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Fluorene vs. Spirobifluorene: Effect of the 7-System on

TADF Properties

Tim Silies,”™ Nikos L. Doltsinis,”™ Constantin G. Daniliuc,

There are many options to design a molecular structure that
could result in thermally activated delayed fluorescence (TADF).
One promising strategy is to use the donor-n-acceptor motive
where an electron-donating unit is linked to an electron-
acceptor via an aryl moiety like phenyl. While this approach is
widely used and well understood, the performance of the
chromophores can be limited by different energy loss pathways,
e.g. internal conversion, or by r-stacking. To circumvent these

Introduction

Thermally activated delayed fluorescence (TADF) materials
found use in plenty research fields like organic light emitting
diodes,” organic photovoltaic cells” bio-, chemo- and
photosensors,”! organic lasers and photocatalysis® due to their
ability to achieve up to 100% internal quantum conversion
without the use of heavy metals.™ This effect arises from the
up-conversion of triplet state to singlet-excited state through
reverse intersystem crossing (RISC) process occurring either
upon photoexcitation and subsequent intersystem crossing
(ISC) (in solution), or upon charge injection (in devices). RISC
requires a small singlet-triplet energy gap (AEs;) that can be
modulated through a suitable molecular design involving linked
donor-acceptor (D-A) units spatially separating the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) resulting into intramolecular charge
transfer (ICT)."*® Common D motives are nitrogen-containing
polyaromatic systems like carbazole, diphenylamine, phenox-
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problems rigid structures with sterically demanding substitu-
ents are applied. In this work, we designed two TADF emitters
based on phenothiazine and nitrile linked via spiro-9,9"-bi-
[fluorene] or 9,9-dimethylfluorene and compared the effect of
the linker on the physical properties of the dyes. This work
emphasizes the importance of careful design of conjugated
spacer for efficient TADF emitters.

azine and other derivatives due to their strong electron-
donating ability, stability and high triplet states. As acceptor
groups, choices are more divers ranging from cyano-based
groups to hetero atom containing or linked aromatic
systems.'**”! Though popular, this molecular design often
results in reduced quantum vyields in solid state caused by n-n
assembly  inducing aggregation  caused  quenching
phenomenon.® A strategy to counteract this issue is to insert
bulky spiro-9,9"-bilfluorene] (SBF) either as m-system or as
sidegroup.”” The perpendicular arrangement of the aromatic
core results in a high steric demand with a rigid structure that
limits m-n assembly, characteristics allowing the use of SBF in
different applications.'"™ The cross-shape configuration also
leads to better thermal stability and higher glass transition
temperatures compared to analogous fluorene derivatives,™"
which are suffering from oxidation on the carbon in position 9
degrading to fluorenone. For this reason, most TADF emitters
based on fluorene are designed to display through space ICT,"?
whereas D-A 2,7-substituted fluorene derivatives rarely display
TADF behavior."”” Noteworthy, examples employing nitrile as
acceptor in position 7 and phenoxazine™ or triphenylamine!”
in position 2 as donor are not showing TADF emission, but
emission from hybridized local and charge transfer (HLCT)
states."® Aimed to explore further the use of fluorene
derivatives 2,7-substituted as TADF emitters, we prepared and
investigated a new derivative (2) bearing phenothiazine and
nitrile groups as D-A pair, which surprisingly shows TADF
emission. Besides, we compared the data with the analogous
spirobifluorene derivative (1) to get more insights on the
influence of the different =-systems on the TADF
properties."*"”

© 2024 The Author(s). ChemPhotoChem published by Wiley-VCH GmbH
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Results and Discussion

