
8982 |  J. Mater. Chem. C, 2023, 11, 8982–8991 This journal is © The Royal Society of Chemistry 2023

Cite this: J. Mater. Chem. C, 2023,

11, 8982

Molecular design of phenazine-5,10-diyl-
dibenzonitriles and the impact on their thermally
activated delayed fluorescence properties†

Dietrich Püschel,a Julia Wiefermann,b Simon Hédé,c Tobias Heinen,a Leo Pfeifer,a

Oliver Weingart, *c Markus Suta, *a Thomas J. J. Müller *b and
Christoph Janiak *a

The photoluminescence properties of the compounds 3,30-(phenazine-5,10-diyl)dibenzonitrile (mBN)

and 40,40 0 0-(phenazine-5,10-diyl)bis(([1,10-biphenyl]-4-carbonitrile)) (BPN) are presented and compared to

those of the known fluorophore 4,40-(phenazine-5,10-diyl)dibenzonitrile (pBN), which has been reported

to show thermally activated delayed fluorescence (TADF). In the solid state, pBN shows clear TADF

properties. In contrast, TADF is only weakly pronounced in mBN, and BPN is a conventional fluorescent

emitter. This is discussed in terms of the provided through-space overlap between donating

phenazinediyl and accepting benzonitrile units in these three molecules, which is only effective in pBN.

These compounds are only weakly luminescent in toluene, tetrahydrofuran (THF) or dichloromethane

(CH2Cl2) solution, most intensively in toluene, with yellow (pBN and mBN) to orange (BPN) colors of the

emission. The emission maxima lem,max in toluene differ slightly between pBN (562 nm) and mBN

(572 nm) and overlap in THF (634 nm) and CH2Cl2 (B660 nm), respectively. Their emission is broad-

banded and strongly solvent-dependent and thus indicates a CT-type nature of the excited state. BPN

shows weak solvent-dependent photoluminescence (604 nm in toluene, 589 nm in THF, and 587 nm in

CH2Cl2) and together with an observable vibronic structure in the low temperature spectra of the

powder, it can be concluded that emission in BPN occurs from a localized electronic (LE) state non-

beneficial for TADF properties. This demonstrates that even tiny modifications in the molecular

templating structure of the phenazines can significantly affect their TADF properties.

Introduction

The phenomenon of thermally activated delayed fluorescence
(TADF) was first described in detail by Parker and Hatchard in
19611 and discovered even earlier by Perrin in 1929 on uranyl
salts.2,3 After a long period of time without application, the
concept has been re-introduced by Adachi et al. in the 2010s to

motivate the usage of new organic chromophores in organic
light-emitting diodes (OLEDs) with the goal to replace common
phosphorescent expensive noble-metal complex emitters.4,5

Since then, the field of organic TADF chromophores has
received a lot of attention worldwide with vivid development
over the last decade.6–13 A key advantage of TADF emitters in
OLEDs is the high quantum efficiency based on harvesting of
both spin singlet and triplet excitons, which formally allows
achieving internal quantum efficiencies of B100% and high
external quantum efficiencies (EQEs) of up to B40%.5,6,14–17

This high efficiency can be achieved because the lowest excited
singlet state (S1) and lowest excited triplet state (T1) are energe-
tically sufficiently close that reverse intersystem crossing (rISC)
can be thermally triggered.18–23 The energy difference DEST of
both energy levels is typically less than 0.1 eV for the current
highly efficient organic TADF emitters.14,24–27 The smaller the
energy gap DEST between S1 and T1 the higher the equilibrium
population of the higher excited S1 state, which governs up to
25% of the internal quantum efficiency in cases of electric
injection of charge carriers.
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Small organic molecules such as TADF emitters have the
advantage that they can be synthesized in high purity or can
be optimally purified by recrystallisation and/or sublimation.
In addition, the molecules can be modified and optimized in
a large variety to lead to high luminous efficacies of light-
emitting devices containing these compounds. Ideally, the
emitters should have high color purity and narrow emission
bands.24,28

It has been shown that the photoluminescence (PL) effi-
ciency of donor–acceptor TADF compounds can be controlled
and optimized by the selective choice of specific donor and
acceptor moieties.29–31 Furthermore, systems with donor–
acceptor–donor (D–A–D)32 and acceptor–donor–acceptor type
(A–D–A) topologies have proven to be a beneficial combination.33,34

