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The development of purely organic fluorescence emitters is of great importance for their low cost and
high performance. Responding to this demand, carbazole is a promising emitter due to its extensive
freedom for functionalisation, high thermal and chemical stability, as well as low cost. Herein, the effect
of protonation on the fluorescence of various pyridine-functionalised carbazole-based bipolar host
materials was studied both in solution and in the solid-state. The restriction of intramolecular rotation of
the molecules upon protonation of the pyridyl-moiety together with easier planarization of the
protonated acceptor and the donor moieties and relocalisation of the LUMO orbital on the protonated
species was found to increase the fluorescence quantum yield from 16% to 80%. Additionally, in the
solid-state, the J-type packing of the molecules further facilitated the increase in the fluorescence
quantum yield from 1% to 49%. In both cases, the pronounced bathochromic spectral shift was
observed indicating that the gap between the emissive state and the first triplet state of the molecules
was diminished upon protonation. Therefore, implementing this strategy could further boost the

rsc.li/materials-advances development of future emitters.

Introduction

Over the last 35 years the field of supramolecular chemistry, study-
ing molecular assemblies held together by weak intermolecular
interactions, has become one of the most intriguing fields of
chemistry." Supramolecular chemistry offers insight into smart
molecular design, taking advantage of the directionality of non-
covalent bonds and the self-assembling capabilities of molecules. It
encompasses a wide variety of applications: weak interactions have
been utilised in emission modulation of organic luminescent
materials,” which have widely been applied in fluorescent
imaging,> drug release,”” sensors,"*"° photoelectric devices,""
and organic light-emitting diodes (OLEDs).">

The various applications of the purely organic luminescent
materials speak for the importance of their development.
However, simultaneously achieving high efficiency, long life-
time and low cost with blue organic emitters is still a consider-
able challenge.” Additionally, carbazole has commonly been
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utilised in the design of blue-light emitting diodes for its high
triplet energy.'*'> Herein, we have selected it as a central unit
due to its extensive freedom for functionalisation, high thermal
and chemical stability, as well as low cost.’®*® A relatively new
approach to smarter emitter design is bipolar host
materials.’”>* They are designed to hold both electron-
donating and electron-withdrawing units within the same
molecule. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
are determined by the electron-donating and electron-
withdrawing units, respectively. In comparison to unipolar host
materials, bipolar host materials promote balanced charge flux
and broaden the exciton recombination.?®*"?* However, the
construction of bipolar host molecules with spatially separated
donor and acceptor moieties allows the formation of an intra-
molecular charge transfer (ICT) state, which may exhibit a
twisted structure resulting in the excited state energy being
consumed by the rotary motion of the molecule.”**” This
results in quenching of the fluorescence and low emission
quantum yield.

A way of improving the quantum yield without the tedious
work of redesigning the molecular structure is the restriction of
the intramolecular rotation by weak interactions.*®*° Inter-
molecular interactions, such as strong hydrogen-bonding upon
protonation, can be used to affect the fluorescence of a
compound.®**' The effect on the fluorescence depends on
the strength of the acid, ie., the stabilising power of the
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Scheme 1 The compounds L1-L4 studied for the protonation-induced fluorescence enhancement, reference compounds L5-L7, and the acids used

in the protonation with their corresponding pK, values.*®

counter-anion involved in the protonation process.*’** In our
previous studies, protonation significantly enhanced the
fluorescence intensity of quinoline derivatives over 50-fold
increasing the fluorescence quantum yield up to 30%.>> Herein,
the effect of the intermolecular interactions on the emission
characteristics of the carbazole-based materials upon protona-
tion both in solution and in the solid-state were investigated.
Protonation of L1 and L2 (Scheme 1) was found to facilitate the
planarization of the pyridyl and the carbazole units, while
hindering the complete rotation of the pyridyl moiety. This
phenomenon together with changes in the electronic profile
due to protonation explain the bathochromic shift in the
fluorescence spectra and the enhancement of the fluorescence
quantum yield. In L3 and L4, the complete rotation of the
pyridyl became more accessible upon protonation, thus leading
to fluorescence quenching. However, in solid-state, protonation
enhanced fluorescence quantum yield of all the compounds
increasing the fluorescence quantum yield of L4 from 1% to a
noteworthy 49%.%>2® We envision this strategy to further
enhance the development of purely organic emitter materials.

Results and discussion
Materials

The rationale behind the molecular design is to improve the emission
quantum yield by protonation-induced fluorescence enhancement.