a) I ' : Eees Absurpmnl1

104 5 - - - - Absorption 2 41,0

Synthesis | & s iy
i E
Both chromophores (Figure 1) have been synthesized by EO’S- ' g
following a similar approach as reported in Scheme S1. In 1, the é ; 8
acceptor was first introduced by palladium catalyzed nitrilation EO’G” P §
of the corresponding brominated precursor. In the case of the E i :"'.Er': 105 3’2
fluorene compound, the nitrilation was carried out on the § 0,4 ' ‘;"{ §
monobrominated derivative in order to reduce the formation of 2 i : %
side-products, followed by bromination using 1,3-dibromo-5,5- 024 ' \ T
dimethylhydantoin (DBDMH) in hexafluoro-2-propanol (HFIP) to ; h“\
give the desired disubstituted intermediate."® Afterwards, in o0 -
both dyes the donor unit was inserted by Buchwald-Hartwig ' 300 400 500 600 700 800
cross coupling using phenothiazine in combination with Pd- Wavelength A /nm
(OAc), and P'Bu, as catalyst, giving 1 and 2 in good yields. The
compounds were characterized by 'H-NMR, *C-NMR, HRMS and b) T T T
X-Ray crystallography. Further details of the synthetic proce- 104 ke Excitation 1) 1 1.0
dures are given in the Supporting Information. & SR ke Excitation 2
—— Emission 1
051 —— Emission 2| %8

Photophysical Studies

The absorption and steady-state photoluminescence (PL) of 1
and 2 measured in toluene at room temperature are shown in
Figure 2a. The concentrations were 1.5-10°M and 7-107° M,
respectively. Both dyes show a weak absorption band between
335nm and 380 nm with a tail extending beyond 400 nm,
arising from intramolecular charge-transfer (ICT)." This as-
sumption appears clear by comparing the absorption spectra of
isolated D (phenothiazine) and A (fluorenecarbonitrile) units
with dye 2, showing that the tail beyond 400 nm is compatible
with the presence of a new CT band (Figure S2). Intense
absorption bands appearing between 290 nm and 335 nm can
be assigned to the Sy—(n—-n*) transition of the spirobifluorene-
and fluorene-cores (Figures S3 and S4). The highly similar
absorption curves suggest a negligible effect of the spiro-core
on the absorption of the dye. PL spectra of 1 and 2 show main
emission in the blue-green region with maximum at 515 nm
and 502 nm, respectively. Interestingly, a high energy band is
visible in both compounds around 400 nm, which is attributed
to the singlet excited state of the quasi-axial conformer of the
phenothiazine unit, as reported in literature for other TADF
emitters bearing phenothiazine as donor."” The main emission
band of both dyes with a full-width-at-half-maximum (FWHM)
of 89 nm (0.40 eV) and 92 nm (0.44 eV) for 1 and 2, respectively,
can be attributed to the radiative decay from the singlet excited

a0

1

Figure 1. Chemical structures of 1 and 2.
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Figure 2. (a) Normalized absorption (dotted lines) and PL (solid lines) spectra
of 1 (black color) and 2 (red color) in toluene (1.5-10° M and 7-107° M for 1
and 2, respectively); (b) excitation and PL spectra of doped PMMA thin films
(10 wt %) of 1 and 2. A longpass filter for the emission and excitation spectra
was used to cut off light below 400 nm.

state of the D-A dye with the quasi-equatorial conformer of
phenothiazine. The CT character of the transition is also
highlighted by the solvatochromism observed in solution (Fig-
ure S5). Figure 2b shows excitation and emission spectra of 1
and 2 in doped PMMA thin film (10 wt%), which was obtained
by depositing the corresponding dye-PMMA solution in chloro-
form onto quartz substrates via spin coating. The excitation
spectra of both compounds appear similar to the absorption
spectra in toluene, and the low energy ICT absorption band can
be better visualized. Compared to solution, the emission peak
of 1 is broader with FWHM of 117 nm (0.56 eV) and 5nm
(0.02 eV) blue shifted. Similar to 1, the emission band of 2 in
PMMA is broader (FWHM of 124 nm, 0.62eV), but larger
hypsochromically shifted to 488 nm. It is worth to emphasize
the occurrence of the emission band assigned to the quasi-axial
conformer of phenothiazine also in thin film for both dyes, even
if in 2 the high energy peak appears as shoulder at 403 nm due
to the broad quasi-equatorial conformer emission. The ob-
served blue shift in thin films could arise presumably from the
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low polarity of the surrounding medium affecting the ICT
character of 1 and 2.2