The phenazine-5,10-diyl molecule with two nitrogen atoms
in the central 1,4-dihydrodiazine core is an excellent donor
moiety.35 By arylation of the 5 and 10 positions, 5,10-di-aryl
derivatives are obtained. The variation of acceptor groups
attached to the nitrogen atoms of phenazine-5,10-diyl has been
well investigated in this symmetrical A–D–A system. Benzo-
nitrile has been found to be the most effective acceptor in these
designed TADF emitters.33,35 Compound 4,40-(phenazine-5,10-
diyl)dibenzonitrile (Fig. 1), which is derived from 5,10-dihydro-
phenazine (DHPZ) as the strong electron donor and two
para-benzonitrile moieties as strong electron acceptor units,
has an energy gap of DEST = 0.10 eV and a photoluminescence
quantum yield of 35.2% with the corresponding EQE of 5–8%.
It is an established TADF emitter.33

Here, we analyze the effect of a change in the nitrile
substitution pattern from a para to meta configuration and an
elongation of the phenyl to a biphenyl group on the photo-
physical properties with special emphasis on potential TADF
properties. This offers the possibility of deriving structure–
property relationships and to formulate molecular design rules
to control desirable TADF parameters such as DEST by simple
chemical inspection. Thus, we synthesized and investigated the
luminescence properties of 3,30-(phenazine-5,10-diyl)dibenzo-
nitrile (mBN) and 40,40 0 0-(phenazine-5,10-diyl)bis(([1,10-biphenyl]-
4-carbonitrile)) (BPN) and compared them to those of the

literature-known TADF emitter 4,40-(phenazine-5,10-diyl)di-
benzonitrile (pBN) (Fig. 1). We analyzed the optical properties
both in the solid state and in solution to identify the overall
nature of the radiative transition and to verify if aggregation-
induced effects in the powder lead to significant changes in the
TADF properties. This is usually relevant for applications such
as emitting materials in OLEDs, in which thin films are used
rather than dissolved dyes. In particular, the presented dyes
have high melting points (mBN = 284 1C, pBN and BPN 4
300 1C) and can be even processed by sublimation, which is
beneficial for applications.

Results and discussion

For the synthesis of the phenazine-5,10-diyl dibenzonitriles,
phenazine was first reduced to dihydrophenazine following
established literature procedures (see the ESI† for details).33,36

Then, Buchwald–Hartwig coupling with 4-bromobenzonitrile,
3-bromobenzonitrile, or 40-bromo-[1,10-biphenyl]-4-carbonitrile
forms the products 4,40-(phenazine-5,10-diyl)dibenzonitrile (pBN),
3,30-(phenazine-5,10-diyl)dibenzonitrile (mBN) or 40,40 0 0-(phen-
azine-5,10-diyl)bis(([1,10-biphenyl]-4-carbonitrile)) (BPN), respec-
tively (Fig. 1). The dihydrophenazine derivatives are obtained in
good to high yields of 65–78%. Their purity and identity were
confirmed by 1H NMR, mass spectrometry, combustion analysis
and single-crystal structures.

The crystal structure of pBN was only published recently
(a-polymorph, space group P21, no. 4)37 and another b-polymorph
(space group P%1, no. 2) has been determined in parallel in this
work (see the ESI† for details). Both pBN polymorphs consist of
two types of molecules, namely a ‘linear’ one and a trans-bent
‘distorted one’ (ratios 1 : 1 in b- and 1 : 2 in a-polymorph), with a
characteristic non-linearity of the latter associated with the weak,
but clearly distinguishable pyramidality at the N atoms of the
phenazinediyl core (Fig. 2a). In both molecules of b-pBN and also
in crystalline mBN (Fig. 2b), the center of the pyrazine ring
coincides with an inversion center; hence, the pyrazine rings are
planar by symmetry (see the ESI† for crystallographic details). The
dihedral angles between the benzonitrile aryl group and the
pyrazine core or phenazine plane are 75.08(5)1 or 76.41(4)1 in
b-pBN molecule 1, 79.37(5)1 or 79.93(4)1 in b-pBN molecule 2,
86.67(5)1 or 85.80(3)1 in mBN, respectively. The fused benzo and
pyrazine rings are almost coplanar with a small interplanar angle
of 2.79(4)1, 1.07(5)1 in b-pBN molecule 1,2 and 1.71(4)1 in mBN.