1704 | Mater. Adv,, 2022, 3,1703-1712

Therefore, aromatic, moderately electron-accepting benzophenyl and
pyridyl groups were introduced to the electron-rich carbazole core to
achieve donor-acceptor bipolar host materials.'**”*® Here the benzo-
phenyl unit is chosen as the electron-withdrawing moiety for L1 and
L2, but several research groups have opted for other solutions, such as
quinoline or pyridine groups.***® For compounds L3-15, pyridyl,
phenylpyridyl, and methylpyridinium groups were chosen as the
electron-withdrawing moieties. Compound L5 was studied for the
intriguing alternative of the methylated pyridyl group with a constant
positive charge on the nitrogen instead of protonation by an acid. In
all the other compounds, the pyridyl group acts as a Lewis base for the
efficient protonation of the compound. The mono-substituted
pyridine-functionalised carbazole-based bipolar host emitter (L1)
was synthesised by simple two-step synthesis and studied alongside
with a similar di-substituted carbazole derivative (L2)."° The N-
substituted pyridine-containing carbazole derivatives L3 and L4 were
studied for the different position of the electron-withdrawing moiety
on the carbazole core.**> Compounds L5-L7 were used as reference
compounds that do not have pyridyl groups as effective protonation
sites. Six different organic acids (A-F) with pK, values ranging from
0.52 to 2.87 (Scheme 1) were used for the protonation of the carbazole
derivatives.* Several acetic acid derivatives were selected to investigate
the effect of acidity (pK,) on fluorescence enhancement of the parent
compounds via protonation. Additionally, benzenesulfonic acid (C)
was selected to study the stability of aromatic vs. aliphatic counter-
anions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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UV-Vis and fluorescence spectroscopy

The normalised absorption and fluorescence spectra of com-
pounds L1-L4 are shown in Fig. 1 (see Fig. S1 and S2 in the ESI
for absorption and fluorescence spectra of other compounds).
Compounds L1/L2 show three distinctive absorption bands at
250/260 nm, 287/300 nm, and 345/323 nm, respectively. The
additional pyridyl group of L2 slightly changes the electronic
structure of the molecule and induces minor changes in the
spectrum. According to the time-dependent density functional
theory (TDDFT) calculations performed by Rajamalli et al,
these absorption bands can be assigned to the intramolecular
charge transfer bands from the carbazole moiety to the benzo-
phenyl at 345 nm (L1) and 323 nm (L2), and to the absorption
of the pyridylcarbazole donor at 287 nm (L1) and 300 nm (L2).
The spectra of L3 and L4 are also structurally similar to each
other showing absorption bands at 291 nm (L3) and 292 nm
(L4) of the carbazole moiety and bands at 333 nm (L3) and 326-
339 nm (L4) attributed to the pyridyl and phenylpyridyl groups.

The fluorescence of L1, L2 and L4 were measured in 10> M
dichloromethane (DCM) solution using 340 nm excitation and
they all display broadband fluorescence reaching a maximum
at 474 nm, 473 nm, and 415 nm, respectively. An excitation
wavelength of 290 nm was used for L3, which shows two
fluorescence maxima at 341 nm and 356 nm. The fluorescence
data were also used to calculate the fluorescence quantum
yields for L1-L4, and values of 16.1%, 18.1%, 10.5%, and
32.0% were obtained at room temperature.

The titration of compounds L1 and L3 with benzenesulfonic
acid (C) from 0 to 2.0 (L3) or 4.0 (L1) equivalents of acid is
presented in Fig. 2. Titrations with other acid-base pairs are
shown in the SI (see Fig. S3-5S14, ESIt). Protonation of L1 with
benzenesulfonic acid results in a decrease of the intensity of all
original absorption bands, while new bands arise at 319 and
382 nm, from which the latter is characteristic of the cationic
species.’” From Scheme 1, it can be seen that L1 has two
possible protonation or hydrogen-bond acceptor sites: the

Norm. Intensity (a.u.)