To understand the nature of radiative mechanism involves
in the recorded emissions, lifetime measurements (Figure 3) of
1 and 2 were carried out in air saturated and degassed toluene
solution as well as in thin films (Figures S6-S8). In toluene the
radiative decays are mono exponential with typical fluorescence
lifetimes (2.8 ns and 2.2 ns for 1 and 2, respectively). The effect
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of oxygen appears negligible for both compounds, with a
marginal difference on lifetimes, even if a slightly increase on
PL intensity upon purging the solution with argon was
observed (Figures S6b and S7b). Due to the lack of long
component in lifetime and the limited effect of the oxygen on
the emission, we can conclude that both dyes do not exhibit
TADF in solution. In contrast, lifetime measurements performed
in thin films show very long radiative decay in both dyes. 1 and
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Figure 3. Fluorescence lifetime of 1 (a) and 2 (b) in air saturated and degassed toluene. A, =375 nm, A.,,=515 nm (1) and 500 nm (2), c=1.5-10"> M (1) and
7-107° M (2). Fluorescence lifetime of 1 (c) and 2 (d) in doped PMMA thin film (10 wt %) at RT and at different temperatures (e, ). Ae,c =350 NM, Aep, =510 NM
(1) and 500 nm (2). The multiexponential values of the lifetime fit are given in the Supporting Information.
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2 emissions exhibit a lifetime with prompt fluorescence of
55ns and 45ns and delayed fluorescence component of
797.43 ps and 712.23 ps. Measurements of lifetime carried out
at different temperatures (Figure 3e and 3f) allow assigning the
radiative decay mechanism as TADF in both compounds. The
presence of the long radiative component is very surprising in
fluorene derivative, because studies performed on very similar
dye bearing phenoxazine and nitrile as D-A pair excluded the
occurrence of TADF phenomenon." The photoluminescence
quantum yield (PLQY) in doped PMMA thin film (10 wt%) was
9% and 4% for 1 and 2, respectively. The difference in PLQY
could be explained by the lower singlet-triplet energy gap, the
decrease in aggregation and the increased rigidity of the SBF
scaffold.®?"" Noteworthy, gated emission spectra recorded with
different delay time show that the quasi-axial conformer in
both cases does not contribute to the TADF emission, since the
small emission band between 400 nm and 420 nm cannot be
observed after 10 pus (Figures S9 and S10). To verify that the
polarity is not the cause of the different behavior observed in
solution and thin films, we investigated the fluorescence of 1 in
ethyl acetate®® without observing TADF emission (Figure S11).
In addition to toluene solution and doped PMMA thin films,
we investigated the photophysical properties of both dyes as
crystals (Figures S12-S14). Compared to solution and solid state,
crystals grown from dichloromethane (1) or toluene (2) exhibit
emission largely blue-shifted and an intense ICT excitation band
due to the non-polar and highly ordered environment (Figur-
es S12c and S13c). Notably, the emission band of the quasi-axial
conformer is missing for 1 or negligible for 2, indicating that
the quasi-equatorial conformer is present as main emitting
species. As observed in thin film, emission lifetime shows two
component radiative decays, with prompt fluorescence of
1.95ns and 1.67 ns and delayed fluorescence component of

248.64 pus and 153.34 ps for 1 and 2, respectively, thus shorter
compared to the PMMA thin films. The difference of lifetime
values between the chromophores can be attribute to the
presence of the second fluorene half on the SBF core that
enhances the rigidity of the system and affects remarkably the
crystal packing of 1 with respect to the fluorene analogous.
Finally, the triplet state seems to be slightly affected by the
presence of the spiro core, as can be deduced by the values
obtained experimentally in PMMA thin films (Figure S15). The
photophysical properties of 1 and 2 are summarized in Table 1.