Photophysical properties

Solution. UV-Vis absorption and emission spectra were
recorded in solvents of different polarity. For each compound,
the absorption maxima in the different solvents are located at
around the same wavelengths (Table 1 and Fig. 3).

Compound pBN has the strongest absorption maximum at
B320 nm with a pronounced tailing shoulder at 371 nm and a
weak one at 427 nm. In toluene, the absorption at 371 nm is a
distinct band (Table 1 and Fig. 3a). In comparison to pBN,
for mBN the strongest absorption bands are redshifted to

Fig. 1 Chemical formulae of the investigated phenazine-5,10-diyl dibenzo-
nitriles in this work.
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B331 nm with a weak shoulder at B380 nm. For BPN, an
additional redshift of the strongest band to B373 nm and the
tailing shoulder to 427 nm is observed. This band and shoulder
coincide with the two shoulders in pBN. The molar absorption
coefficients of the strongest absorptions above 300 nm are
relatively low and in the range of 6000–8000 L mol�1 cm�1

(and even lower for pBN in toluene and BPN in THF) (Table 1).
In toluene, the absorption spectra for pBN and BPN are very

similar and the longest wavelength absorption maxima appear
as incompletely resolved shoulders at 427 nm (Fig. 3a). The
comparable lowest energetic absorption of mBN is located at
381 nm (Table 1). This can also be rationalized by DFT/MRCI
calculations (see the Theoretical Calculations section).

The compounds are only weakly luminescent in solution,
yet, most intensively in toluene. Unlike the absorption spectra,
the emission bands of the three compounds recorded upon
excitation at each absorption maximum (lexc = lmax,abs) show a
pronounced solvatochromicity. For pBN and mBN, the emis-
sion maxima differ by 10 nm in toluene with lem = 562 nm and
572 nm, respectively, but lie closely together in THF (lem =
634 nm) and CH2Cl2 (lem = 660 nm) (Table 1 and Fig. 3). The
bathochromic shift from toluene to THF and CH2Cl2 of

the emission bands indicates a positive emission solvatochro-
mism (see also Fig. S17 and S19, ESI†).38

Compared to the pBN and mBN compounds, the emission
maximum for BPN with its biphenyl p-system is bathochromi-
cally shifted to 604 nm in toluene but hypsochromically to
589 nm in THF and to 587 nm in CH2Cl2. In CH2Cl2, there is
also a second emission band observable at 760 nm. For BPN,
the hypsochromic emission shift from toluene to THF and
CH2Cl2 represents a negative emission solvatochromism
(see also Fig. S21, ESI†).

Compared to the solid-state (at 25 1C), the lmax values for
pBN (558 nm) and mBN (551 nm) differ depending on the
solvent. In the solid state, the emission maxima of pBN and
mBN are located at similar wavelengths. The emission maxi-
mum of BPN (596 nm) is at a comparable wavelength to the
values in solution and indicates limited solvatochromism.

The emission bands of the chromophores in toluene are
narrow, with full width at half maximum (FWHM) values
ranging from 0.44 to 0.47 eV (Table 1). The FWHM values only
increase slightly for pBN and mBN from toluene to THF and
CH2Cl2 (to 0.50–0.56 eV). Emission intensities are low for these
molecules in toluene, and the CIE coordinates in toluene
comply with the observable yellow (pBN, mBN) to orange
(BPN) colors of the emission. In THF the CIE coordinates
account for orange emission colors (Table 1 and Fig. S18, S20
and S22, ESI†). In CH2Cl2, the CIE coordinates match the
observable orange emission colors of all compounds (Table 1).

Luminescence decay times are in a typical range for fluor-
escent organic chromophores.39 For pBN and mBN, the decay
times decrease from toluene (5.7 ns and 8.9 ns) to THF (2.5 and
1.7 ns, respectively) and further to CH2Cl2 (1.0 and 1.6 ns,
respectively) (Table 1). If the decay was purely radiative, the
decay time should expectedly increase with redshifted emission
wavelength based on the lem

3 dependence of the radiative
decay time. On the other hand, the increasing refractive index
of the solvents from toluene over THF to CH2Cl2 leads to a local
field enhancement and thus compensates the pure wavelength
dependence of the radiative decay time.40 Finally, redshifted
broad-band luminescence is more strongly prone to non-
radiative relaxation and consequently lower quantum yields.
The general decrease in emission brightness of pBN/mBN from
toluene to CH2Cl2 indicates that it is the non-radiative pathway
that is most relevant to the observed decrease of the photo-
luminescence decay time.