Wavelength (nm)

Fig. 1 The normalised absorption and fluorescence spectra of L1-L4 in
solution (107> M in DCM, Aex = 340 nm for L1, L2, and L4, and 290 nm for
L3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The absorption (a) and fluorescence (b) of L1, and the absorption
(c) and fluorescence (d) of L3 while titrating with benzenesulfonic acid (C)
from 0.0 to 2.0-4.0 equivalents of acid (107> M in DCM, e, = 340 nm (L1)
and 290 nm (L3)). The fluorescence intensities have been corrected for
inner filter effects.**

pyridyl and the carbonyl group of the benzophenyl. Due to
greater basicity of the pyridyl nitrogen compared to the benzoyl
oxygen, the protonation occurs predominantly on the pyridyl
group. The protonation leads to an observable increase in the
fluorescence intensity until the titration reaches 2.0 equivalents
of the acid (see Fig. S15a, ESIt). The most significant increase
in the fluorescence intensity for L1 was observed while titrating
with trichloroacetic acid, reaching a fluorescence enhancement
factor of 2.8 due to the protonation of the pyridine unit at
2.0 equivalents of acid (see Fig. S15a, ESIt). Similar results were
obtained for L2 (see Fig. S15b, ESIt), with the fluorescence
increasing up to 3.0 equivalents of acid due to two pyridyl
acceptor units in addition to the benzophenyl unit. A hypso-
chromic shift of 30 nm of the fluorescence maximum was
observed for L2, possibly due to improper hydrogen bonding
shortening the length of the interaction between the proton
acceptor and donor causing also a reduction in intensity.*®
After the saturation point is reached, the fluorescence intensity
begins to decrease in the case of L1 and L2 possibly due to
change in polarity upon excess acid, which is also supported by
the loss of isosbestic points in the absorption spectra beyond
the saturation limit.*"

A time-dependent density functional theory (TD-DFT) study
was performed to shed light on the different photochemical
behaviour of L1 upon protonation, specifically on the observed
fluorescence increase. The CAM-B3LYP level theory was
selected as the working method as in previous computational
studies for carbazole systems,*® which have resulted in similar
and acceptable relative deviations between experimental and
calculated transition energies (up to 0.6 eV). Analysis of the two
less energetic vertical transitions (Table 1) clearly indicates a
different absorption profile between the two species. The first

Mater. Adv,, 2022, 3,1703-1712 | 1705


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00438g

Open Access Article. Published on 04 January 2022. Downloaded on 4/7/2026 4:53:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 The electronic transition, absorption wavelengths Amax (nM),
electronic excitation energies E., (eV), oscillator strengths (f), and config-
urations of the 2 low-lying excited states of L1 and its protonated form
(L1H*) obtained by TDDFT/CAM-B3LYP/6-31G(d,p) based on the opti-
mized ground state geometries in DCM

Electronic Wave
Compound transition Amax Eex f functions® CI (%)°
L1 So & St 319 3.89 0.02 H-9 - L 42
H-3 > L 28
H-6 - L 11
H->L 4
H-2 - L 3
H-9 — L+10 3
So & S, 294 422 070 H->L 69
H —» L+2 7
H-9 - L 5
H —» L+3 4
H - L+4 3
H-3 - L 2
L1H" So — S1 335 3.70 0.86 H — L 84
H—-4 - L 5
H-1->1L 3
Sy —> S, 319 3.89 0.00 H-7 - L+1 38
H-2 - L+1 28
H-5 —» L+1 20
H-7 - L+11 3

% The wave functions based on the eigenvectors predicted by TD-DFT.
H stands for HOMO and L stands for LUMO. ” Percentage contribution
of the wavefunction configuration interaction to the excitation.

vertical transition of L1 is unlikely to be observed, as indicated
by its small oscillator strength. The most energetic absorption
band experimentally observed should correspond to the second
vertical excitation, being mostly composed by an interaction
between the frontier molecular orbitals. The first vertical exci-
tation expected upon protonation is largely bathochromically
shifted and is associated with a large oscillator strength. In
L1H", the interaction between the frontier molecular orbitals
becomes predominant in the transition to S1, whilst the second
transition is unlikely to be observed. Graphic inspection of the
HOMO and LUMO orbitals (Fig. 3) shows a significant differ-
ence in LUMO upon protonation, shifting its location from the
benzophenyl to the pyridyl moieties. The observed more ener-
getic absorptions in L1 and its protonated form correspond
mostly to intramolecular charge transfer. This occurs in the
former case between the carbazole and the benzophenyl moi-
eties and in the latter between the same carbazole and the
protonated pyridyl. The enhancement in the fluorescence is
likely a result of two factors, the change of the lowest lying
electronic transition and the easier planarization of the
protonated pyridyl and the carbazole moieties in L1H" (ca.
1 kecal mol ™", see Fig. S64, ESI{).