DFT Calculations

To further investigate the electronic states and photophysical
properties of 1 and 2, DFT and TDDFT calculations were
performed in toluene (see Supporting Information for Computa-
tional Details) employing the BMK hybrid exchange-correlation
functional whose exchange part has a 42% contribution from
Hartree-Fock exchange. This functional was previously found to
perform well for TADF compounds, its Hartree-Fock percentage
lying close to optimized values.*” Compared to other popular
functionals, we found that BMK also yields the most accurate
prediction of emission wavelengths (see Table S3). The S, and
T, states of both chromophores have a pronounced charge
transfer character, with their frontier molecular orbitals being
spatially completely separated and orthogonal. As depicted in
Figure 4, the HOMO is mainly centered on the phenothiazine
unit in both dyes, while the LUMO is localized on the
cyanofluorene rest, underlying the little overlap between the
two orbitals, which is essential characteristics to observe TADF.
The HOMO/LUMO energy levels of 1 and 2 at the optimized
ground state geometry are —5.91 eV/—1.25eV and —5.91 eV/

Table 1. Photophysical properties of 1 and 2.

Dye Nexc Aem T PLQY AEg HOMO LUMO
nm nm % o f K
eV eV eV
1 Toluene 296, 309, 326, 515 2.77 ns @ 0.13 —5.91 —1.25
350 297 ns ™
Thin 296, 327, 355 510 797.43 ps 8.83
film o
55ns
Crystal 350 462 248.64 s
[
1.95 ns @
2 Toluene 292,302, 314, 502 1.24ns @ 0.18 —5.91 -1.22
350 224ns®
Thin 289, 313, 345 488 712.23 ps 4.02
film d
45ns @
Crystal 418 470 153.34 ps
[c]
1.67 ns @

[a] oxygen containing solution (1.5-10°M and 7-10°M for 1 and 2, respectively), [b] deoxygenated solution (1.5-10°M and 7-10"°M for 1 and 2,
respectively), [c] delayed fluorescence lifetime (average value, see Supporting Information for multiexponential fit), [d] prompt fluorescence lifetime, [e]
calculated using the quantum chemistry package Gaussian 09 Rev. D.01 with geometry optimization for the S, singlet exited state and the first triplet exited
state T, geometry using the Tamm-Dancoff approximation, [f] calculated using the quantum chemistry package Gaussian 09 Rev. D.01.!

23]
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Figure 4. Calculated energy levels of 1 and 2 and the plotted orbitals of the HOMO and LUMO.

—1.22 eV, whereas their singlet-triplet splitting AEs; obtained
from the optimized S, and T, structures are 0.13 eV and 0.18 eV,
respectively (Table 1). These values for the singlet-triplet
splitting are low enough to facilitate RISC and allow TADF.['*"%*!
The small difference in the HOMO/LUMO energy levels explain
the similar emission behavior of the chromophores and the
relatively high AE; might be the reason for the low PLQY.
Although the triplet energy of the dyes has been estimated
from the phosphorescence spectra in PMMA at 78 K (2.64 eV
and 2.62 eV for 1 and 2, respectively, Figure S15 and Table S4),
the energy gaps calculated from experimental data appear
larger than those obtained computationally. The emission band
arising from the quasi-axial conformer of the phenothiazine
unit band introduces a large error on the experimental data in
both dyes, resulting in the overestimation of AE¢; (Figure S16
and Table S4).

X-Ray Analysis

The X-ray analysis of single crystals (Figures5 and S18-521)
shows that the quasi-equatorial conformer is predominant in
both chromophores, which is in accordance with the PL spectra
where no or negligible emission around 400 nm is occurring.
The emission for 2 in that range (Figure S13c) can therefore be
explained by residual amount of the quasi-axial conformer, that
might have deposited onto the crystals, after taking them out
of the solution. The crystal structure of 1 reveals that a dimeric
type structure is formed between two molecules. The molecules
are arranged in line with a head-to-head and tail-to-tail
configuration, so that the phenothiazine units are stacked upon
each other due to strong n—= interactions with an interplane
distance of 3.79 A (the shortest distance is 3.43 A between C55

ChemPhotoChem 2024, 202400235 (5 of 7)

Figure 5. Crystal packing structure of 1 (a) and 2 (b).