For BPN, the decay time first increases from toluene (6.7 ns)
to THF (12.0 ns) along with the hypsochromic shift and then
decreases again in CH2Cl2 (5.5/0.5 ns) in line with the lower
intensity in emission which, however, is not visible anymore.
The increase in decay time from toluene to THF is not readily
expected given the slightly blue-shifted emission wavelength
and similar photophysical properties such as FWHM and
Stokes shift of BPN in THF compared to toluene (Table 1).
However, the molar absorption coefficients in THF are lowered
by a factor of almost 3 compared to those in toluene. If the
difference in refractive indices between toluene and THF is
considered, this could explain the difference in factor of almost

Fig. 2 Molecular structures of (a) pBN with linear molecule 1 and trans-
bent molecule 2, (b) mBN and (c) BPN (CHCl3 solvent molecule omitted)
in the crystalline state (50% thermal ellipsoids, H atoms with arbitrary radii).
Symmetry transformation in (a) i = �x + 1, �y + 1, �z; (b) i = �x + 1, �y,
�z + 2.
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2 in the luminescence decay times of the luminescence of BPN
in these two solvents.

In addition, all chromophores show a higher energy absorp-
tion maximum of around 250 nm (Fig. S17, S19, S21, ESI† and
Table 1), which might be assigned to p–p* transitions. This
absorption is only seen in dichloromethane because toluene
and THF are not transparent at this wavelength. While the
molar absorption coefficients of the longest wavelength absorp-
tion bands were low, the higher energy absorption bands
are characterized by molar absorption coefficients of up to
98000 L mol�1 cm�1. The spectral features of the ground state,

as reflected by the absorption characteristics, indicate that pBN
and its phenylene expanded congener BPN are not only similar,
but the ground state is largely insensitive to the change of polarity.
Due to steric effects, a significant twist of the N-aryl substituents
can be plausibly assumed in the ground state as is also indicated
by single crystal structural data (Fig. 2). Yet, the electron-
withdrawing nitrile substituent is positioned in conjugation with
the phenazine-5,10-diyl nitrogen atoms. For mBN, this conjuga-
tive pathway is excluded due to the meta-positioning of the nitrile
group, as indicated by the hypsochromic shift with respect to the
maxima of the former two chromophores.

Table 1 Photophysical data for compounds pBN, mBN, and BPN in different solvents at room temperature

Compound lmax,abs/nm (e/L mol�1 cm�1) lem/nm t/ns Stokes shifta /cm�1 FWHMb /cm�1 (eV) CIEc

pBN
Toluene 427sh (900) 562 5.7 5600 3624 (0.45) 0.450, 0.530

371 (1800)
318 (2700)

THF 427sh (1700) 634 2.5 7600 4018 (0.50) 0.572, 0.422
370sh (3800)
318 (7200)

Dichloromethane 427sh (2100) 659 1.0 8200 4436 (0.55) 0.567, 0.418
372sh (4200)
321 (7700)
255 (42600)d

mBN
Toluene 381sh (2400) 572 8.9 8800 3746 (0.47) 0.468, 0.513

331 (6800)
THF 383sh (1900) 634 1.7 10 300 4101 (0.51) 0.556, 0.422

329 (5900)
Dichloromethane 384sh (2600) 662 1.6 10 900 4517 (0.56) 0.561, 0.432

332 (7400)
250 (54200)d

BPN
Toluene 427sh (2800) 604 6.7 6900 3564 (0.44) 0.544, 0.451

375 (6600)
THF 428sh (1000) 589 12.0 6400 3739 (0.46) 0.525, 0.446

373 (1900)
Dichloromethane 427sh (2500) 6400 6442 (0.8) 0.463, 0.449

373 (6500) 587 5.5
271sh (71900) 760 0.5
255 (98000) d

a D~n ¼ 1

lmax;abs
� 1

lmax;em
. b FWHM = full width at half maximum. c Refers to a transparent solution of the respective compound, not an OLED

device. d In toluene and THF, the absorption measurement starts above 285 nm because of solvent absorption below 285 nm.