Compounds L3 and L4 were found to behave conversely to
L1 and L2 as they do not exhibit fluorescence enhancement
upon protonation. The case of L3 is discussed here in detail.
The absorption and fluorescence spectra of L3 upon protona-
tion with benzenesulfonic acid is presented in Fig. 2c and d
(For L4 see Fig. S1ic, ESIT). Molecules L3 and L4 experience
similar changes in their absorption upon protonation as L1 and
L2, displaying a band arising at 366 nm (for L3), characteristic

1706 | Mater. Adv, 2022, 3,1703-1712
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Fig. 3 Graphic representation of frontier molecular orbitals and respec-
tive energies (eV) of L1 and its protonated congener (LLH*), as determined
by TD-DFT at CAM-B3LYP/6-31G(d,p) level.

of the cationic species (Fig. 2c). Two fluorescence bands were
observed for L3 in DCM at 341 and 357 nm. However, due to the
greater stability of the aromatic counter anion, benzenesulfonic
acid has the greatest effect on the fluorescence of L3, and
titration points up to 4.0 were not acquired since the fluores-
cence of L3 is completely quenched upon addition of
2.0 equivalents of acid. Compound L4 depicts similar effects
as L3, only not as prominently due to the extra phenyl spacer
separating the pyridyl from the carbazole core. Compound L4
also displays a new broad low-intensity red-shifted fluorescence
band arising at 575 nm likely as a result of a charge transfer
state of the protonated species.

Inspection of the vertical transitions of L3 and L4, (TD-DFT/
CAM-B3LYP/6-31G(d,p)), reveals that the most energetic transi-
tions correspond to local excitation states (n-n*), with the
orbitals located over the carbazole and its N-substituents.
Protonation of these species results in stabilization of the
frontier molecular orbitals (and a decrease on the HOMO-
LUMO gap by 1-1.2 eV) accompanied with moving of the
electron acceptor orbital, almost exclusively, to the carbazole
N-substituent (Tables S5, S6 and Fig. S61, S62, ESIT).

The fluorescence quantum yield (@ of all the compounds
were determined during the acid titrations. Titration with
benzenesulfonic acid (C) shows a saturation point at 2.0
achieving a remarkable increase in the @ of L1 from 16% to
80% (Table S1 and Fig. S16a, ESIf). With the exception of
benzenesulfonic acid, the acids follow the expected trend of
their respective pK, values, trifluoro- and trichloroacetic acid
each time having very similar effects and chloroacetic acid (F)
barely having any effect on the @, Similar results were obtained

© 2022 The Author(s). Published by the Royal Society of Chemistry
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also for L2 (see Fig. S16b, ESIt). Compounds L6 and L7 were
studied for the sole purpose of demonstrating that the observed
effects were due to protonation and no other interactions. As
expected, neither of the compounds show changes in fluores-
cence upon protonation (see Fig. S12-S14, ESIt), assuring that
the observed effects for L1-L4 are due to protonation of the

pyridyl group.

H NMR spectroscopy

Protonation of the pyridyl group of L3 with benzenesulfonic
acid was further studied with "H NMR spectroscopy (Fig. 4) in
order to elaborate the difference leading to quenching of the
fluorescence compared to the fluorescence enhancement of L1
and L2. The "H NMR of other compounds are shown in the ESI{
(see Fig. S17-S30). The spectra showed characteristic behaviour
of protonation, with chemical shifts moving to a lower field due
to the deshielding effect upon protonation. Saturation can be
seen at 1.0 equivalents of acid, as expected, Additionally, H.
experiences an unusually large change in its chemical shift of
up to 0.61 ppm upon 2.0 equivalents of acid, indicating a strong
interaction between L3 and benzenesulfonic acid compared to
the 0.20 ppm shift in L1 at 1.0 equivalents of the same acid (see
Fig. S23, ESIf). Natural population analysis of L3 and its
protonated form (Fig. 5a), taken at the same DFT level of theory
as above, showed a 0.05 increase in the natural charge of H,
upon protonation. This is accompanied by a more significant
change in the natural charge of the H,-bound carbon due to the
proximity to the established N-H bond. The NMR shift change
of H. is also reflected by the 0.03 change in the natural charges.
Inspection on the bond lengths and strengths through Wiberg
indexes (WI) analysis shows that protonation results in the N-C
bond between the carbazole and the pyridyl moiety to shorten
(1.41 Ain L3 vs. 1.38 A in L3H") and to strengthen (WI = 0.99 in
L3 vs. 1.08 in L3H"). The changes in the length of pyridyl

