.90-1.96 (m, 1H), 4.03—4.14 (m, 2H),
6.77 (m, 4H), 7.01-7.11 (m, 8H), 7.25 (d, J = 1.51 Hz, 2H),
7.86 (d, J = 2.12 Hz, 2H), 8.46 (d, J = 2.12 Hz, 2H); 13C NMR
(CDCl3, 125 MHz) d 163.94, 142.79, 135.00, 127.96, 127.82,
126.96, 126.23, 124.62, 123.50, 121.13, 44.52, 37.95, 30.75,
29.70, 28.72, 24.06, 23.10, 10.66; HRMS-MALDI (m/z):
[M + H]* caled for C44H37N30,S,, 703.2327; found, 703.2322.

Synthesis of NI-Ph-PTZ

Compound NI-Ph-PTZ was synthesized in a manner similar to
[21]. Under N, atmosphere, compound 2 (51 mg, 0.110 mmol),
phenothiazine (26.3 mg, 0.132 mmol), Pd(OAc); (4.5 mg,
0.020 mmol), and sodium fert-butoxide (69.1 mg, 0.720 mmol)
were dissolved in dry toluene (3 mL). Then, tri-tert-butylphos-
phine tetrafluoroborate (6.1 mg, 0.021 mmol) was added. The
mixture was refluxed and stirred for 8 h under Nj. After cool-
ing, water (20 mL) was added, and the mixture was extracted
with ethyl acetate (80 mL). The organic layer was separated and
washed with water and brine solution (3 X 30 mL), respectively.
The organic layer was dried over anhydrous Na;SOy4 and the
solvent was evaporated under reduced pressure. The crude
product was purified by column chromatography (silica gel,
DCM/PE 6:1, v:v). The product NI-Ph-PTZ was obtained as
yellow solid. Yield: 40 mg (62.4%). Mp 126.7-128.3 °C;
'H NMR (CDCl3, 400 MHz) & 0.94-0.97 (m, 6H), 1.33-1.42
(m, 8H), 1.97 (s, 1H), 4.12-4.22 (m, 2H), 6.41 (d, J = 6.75 Hz,
2H), 6.87-6.93 (m, 4H), 7.10 (d, J = 6.63 Hz, 2H), 7.54 (d, J =
7.13 Hz, 2H), 7.80-7.83 (m, 1H), 7.99 (d, J = 6.63 Hz, 2H),
8.29 (d, J = 8.13 Hz, 1H), 8.46 (s, 1H), 8.62 (d, J = 6.38 Hz,
1H), 8.94 (s, 1H); '3C NMR (CDCls, 125 MHz) d 164.54,
139.04, 138.63, 133.96, 132.17, 131.18, 130.58, 129.86, 127.54,
127.46, 126.82, 123.47, 122.80, 117.10, 44.25, 38.01, 30.80,
29.36, 28.75, 24.11, 23.09, 10.69; HRMS-MALDI (m/z):
[M + H]" calcd for C3gH34N»0,S, 582.2341; found, 582.2336.

Synthesis of NI-PhMe5-PTZ

Compound NI-PhMe,-PTZ was synthesized in a manner simi-
lar to [21]. Under N, atmosphere, compound 3 (142 mg,
0.290 mmol), phenothiazine (69.3 mg, 0.348 mmol), Pd(OAc),
(11.7 mg, 0.052 mmol), and sodium terz-butoxide (182.4 mg,
1.898 mmol) were dissolved in dry toluene (5 mL). Then, tri-
tert-butylphosphine tetrafluoroborate (16.1 mg, 0.055 mmol)
was added. The mixture was refluxed and stirred for 8 h under
N,. After cooling, water (20 mL) was added and the mixture
was extracted with ethyl acetate (80 mL). The organic layer was

separated and washed with water and brine solution
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(3 x 30 mL), respectively. The organic layer was dried over an-
hydrous Na;SO,4 and the solvent was evaporated under reduced
pressure. The crude product was purified by column chromatog-
raphy (silica gel, DCM/PE 1:5, v:v). The product NI-PhMe,-
PTZ was obtained as yellow solid. Yield: 50 mg (28.3%). Mp
121.2-122.4 °C; 'H NMR (CDCl3, 400 MHz) 8 0.89-0.97 (m,
6H), 1.33-1.43 (m, 8H), 1.94-2.01 (m, 1H), 1.98 (t, 1H), 2.12
(s, 6H), 4.11-4.22 (m, 2H), 6.36 (s, 2H), 6.91 (s, 3H), 7.00-7.05
(m, 3H), 7.20 (s, 2H), 7.80-7.84 (m, 1H), 8.12 (s, 1H), 8.25 (d,
J = 8.13 Hz, 1H), 8.50 (s, 1H), 8.65 (d, J = 7.26 Hz, 1H);
13C NMR (CDCl3, 125 MHz) § 164.55, 139.69, 139.45, 138.85,
133.63, 132.71, 132.03, 131.20, 127.35, 126.84, 123.29, 122.89,
116.24, 44.24, 38.01, 30.78, 29.70, 28.71, 24.11, 23.09, 21.19,
10.67; HRMS-MALDI (m/z): [M + H]* caled for
C40H38N,0,S, 610.2654; found, 610.2649.