Fig. 3 Absorption and emission spectra (lexc = lmax,abs) of pBN, mBN and BPN recorded in (a) toluene, (b) THF, and (c) dichloromethane. c = 10�5 mol L�1,
T = 293 K.
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The spectral features of the excited states of the constitu-
tional isomers pBN and mBN represented by the spectral
ranges of their emission are mutually more similar than for
the phenylene expanded system BPN. The positive emission
solvatochromicity of the former indicates a polar excited state
arising from a charge transfer from the phenazinediyl donor to
the benzonitrile acceptor. The expansion of the p-system in
BPN leads to negative emission solvatochromicity and hence to
a less polar excited state. However, peculiar for the latter system
is the occurrence of a second longer wavelength emission band
at 760 nm in dichloromethane, which could either indicate
a twisted intramolecular charge transfer (TICT) state41–44 or
phosphorescence. Especially the latter type of transition
should, however, be strongly prone to non-radiative relaxation
in solution. BPN can be divided into a donor (phenazinediyl)
and an acceptor (biaryl) moiety linked by a single bond. Upon
excitation from the ground state, the locally excited (LE) state
with a planar conformation can rapidly equilibrate with an
intramolecular twisted charge transfer state of lower energy.45

This often results in dual emission with a high energy band
through relaxation of the LE state (587 nm) and a low energy
band by relaxation of the TICT state (760 nm). In a less polar
solvent, like THF, the LE state is slightly energetically
increased, but due to lower solvent polarity, the TICT state
cannot be stabilized. Only in dichloromethane can the twisted
CT state be stabilized and therefore be observed. This might
explain the recorded negative emission solvatochromicity. The
phenomenon of TICT has previously been observed for biphenyls
and terphenyls.46,47

Solid state. The solid-state luminescence/emission spectra
were measured as a function of temperature from 79 K to 473 K
to investigate potential TADF properties. The luminescence
intensity of all phenazinediyl derivatives decreases with
increasing temperatures (see Fig. S11, ESI†). At 79 K, pBN
shows a broad emission with a maximum at lem E 565 nm
and a shoulder peak at around 590 nm (Fig. 4a). With higher
temperatures, the emission band evolves into a more sym-
metric Gaussian band shape. An interesting peculiarity is that
the emission maximum shows an initial thermally induced
blue shift between 79 K and 273 K before it shows a red shift
above 273 K. This observation indicates thermal occupation of

a higher excited emissive state already in the low-temperature
domain before.

mBN features an emission maximum at lem E 537 nm with
a shoulder at 522 nm upon excitation at lexc = 420 nm at 79 K.
With increasing temperature, the shoulder is not resolved
anymore due to vibronic broadening. The barycenter of the
emission band becomes thermally redshifted (Fig. 4b) in the
whole regarded temperature range. The location of the emis-
sion maximum at shorter wavelengths compared to pBN at 79 K
is assigned to the meta position of the nitrile functionalities
that limits effective linear charge transfer from the phenazine-
diyl unit mediated through the phenyl moieties and thus,
should lead to expectedly less pronounced TADF properties.

The emission spectra of solid BPN at 79 K show a vibronic
fine structure (Fig. 4c). The maximum is located at lem E
583 nm and is also redshifted with increasing temperature
accompanied by a loss in the resolution of the vibronic fine
structure. Together with the findings of nearly no solvatochro-
mism of the respective emission of BPN in toluene, THF, and
CH2Cl2, the observation of vibronic structure in the powder
luminescence spectra at low temperatures indicate emission
from a LE state. Both this observation and the redshifted
luminescence in BPN compared to mBN/pBN can be rationa-
lized by the donor–acceptor distances in the molecule due to
the presence of the additional phenylene moiety (see Fig. 1).
Charge transfer interaction strength roughly scales inversely
exponentially with the donor–acceptor distance, which should
be expectedly weakened in the large BPN molecule.48 In addition,
the twisted configuration between the intermediate phenyl ring
and the benzonitrile moiety additionally minimizes orbital over-
lap thereby localizing electron density.