Ha
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Fig. 4 The 'H NMR spectra of L3 while titrating with benzenesulfonic acid
from 0.0 to 2.0 equivalents of acid (30 mM in CD3sCN, 500 MHz at 303 K).
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endocyclic bonds indicate the reorganisation of the electron
density in the pyridyl to accommodate the extra positive charge,
with only a slight disturbance on the carbazole moiety (Fig. S71,
ESIt). The significant change in the chemical shift of H. can
also be attributed to the easier rotation about the carbazole-
pyridyl N-C bond in solution upon protonation (Fig. 5b). More-
over, the placement of the pyridyl unit out of the carbazole
plane decreases 3.0 kcal mol™ " in the protonated species, thus
making the complete rotation about the N-C bond even more
accessible. The easier pyridyl rotation out of the carbazole
plane in L3 (and in L4 to some extent) results in lower
fluorescence quantum yield in solution (< 1%).

Solid-state fluorescence

From the perspective of applications, the compounds were also
studied in the solid state. For the purpose of discussing solid-
state samples, the salts were named consistent with the ligand
numbering (L1-L7) with an added H to describe proton transfer
and with letters (a-f) representing the anion resulting from the
deprotonation of the acid (A-F) and in square brackets to
indicate a salt. The solid-state fluorescence spectra of L1, L3,
L4 (and their corresponding benzenesulfonate salts) and L5 are
shown in Fig. 6 and listed in Table 2. Compound L2 was not
studied in solid state due to the insolubility of the protonated
salt at higher concentrations. Similarly, L5 was not studied in
solution due to its solubility only in high polarity solvents

Mater. Adv., 2022, 3,17703-1712 | 1707
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Fig. 6 Fluorescence of the solid-state samples of L1, L3, L4, and L5, and
the acid complexes of L1, L3, and L4, at an excitation wavelength of
330 nm, 333 nm, 331 nm, 303 nm, 326 nm, 310 nm, and 320 nm,
respectively.

Table 2 The fluorescence data of L1-L4 (and their corresponding ben-
zenesulfonate salts), and L5 with absolute quantum yield values both in
solution and in the solid state

In dichloromethane® Solid state

Aex Fmaxb ch j-(3)( Fmax ‘pf
Compound  (nm) (nm) (sol) (nm)  (nm)  (SS, %)
L1 340 474 16.14 330 442 1.51
[L1H]C 340 472 79.45 326 521 15.81
L2 340 473 18.06 — — —
[L2H]e 340 451 79.18 — — —
L3 290 341, 356 10.52 333 360 2.46
[L3H]e 290 341,356  0.97 310 483  25.09
L4 340 415 32.03 331 369 1.21
[L4H]C 340 420 0.14 320 457 49.02
L5 — — — 303 469 21.65

“ Measured at the concentration of 1.0 x 10~> M at 25 °C. ” Reported at
1.0 or 2.0 equivalent of benzenesulfonic acid according to the number
of protonation sites. ¢ Reported at 4.0 equivalent of benzenesulfonic
acid for the protonated ligands, except for [L3H]c at 2.0. ¢ Not soluble
in dichloromethane, hence no solution studies were performed.

making the comparison to other compounds measured in DCM
ineffectual.

The fluorescence maxima (Fiax) Of the ligands and their
respective benzenesulfonate salts in solution remain almost
identical for all compounds during the titration. When chang-
ing to solid state, the Fy.x of the pure ligand experiences a
hypsochromic shift, or stays invariable, whereas the protonated
ligand in the solid state displays a bathochromic shift com-
pared to the F,, in solution. In contrast to solution, the
fluorescence quantum yield of L3 and L4 increases in solid
state and L4 experiences a remarkable increase from 1% to 49%
in the protonated form.*>?° The bathochromic shift of the
fluorescence maxima observed for all the protonated ligands
(Fig. 6) in the solid state suggests J-type packing for these

1708 | Mater. Adv,, 2022, 3,1703-1712
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compounds. This type of packing is described as having a large
Stokes shift, which readily limits self-absorption and leads to
strong fluorescence in the solid state.”” The hypsochromic
shift, or no change, of the pure ligands indicates that this type
of packing is not dominant for these compounds, and results in
weak fluorescence in the solid state due to quenching as a
result of aggregation.