Electrochemical studies

The cyclic voltammetry curves were recorded with a CHI610D
electrochemical workstation (CHI instruments, Inc., Shanghai,
China) using Nj-purged saturated solutions (NI-PTZ,
NI-PTZ;, NI-Ph-PTZ, and NI-PhMe,-PTZ in deaerated
dichloromethane, NI-PTZ-O in deaerated acetonitrile) contain-
ing 0.10 M BuyNPFg as a supporting electrolyte, a platinum
electrode as counter electrode, a glassy carbon electrode as
working electrode, and the Ag/AgNO3 (0.1 M in ACN) couple
as the reference electrode. The ferrocenium/ferrocene (Fct/Fc)
redox couple was used as an internal reference. Spectroelectro-
chemistry was performed using a 0.1 cm path length quartz
electrochemical cell equipped with gauze platinum as working
electrode, a platinum wire as counter electrode, and Ag/AgNO3
as reference electrode. BuyN[PFg] was used as the supporting
electrolyte. The potential was regulated with a CHI610D elec-
trochemical workstation (CHI instruments, Inc., Shanghai,
China), and the spectra were recorded with an Agilent 8453E
UV-vis spectrophotometer (Agilent Technologies Inc., USA).
Samples were deaerated with N, for ca. 5 min before measure-
ment and the N, atmosphere was kept during the measurements.

Nanosecond transient absorption

spectroscopy

The nanosecond transient absorption spectra were recorded on a
LP920 laser flash photolysis spectrometer (Edinburgh Instru-
ments, Ltd., U.K.). The data (kinetic decay traces and the tran-
sient difference absorption spectra) were analyzed with the
L900 software. All samples were deaerated with N, for
ca. 15 min in collinear configuration of the pump and probe
beams measurements before measurement, and excited with a
nanosecond pulsed laser (Quantel Nd: YAG nanosecond pulsed
laser). The typical laser power is 65 mJ per pulse.
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Computational study

The ground state (Sp) geometries of compounds NI-N-PTZ,
NI-PTZ, NI-PTZ-O, NI-PTZ,, NI-Ph-PTZ, and NI-PhMe;-
PTZ, were optimized with Density Functional Theory (DFT)
using the CAM-B3LYP rane-separated hybrid functional in
combination with the 6-31G(d) atomic basis set [60]. The
excited states geometries of Sy, Ty, and T, were optimized with
time-dependent DFT (TD-DFT) in its Tamm-Dancoft approxi-
mation (TDA) using the same functional and basis sets as in the
ground-state optimizations [61]. TDA-TD-DFT is preferred
over standard (or “full”’) TD-DFT as the former is often more
reliable for triplet excited states. Solvent effects were included
using the polarizable continuum model (PCM) [62-64]. The
above calculations were performed with Gaussian 16 [65]. The
spin—orbit matrix elements (SOCME) between the manifold of
singlet and triplet excited states were calculated with the pSOC-
TD-DFT method, as implemented in ORCA 5.0.2. [61,66,67].
The latter calculations were also performed with CAM-B3LYP
using the TDA approximation [61]. In the pSOC-TD-DFT
calculations, relativistic effects were considered using the zero-
order relativistic approximation (ZORA) and the ZORA-def2-
TZVP basis sets [66,68,69]. pSOC-TD-DFT calculations were
performed at the S| optimized geometry [66] for the rate calcu-
lations and at the T| optimized geometry in the case of the
phosphorescence rate calculation. The rates of intersystem
crossing (ISC) and reverse ISC (RISC) along with the reorgani-
zation energies were calculated with FCclasses making use of
the vertical hessian vibronic model [70,71]. For the phosphores-
cence rate (kppos) calculation a simplified Einstein-based

expression, i.e,

2.
koS (1)

was used, where v is the energy gap between the involved states
(in cm™1) and f is the oscillator strength for the T;— S
process, which was obtained from the pSOC-TD-DFT calcula-

tions.
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