Fig. 5 depicts the temperature-dependent time-resolved
luminescence of the three phenazinediyl derivatives. pBN
shows clear signatures of TADF such as a prompt component
in the ns range (tp(79 K) = 11 ns; tp(273 K) = 6.2 ns) and delayed
time component in the ms range (td(79 K) = 2.0 ms; td(273 K) =
0.3 ms) as well as a temperature-dependent amplitude ratio
between the prompt and delayed component. This is in line
with the observable thermally-assisted blueshift of the emission
below 272 K (Fig. 4a). From the delayed components at low
temperatures (T o 220 K), an effective singlet–triplet gap of

Fig. 4 Temperature-dependent emission spectra of solid (a) pBN, (b) mBN, and (c) BPN upon excitation at lexc = 420 nm (a, b) and 450 nm (c).
Temperature intervals were DT = 25 K.
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DEST = (174 � 3) cm�1 = (21.5 � 0.4) meV was derived (Fig. S14,
ESI†), which is in agreement with the spectroscopically deduced
value of DEST E 200 cm�1 (25 meV) based on the energy
difference of the emission maxima at 79 K and 273 K of pBN
(Fig. S16, ESI†). Our derived energy gap is lower than the
literature-reported value of DEST = 806 cm�1 (100 meV), which
refers, however, to a 6 wt% pBN:m-CBP doped thin film and was
solely estimated based on the energy difference between noisy
spectra.33 In a neat powder, additional intermolecular interactions
and aggregate formation expectedly decrease the energy gap
consistent with our finding. Another aspect that can affect the
energy gap by means of the effective orbital overlap is the relative
twisting angle of the benzonitrile moieties to the central dihy-
drophenazine residue. This angle is fixed in a crystalline solid and
may differ from the respective angle upon doping into a thin film.
In contrast, mBN (Fig. 4b) shows weak TADF properties with a
more dominant prompt (tp(79 K) = 33 ns; tp(273 K) = 24 ns) and
weakly defined delayed component (td(79 K) = 0.9 ms; td(273 K) =
0.6 ms) with an average singlet–triplet gap of DEST = (38� 6) cm�1 =
(4.7 � 0.8) meV (Fig. S15, ESI†). No TADF properties are observed
for BPN (Fig. 4c) and it shows conventional fluorescence with decay
times in the ns range (tp(79 K) = 14 ns; tp(273 K) = 8.6 ns).
Unfortunately, no non-radiative intersystem crossing rates are
readily accessible with our spectroscopic equipment that would
allow a more detailed analysis of the TADF kinetics. It is, however,
evident that only pBN is a potent TADF emitter with reasonable
photoluminescence quantum yield (fPL = 35.8%) if doped into a
thin film (as the literature-reported 6 wt% pBN:m-CBP doped film).
33 Its absolute quantum yield in powdered form is much lower
(fPL = 1.00%), which is understandable given the close contacts
between the molecules within the crystalline solid (see section S4
in the ESI†) and agrees with the significant quenching of the
luminescence at room temperature (see Fig. S11, ESI†). A similar
low quantum yield of only 3.3% was found for pBN in aerated
toluene solution with no observation of any delayed fluorescence at
all.33 From the time-resolved photoluminescence of pBN at room
temperature (see Fig. 5), we derive that the prompt and delayed
components have almost equal contributions (fp (pBN) = 0.46%,
fd (pBN) = 0.54%), also in agreement with the findings in a thin
film.33 Similarly, the absolute quantum yields of powdered mBN
(fPL = 3.10%; fp (mBN) = 2.97%, fd (mBN) = 0.13%) are low and

dominantly stem from prompt fluorescence according to the time-
resolved luminescence at room temperature (see Fig. 5). This again
indicates that mBN is just at the boundary of being a TADF emitter.
Finally, also the fluorescence of powdered BPN (fPL = 2.80%) is
significantly quenched at room temperature, which makes these
compounds not readily applicable organic emitters if used as neat
powders and requires dilution or doping into thin films.

Theoretical calculations

The DFT/MRCI-computed vertical excitation energies to the
HOMO-LUMO S1-state in pBN, BPN and mBN in a vacuum
are 402, 415 and 401 nm, respectively. BPN and pBN have zero
oscillator strength of the S0 - S1 transition, and the computed
value for f in mBN is weak (0.01) (Table S4, ESI†). This results
from a lack of overlap between the participating orbitals
(Fig. S31, ESI†). The first states with noticeable intensity are
S4 in BPN ( f = 0.10) and in pBN ( f = 0.09) and S6 in mBN
( f = 0.14) (Fig. 6). Similar findings hold true for the S1 structures
and the corresponding vertical emission from this state. In the
S1 geometry, the phenazine moiety flattens and becomes essen-
tially planar (Fig. S26, ESI†).