Crystallography

Crystallisations of all studied compounds were carried out to
further analyse the changes in the solid-state fluorescence. The
crystallisation of the acid-base pairs was performed with a 1:1
acid-base ratio in various solvent systems (see ESI,{ Fig. S34-
S58). Unfortunately, not all crystallisations yielded X-ray dif-
fraction quality crystals, and obtaining the weaker acid-base
pairs proved to be difficult. The suitable single crystals
obtained were subjected to a single-crystal X-ray diffraction
analysis. The molecular packing of L3, L4, [L1H]c, and [L4H]c is
shown in Fig. 7 along with the most common packing patterns
described as J-type.*® Despite the weaker acids (D-F) having
little to no effect on the fluorescence of the compound in
solution, in the solid-state the protonation seems to occur
regardless of the strength of the acid.

All obtained solid-state structures had the expected 1:1
stoichiometry. The charge-assisted hydrogen bond distances
between the oxygen of the conjugate base and the protonated
nitrogen (O- - -N) were found to be between 2.588(2)-2.784(3) A
(see ESI,T Table S3). The bond lengths were affected by the
crystal packing due to the size of the anion. Due to the non-
determinable positions of H atoms from X-ray diffraction
analysis, all N-H bonds were refined to 1.04 A based on the
average of neutron diffraction studies of similar compounds.*®
The structures of [L1H]a and [L4H]b (see Fig. S39 and S51, ESIY)
have two independent acid-base pairs in the asymmetric unit
cell, whereas other structures were observed with one acid-base
pair in the asymmetric unit cell. Additionally, in the structures
of [L1H]a-b, [L3H]a, and [L4H]a-b (see ESL,t Fig. S39-S42, S47
and S49-S52, respectively) the counter anion was found to be
disordered over two or three positions. Counter anions that are
disordered might show that their location is to simply satisfy
charge balance, having no preference as to where they were in
the packing, i.e., no strong bonding or interaction results from
their presence. This again might create differences between the
solid-state and solution studies. In addition to these, [L1H]c
(see ESILt Fig. S43) crystallised with a solvent molecule inter-
acting with the carbonyl group of the benzophenyl acceptor
[C74-H74---027, 3.437(4) A].

From the solid-state fluorescence samples, X-ray diffraction
quality single crystals could be obtained for compounds [L1H]c,
L3, L4, [L4H]c, and L5 (in addition to other acid-base pairs not
studied for their solid-state fluorescence). Compound L3 crys-
tallises in the chiral orthorhombic space group P2,2,2; in a
dimer-type zigzag packing stabilised by off-centre n-n interac-
tions between the carbazole cores of two molecules with an
interplanar distance of 3.6 A (Fig. 7a). Compound L3 also forms
intermolecular interactions through C-H-.--n edge-to-face

© 2022 The Author(s). Published by the Royal Society of Chemistry
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interactions to the carbazole core (Fig. 7a) and C-H---N inter-
actions of the pyridyl nitrogen to the neighbouring hydrogens
all together forming a three-dimensional network of intermo-
lecular interactions. Similar to L3, L4 also crystallises in the
orthorhombic space group, yet now in centrosymmetric Pbca
stabilised by similar off-centre n-n (3.8 A), C-H.- -1 edge-to-
face, and C-H---N interactions (Fig. 7b). Supported by the
hypsochromic shift in the solid-state fluorescence results,
compounds L3 and L4 were determined to have H-type packing,
which ultimately leads to quenching of the fluorescence. Com-
pound L5 crystallises in the centrosymmetric monoclinic C2/c
space group in a J-type packing in a brick pattern (Fig. 7c and f)
stabilised by strong n-n (3.6 A) and C-H- - -F interactions from
the surrounding anions. This type of packing induced by the
ionic interactions gives rise to fairly strong fluorescence due to
restricted intramolecular rotation of the pyridine moiety. How-
ever, the methylene group was found to be disordered over two
positions possibly leading to some fluorescence quenching.
Complex [L1H]c crystallises in the centrosymmetric triclinic
P. Space group in a dimer-type head-to-tail packing of the
pyridyl-carbazole motif in a staircase pattern (Fig. 7d and g)
stabilised by off-centre m-n interactions of two aromatic rings
with an interplanar distance of 3.8 A. The complex [L1H]c is
also stabilised by acid-base pair hydrogen bonding (N1-

1---051, 2.781(3) A), and C-H---n edge-to-face interactions
(H29) to the aromatic ring of the benzenesulfonate. The
complex [L4H]c crystallises in the centrosymmetric monoclinic
P2,/c space group with weak off-centre n-m interactions
and intermolecular interactions between the ligand and the
anion (N23-H23---071, 2.706(2) A) also in a staircase pattern