and C65 atoms). Additional hydrogen bond interactions
between these dimeric units involving two neighboring nitrile
groups (C19-H19--N1 2.526 A; 147°) contribute to the forma-
tion of a linear chain along the bc-diagonal with molecules in a
head-to-head and tail-to-tail arrangement. CH-rt interactions of
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the phenothiazine unit and the unsubstituted biphenyl moiety
led to an inversion of the orientation of the adjacent molecule,
resulting in a stair-like progression of the structure. The twist of
the phenothiazine unit to the plane of the biphenyl unit is
82.6° contributing to the separation of the HOMO and LUMO
(Figure S18).The crystal structure of 2 shows that the molecules
are aligned with a head-to-tail orientation forming linear chains
along the b-axis trough C—H--CN hydrogen bond interactions
between the fluorene-core and phenothiazine (C15—H15--N1
2.60 A; 125° and C14-H14--C23 2.90 A; 135°). These interactions
are supported by additional CH-n interactions between the
methyl-groups and the neighboring phenothiazine unit (C31-
H31B--C42 2.82 A; 135° and C32-H32B--C54 2.97 A; 137°). In
contrast to spiro compound 1, no n—x interactions between the
phenothiazine units were observed. The adjacent biphenyl units
are involved in the formation of weak n-=n interactions with an
interplanar distance of 3.87 A. These have an inverted orienta-
tion due to the steric hinderance of the two methyl groups and
favors the formation of the C—H--N hydrogen bond interactions
between the nitrile group and the phenothiazine (C46—H46--N1
2.67 A; 135°). The twist of the phenothiazine group with respect
to the plane of the biphenyl unit is 79.3° (Figure S20). The X-ray
structures of both dyes confirm the presence of a large dihedral
angle between D and A groups necessary to minimize the
HOMO/LUMO overlap. Moreover, the analysis of the crystalline
form of 1 emphasizes the occurrence of intermolecular n-n
interactions mainly between phenothiazine units, thus reducing
the possibility of intermolecular CT interactions. The bulky spiro
group hinders the n-stacking between D—A moieties, prevent-
ing the formation of emission quenching dimers.* In contrast,
the methyl groups on the fluorene core of 2 do not offer the
same steric hindrance, consequently intermolecular n-x inter-
actions can affect the emissive behavior, resulting in smaller
blueshift in regard to the PMMA thin film and shorter lifetime.””
Nonetheless, both the spiro group and methyl groups of 1 and
2 contribute to the molecular separation in the crystalline
phase, which leads to large blueshifted emission compared to
solution or thin films, often observed in isolated molecules.?”

Thermal Stability

Besides the photophysical properties, thermal stability proper-
ties of the dyes have been investigated by differential scanning
calorimetry (DSC) and thermalgravimetric analysis (TGA) under
nitrogen atmosphere (Figure S17). 1 and 2 show a fairly similar
decomposition temperature (T, corresponding to a 5% weight
loss) of 313.8°C and 301.2°C, respectively. The more rigid
structure of the SBF core provides only a slight increase to Ty
since the thermal stability of the phenothiazine unit is a limiting
factor.”™ The DSC data shows that 1 doesn’t melt and remains
amorphous in the tested temperature range, while 2 melts at
187.8°C. A crystallization could not be observed.

ChemPhotoChem 2024, 202400235 (6 of 7)

Conclusions

In conclusion, two novel TADF emitters (1 and 2) based on
fluorene and spirobifluorene core were synthesized and their
physical properties investigated with regard to emission and
thermal behavior. In solution, both dyes behaved similarly
without showing TADF behavior. On the contrary, long delayed
fluorescence component were detected in doped PMMA thin
films and crystals and assigned to TADF process through
lifetime measurements at different temperatures. Very interest-
ingly, 2 is the first fluorenecarbonitrile derivative showing TADF.
By comparing the two dyes, we can conclude that the SBF-
linker leads small bathochromic shift of the emission as effect of
the spiro-conjugation, an increase in the fluorescence lifetime
and in the PLQY, as well as a better thermal stability. Moreover,
the bulky spiro-core plays a role on the intermolecular
interactions, reducing the presence of additional non radiative
deactivation pathways such as the m-m packing. Our study
stresses the importance of proper selection of conjugated
spacer and demonstrates that the structural alterations of
molecular core may have evident effects to emission properties.

Supporting Information Summary

The authors have cited additional references within the
Supporting Information %2229

Deposition numbers CCDC-2355946 (for compound 1) and
—2355947 (for compound 2) contain the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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