Fig. 5 Temperature-dependent time-resolved photoluminescence of solid (a) pBN, (b) mBN and (c) BPN upon excitation at lexc = 450 nm. Temperature
intervals were DT = 25 K.

Fig. 6 DFT/MRCI computed static absorption spectra of pBN, mBN and
BPN in vacuum.
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Notably, the lowest triplet state at the S0 geometry is not
of HOMO–LUMO character but rather mixed in all models
(Table S4, ESI†).

The oscillator strength of both S1 absorption and emission
are, however, tuned by motion of the phenyl rings with respect
to the phenazine core as depicted in Fig. 7.

Hence, low-frequency normal mode vibrations (B21 cm�1,
Fig. S28, ESI†) increase the absorption intensity and slightly
shift the corresponding bands, which appear in our zero-point
energy (ZPE) simulated absorption spectrum as shoulders at
ca. 405 nm (mBN) and 415 nm (pBN) (Fig. 8).

Through ZPE sampling, we note only a slight enhancement
in the emission intensity ( f o 0.002, Fig. S29, ESI†). Here, the
normal mode including torsion of the phenyl rings is shifted
towards slightly higher frequencies (34 vs. 21 cm�1). The
emission bands gain additional intensity ( f B 0.008) after
including temperature effects. In our simulation at 300 K the
emission bands appear at 547 nm (mBN) and 573 nm (pBN).
Thermal sampling at the S0 geometry leads to unphysical

distortions indicating the limits of the harmonic approxi-
mation in this model.

Variations in phenyl torsions furthermore affect the singlet–
triplet gap, this finding is visualized in Fig. S29 (ESI†). The
effect is significantly stronger in pBN, where DEST decreases
from 105 meV to 34 meV by rotation of one phenyl moiety by
only �151 (left graph in Fig. S30, ESI†). Fixation in this position
through an external force (such as exerted in a rigid crystal
structure) may enable efficient tuning of its emission properties
and offers an explanation for the difference between the
originally reported value of DEST = 100 meV in the 6 wt%
mBN:m-CBP doped thin film and our slightly smaller value
(22 meV).33

Conclusions

The investigated compounds 3,30-(phenazine-5,10-diyl)dibenzo-
nitrile (mBN) and 40,40 0 0-(phenazine-5,10-diyl)bis(([1,10-biphenyl]-
4-carbonitrile)) (BPN) do not show any evident TADF behavior
compared to 4,40-(phenazine-5,10-diyl)dibenzonitrile (pBN) known
from the literature. This indicates that even slight changes in the
molecular structure have a significant effect on the photophysical
properties of the molecules. Thus, pBN exhibits unique TADF
properties both in the solid state and in liquid solution. In the
solid state, pBN exhibits a decay time that is in the microsecond
range over the entire temperature range measured, along with a
blue shift of the emission maximum at temperatures below 220 K.
The effective singlet–triplet gap here is DEST = (174 � 3) cm�1 =
(21.5 � 0.4) meV as derived from temperature-dependent time-
resolved luminescence data. mBN only exhibits very weak TADF
properties with an effective estimated exchange energy gap below
10 meV. We assign this marked difference between pBN and mBN
in their TADF behavior to the minimized orbital overlap in the
latter case given by the meta-substitution pattern of the nitrile
functionalities. Apart from that, the two emitters are strongly
related, which is reflected in their similar emission wavelengths
and solvatochromism. The emission spectra are broad and feature-
less, which indicates a CT-like character of the electronic transition
in both compounds. In contrast, BPN is a conventional fluorescent
emitter and shows a vibronic fine structure indicating an emissive
localized state. Their emission maxima are strongly dependent on
the solvent, indicating a CT-like character of the excited state.
Overall, it can be seen that TADF donor–acceptor-type emitters
follow clear electronic guidelines that can be structurally controlled
on a molecular scale and within the solid.