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Fig. 7e and g) inducing strong fluorescence commonly
observed in J-type packing, which was also suggested by the
bathochromic shift in the solid-state fluorescence maxima for
these compounds. In the crystal structure of [L1H]c the packing
of the carbazole moiety is coplanar, in contrast to [L4H]c where
the carbazoles pack at a 45.9° angle making the off-centre n-n
interactions observed for [L4H]c at an interplanar distance of
3.7 A less effective. For [L4H]c, the n-m interactions are
observed between the carbazole core and the phenyl ring
attached to the carbazole moiety. The off-centre packing of
[L4H]c forces the carbazole backbone to a bent conformation
with an angle of 165.7° between the centroid of the central
carbazole ring (C3 C4 C9 N10 C11), the carbazole nitrogen
(N10), and the carbon of the adjacent phenyl ring (C14),
whereas for most of the determined structures the carbazole
lies close to parallel to the neighbouring phenyl or pyridyl ring
with an angle close to 180°. Molecules of [L4H]c with twisted
conformation have to be less densely packed in the highly
restricted crystal lattice resulting in weaker intermolecular
interactions.”

The protonation of all the compounds shows also an
increase in the @ of solid-state samples due to restricted
internal rotation of the molecule, as sterically hindered mole-
cules show stronger fluorescence in solid-state.”® Unfortu-
nately, attempts to crystallise [L3H]Jc did not yield X-ray
diffraction quality crystals, and therefore, could not be com-
pared to [L1H]c and [L4H]c. However, for L3 and L4, the more
structural packing induced by the planar conformation of the
ligand, strong n-r/C-H- - - interactions, and hydrogen bonding
effectively quench the fluorescence in the solid-state.”®

Mater. Adv,, 2022, 3,1703-1712 | 1709
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For compounds L5, [L1H]c, and [L4H]c, there is a compromise
between the quenching due to intermolecular interactions and
both the J-type packing and steric hindrance inducing stronger
fluorescence. Additionally, the network of intermolecular inter-
actions in the crystal structure of [L1H]c may dissipate the
excited-state energy to some degree through internal
conversion,®® a process that does not occur in the less dense
packing of [L4H]e, resulting in a much higher @ in the solid
state compared to [L1H]c.

Conclusions

The effect of protonation on the fluorescence of small pyridine-
functionalised carbazole donors has been studied in both
solution and solid state. In these compounds, a carbazole core
acts as a donor, whereas benzophenyl, pyridyl, and phenylpyr-
idyl moieties were chosen for acceptors in the design of bipolar
host materials. All compounds showed absorption bands in the
UV region and a wide variety of emission wavelengths from 300
to 600 nm. All compounds could be protonated using six
different organic acids displaying a diversity of interaction
strengths related to the pK, of the acid used in the protonation.
The observed bathochromic shift and the increase in the
fluorescence intensity of L1 and L2 was explained primarily
by the different localisation of the LUMO orbital on the proto-
nated species and secondly by the easier planarization of the
protonated pyridyl and the carbazole moieties. The fluores-
cence quantum yield of L1 increased from 16% to 80% upon
protonation in solution. The bathochromic shift upon proto-
nation, in addition to DFT, suggests that the protonation of
these compounds effectively lowers the energy of the emissive
state lowering the energy gap between the emissive state and
the first triplet state, which could facilitate reverse intersystem
crossing and result in more efficient TADF. In compound L3,
the placement of the pyridyl unit out of the carbazole plane
decreased in energy upon protonation making the rotation
about the N-C bond even more accessible, thus quenching
the fluorescence. In the solid state, the rotation around the N-C
bond was restricted in all the compounds upon protonation. All
protonated compounds also favoured the beneficial J-type
packing resulting in a large bathochromic shift in the fluores-
cence intensity, with the quantum yield changing from 1% to
49% upon protonation in the best case, whereas all the pure
ligands acted much like many other organic compounds in
solid state and the fluorescence was quenched due to aggrega-
tion effects. Hereby, we have proposed an effective way for
fluorescence modulation through protonation-induced restric-
tion of the intramolecular rotation, which could enable the
development of future bipolar host materials.

Experimental

All reagents and solvents were obtained from commercial
suppliers and used without further purification. Absorption
spectra were collected using Varian Cary 100, 300 Series II
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Series UV-Visible Spectrophotometer, and fluorescence spectra
were collected using Varian Cary Eclipse Fluorescence Spectro-
photometer. The measurements were taken in a 1 cm quartz
cuvette and the excitation and the emission bandpasses were
set to 2.5 nm and 2.5 nm, respectively. All the measurements
were performed at room temperature. The integrated relative
intensities were determined in respect to the natural fluores-
cence of the compound using that as a zero point and 9,10-
diphenylanthracene was used as a reference in determination
of the fluorescence quantum yield of the compounds.

For NMR assignments, '"H and *C NMR spectra were
recorded using either Bruker 300 Avance or Bruker Avance III
500 MHz spectrometer at 303 K. Chemical shifts are reported
on the J scale in ppm using the residual solvent signal as
internal standard (CDCls; 0H 7.26, CD,Cl,; 0H 5.32, CD;CN; 0H
1.94, DMSO-dg; SH 2.50). For 'H NMR spectroscopy, each
resonance was assigned according to the following conven-
tions: chemical shift (6) measured in ppm, observed multi-
plicity, number of hydrogens, observed coupling constant
(J Hz), and assignment. Multiplicities are denoted as s (singlet),
d (doublet), t (triplet), q (quartet) m (multiplet), and br (broad).

The absorption, fluorescence, excitation spectra, and abso-
lute fluorescence quantum yield values for the solid-state
samples were obtained by using an FLS-1000 spectrofluorom-
eter equipped with a calibrated integrating sphere (Edinburgh
Instruments, UK). Absorption spectra did not show sharp peaks
hence the initial fluorescence spectra measurements were
performed by using 340 nm excitation wavelength as it was
done during solution studies. Then by using fluorescence
wavelength maxima the excitation spectra were measured and
excitation wavelength maxima were detected. These wave-
lengths were chosen then to measure both fluorescence spectra
and absolute fluorescence quantum yields.

The experimental and refinement details for all complexes
studied with single-crystal X-ray diffraction are given in the
ESL.f All structures were measured using a Bruker-Nonius
KappaCCD diffractometer with an APEX-II detector with
graphite-monochromatized Mo-K,, (/. = 0.71073 A) radiation or
Agilent Super-Nova dual wavelength diffractometer with an
Atlas detector using mirror-monochromated Cu-Ko (4 =
1.54184 A) radiation. The program CrysAlisPro5 was used for
the data collection and reduction on the Super-Nova diffract-
ometer. Data collection and reduction the Bruker-Nonius Kap-
paCCD diffractometer were performed using the program
COLLECT®® and HKL DENZO AND SCALEPACK,™ respectively,
and the intensities were corrected for absorption using
SADABS.>* The structures were solved with intrinsic phasing
(SHELXT)® and refined by full-matrix least-squares on F> using
the OLEX2 software,”® which utilises the SHELXL-2015
module.®” Non-hydrogen atoms were assigned anisotropic dis-
placement parameters unless stated otherwise. Hydrogen
atoms bonded to oxygen were located from Fourier difference
maps and refined with an O-H distance restraint of approxi-
mately 0.84 A. Other hydrogen atoms were placed in idealised
positions and included as riding, with a value of 1.04 A used for
N-H bonds, which was based on an average of neutron

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diffraction values reported for this moiety with similarly
hybridised neighbouring atoms.*’ Isotropic displacement para-
meters for all H atoms were constrained to multiples of the
equivalent displacement parameters of their parent atoms with
Uiso(H) = 1.2U.q(parent atom).

All theoretical calculations were carried out using the
Gaussian 16°® software package without symmetry constrains.
Solvent effects (dichloromethane) were considered in every calcula-
tion using the Polarizable Continuum Model (PCM) initially devised
by Tomasi and coworkers®®®" as implemented on Gaussian 16, with
radii and non-electrostatic terms for Truhlar and coworkers’ SMD
solvation model.*” Density Functional Theory (DFT) and Time-
Dependent DFT (TD-DFT) were used for the ground and vertical
excitations of L1, L3, L4 and their corresponding cationic forms,
respectively. All calculations have been performed using the CAM-
B3LYP®® functional and 6-31G(d,p)**°® basis set. The ground state
geometry of L1, L3, L4 and their corresponding cationic forms has
been fully optimised with default cut-offs on forces and step size to
determine convergence. The analytical calculation of the vibrational
frequencies at the same level of theory verified the optimised
structure by checking that they corresponded to true minima of
the potential energy surface by the absence of imaginary frequen-
cies. The first six low-lying excited states have been determined
within the vertical TD-DFT, with the default linear response non-
equilibrium solvation procedure. A Natural Population Analysis
(NPA)*7° and the resulting Wiberg indices”””® were calculated as
implemented on Gaussian 16 to study the electronic structure and
bonding of the optimised species.
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