Materials and methods

The purity of the compounds was determined by NMR spectro-
scopy, elemental analysis, high-resolution mass spectrometry
and single crystal structure analysis (for details, see the ESI†).

Solid state optical measurements were performed using an
FLS1000 photoluminescence spectrometer from Edinburgh
Instruments equipped with a 450 W Xe arc lamp as an excita-
tion source, double excitation and emission monochromators

Fig. 7 Unrelaxed dihedral scan for phenyl-rotation in pBN showing oscil-
lator strength (same and opposite directions of phenyl ring rotation, the
starting point corresponds to the perpendicular arrangement (901) of
phenazine and phenyl rings); see also Fig. S26 (ESI†) for the energy profile.

Fig. 8 Combined calculated absorption and emission spectra from vibra-
tional sampling in toluene.
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in Czerny–Turner configuration and a thermoelectrically cooled
(�20 1C) photomultiplier tube PMT-980 from Hamamatsu. The
emission spectra were corrected with respect to the grating
efficiency and PMT sensitivity, while excitation spectra were
additionally corrected with respect to the lamp intensity. Time-
resolved photoluminescence was excited with pulsed laser
diodes EPL-450 (Edinburgh Instruments, temporal pulse width:
90 ps, 0.15 mW average incident peak power) or VPL-450
(Edinburgh Instruments, 90 mW average incident peak
power in CW mode) with adjustable temporal pulse width
(0.1 ms. . .1 ms) and variable trigger frequency (0.1 Hz. . .5 MHz)
as pulsed excitation sources. The detection mode for the time-
resolved measurements was time-correlated single photon count-
ing. Absolute quantum yields at room temperature were measured
with a BenFlects-covered integrating sphere and excitation wave-
length of 420 nm in all three regarded compounds.

Solution state absorption spectra were recorded in toluene,
tetrahydrofuran and CH2Cl2 of high-performance liquid chro-
matography (HPLC) grade at 293 K on a PerkinElmer UV/Vis/
NIR Lambda 19 spectrometer. For the determination of the
molar extinction coefficients e absorption measurements at five
different concentrations were carried out. Emission spectra and
fluorescence lifetimes were recorded in toluene, tetrahydro-
furan and CH2Cl2 of HPLC grade at 293 K using an Edinburgh
FS5 spectrometer. As light sources a 150 W xenon lamp as well
as pulsed EPLED-320 (Edinburgh Instruments, 313.5 nm, tem-
poral pulse width: 950 ps, 3 mW average incident peak power)
and EPL-375 (Edinburgh Instruments, 372.2 nm, temporal
pulse width: 76 ps, 0.15 mW average incident power) laser
sources were used.

Computations

Single-molecule structures of pBN, mBN and BPN were geometry-
optimized with Gaussian16,49 taking the crystal structure data as
input. Calculations were performed with the PBE0 functional,50

the TZVP basis set51 and Grimme D3 dispersion corrections52 in
vacuum and in toluene solvent applying the PCM model. TD-DFT
was used for the excited S1 and T1 states. Vibrational analysis
ensured that the obtained structures were true minima with no
imaginary frequencies. For the computation of spectral proper-
ties, the optimized structures were recomputed at the BH-LYP/
TZVP level of theory using Turbomole 7.5.53 Solvation was con-
sidered with the COSMO model.54 A DFT/MRCI computation was
then performed with the R2022 Hamiltonian,55 the tight para-
meter set and an energy selector of 0.8Eh. The starting wavefunc-
tion was computed including eight orbitals and eight electrons
with single and double excitations. An updated reference space
was obtained by performing a second run with the same para-
meters to yield the final values for energies and oscillator
strengths. Combined unrelaxed scans along the dihedral angles
involving the phenyl rings were applied to document changes in
DEST and oscillator strengths f.

Vibrational effects in emission and absorption data were
considered by sampling the vibrational modes (zero-point-energy
(ZPE) sampling) generating 200 structures for each molecule and
state in pBN and mBN. Thermal sampling at a temperature of

300 K was performed in addition to the S1 structures. After orbital
computation with BH-LYP and the SV(P) basis, the resulting
geometries were processed with DFT/MRCI and the R2016
Hamiltonian56 using the same selector choices stated above.
The final spectra with vibrational contributions were obtained
by Gaussian broadening using a FWHM of 0.3 eV.
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