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Cationic luminophores have recently emerged as a class of efficient
emitters in both the solid state and solutions. However, the under-
lying processes that secure the emission in these luminophores are
poorly understood. Here, we employ charge transfer integral (CTI)
analysis in combination with X-ray single crystal data to uncover
the emission mechanism in a series of pyridinium luminophores. We
demonstrate that the solid state photoluminescence quantum yield
(@) of cationic luminophores is directly proportional to the charge
transfer (CT) intensity within a network of molecules in the crystal
lattice. Electrostatic intermolecular interactions between n*-systems
in the crystal lattice provide a disproportionately high contribution
to the CT intensity and therefore are instrumental in achieving high
@. In addition, the strength of electrostatic interactions can be
increased by a through-space (TS) electron-donation strategy.
Hence, electrostatic interactions can be utilized as a tool to achieve
radiative CT, which is useful in the development of efficient lumino-
phores, sensors and nonlinear optical materials.

Light emitting molecules (luminophores) are key components
in various modern technological applications, such as organic
light emitting diodes," light emitting electrochemical cells,”
organic photovoltaics,® organic field effect transistors* and
sensors.” Recent advances in luminophore design have rendered
purely organic luminophores competitive or even superior to
their inorganic or organometallic counterparts.® Generally,
purely organic luminophores comprise neutral © systems (e.g.
phenyl or naphthyl rings)®”” and/or charged heteroaromatic
subunits (n'-systems such as imidazolium or pyridinium (Py")
cations).® Luminophores designed exclusively from m-systems
are highly efficient in solution; however, they typically lose
emission effectiveness in the solid state (SS).” In contrast, the
incorporation of a charged w'-system into a luminophore
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The emission efficiency of cationic solid state
luminophores is directly proportional to the
intermolecular charge transfer intensity

and Edgars Suna 2 *

renders it highly emissive in the $S.*'° In particular, Py’
containing luminophores have demonstrated dual emission,**
aggregation induced emission (AIE)®*'®'> and thermally acti-
vated delayed fluorescence (TADF) behavior."* Notably, charged
n'-system-containing emitters display high emission efficiency
also in solution™* and have found applications in sensing of
alkylating reagents'® as well as reversible solid'® and solution
state'® sensing of acids.

The high emission intensity of Py'-derived luminophores both
in solution and the SS has been attributed to the formation of
intermolecular electrostatic n'~n'” and n'-n" interactions.®>!*%*15
However, the light emission mechanism associated with these
electrostatic interactions is still poorly understood. We and others
have demonstrated recently that the intermolecular n'~r interac-
tions generate TS charge transfer (TSCT) bands in the crystal
state.””™ In this study we offer quantitative means to evaluate
CT intensity in a crystal lattice by calculating the total electronic
coupling (X|V]) value between the luminophores as described
below. We have also shown that that n'-n" interactions signifi-
cantly increase X|V| and enhance the SS photoluminescence
quantum yields ().

To unravel the role of the n'-n" interactions in SS emission,
we elected to modify a previously published Py" luminophore
1."°% Specifically, a series of 1 analogues with the benzyl Py
subunit ortho to the carbazole (2), 3,6-dimethylcarbazole (3)
and 3,6-di-tert-butylcarbazole (4) substituents was prepared
with mesylate (2a, 3), chloride (2b, 4a) and perchlorate (4b) as
the counter ions (Fig. 1 and 2). We envisioned that 2-4 should
be capable of forming key n'-n" interactions in the SS similar to
parent 1. We also hypothesized that placing the benzyl Py"
subunit in close spatial proximity'® to the carbazole ring could
lead to a TS electron donation from the carbazole to the Py"
moiety and further enhance the strength of the intermolecular
n'-n" interactions in 2-4.

UV-Vis spectra for Py" salts 2-4 were measured in MeCN
solutions at room temperature and under ambient atmosphere
at ca. 107° M concentration (see ESI, pages S11-S16). The
previously published Py" salt 1 and the newly synthesized
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Fig. 1 Effect of enhanced n*—n* interactions on @ and X|V/|.

DO RN SN G R G
K e Lo A

5R=H 9: R=H,58% 12:R =H, 98% 2a:R =H, X =OMs, 75%

6:R=Me 10:R = Me, 71% 13: R = Me, 95% 2b:R=H, X =Cl, 90%

7:R=1Bu 11: R=tBu, 67% 14:R =By, 77% 3: R=Me, X =OMs, 92%
4a:R =By, X = Cl, 86%
4b:R = Bu, X = ClOy, 73%

Fig. 2 Synthesis of Py* salts 2—-4. Reagents and conditions: (a) ethyl
2-bromobenzoate (8, 1.2 or 1.3 equiv), Cul (15 mol%), L-proline
(30 mol%), K,COs, and DMSO, at 140 °C, for 72 h, and a 58% yield for 9;
71% for 10; and 67% for 11. (b) LiAlH4, THF, at 70 °C, for 1 h, and a 98% yield
for 12; 95% for 13; and 77% for 14. (c) MsCl, DIPEA, and DCM, at 0 °C to rt,
for 1 h, then pyridine, MeCN, for 72 h, and a 75% yield for 2a; 92% for 3.
(d) Conditions (c) followed by reversed-phase chromatography, containing
aqueous HCl as a mobile phase, a 90% yield for 2b, and an 867% yield for 4a;
alternatively aqueous HClO,4 as a mobile phase, 73% yield for 4b.

luminophores 2-4 featured four absorption bands at 238-241,
289-294, 321-333 and 334-345 nm (Table 1). Py" salts 2-4
displayed negligible emission in MeCN solutions with @ values
below 0.1% and emission peaks at 344-357, 352-373 and 597-
606 nm. The emission at 340-380 nm was attributed to the locally
excited states, while the extremely broad and weak emission at
around 600 nm was attributed to the intramolecular TSCT
between the carbazole and Py" moieties in solution. In the solid
state, 2—4 displayed intense emission with maxima in the 437-
490 nm range (see ESI,T pageS S17-S19). Notably, Py" salts 2a, 2b,
3 and 4a showed considerably higher SS ¢ (43.5, 35.0, 85.2, and
42.3%, respectively), as compared to the published analog 1
(17.3%). Obviously, placement of the benzyl Py" moiety in close
proximity to the carbazole subunit affected strongly the AIE
properties of Py" luminophores.

X-Ray crystallography was employed to analyze the mutual
orientation of the proximate carbazole and Py moieties in the

Table 1 Photoluminescence properties of luminophores 1-4
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Fig. 3 X-Ray representations of 2—-4.

crystal lattices of emitters 2-4.'° Crystals of 2a, 2b, 3 and 4a
suitable for X-ray analyses were obtained by Et,O vapor diffu-
sion into their MeCN solutions, while crystallization from water
was required for 4b. The emitters crystallized as monoclinic (2a,
2b, and 4a), triclinic (3), and orthorhombic (4b) colorless plates
(2a, 4b) and prisms (2b, 3, and 4a) with P2,/c (2a, 2b), P1 (3),
P2,/n (4a) and Pbca (4b) space groups. As anticipated, relatively
short distances between neighboring Py" moieties in the crystal
lattices of 2a (3.568 A), 2b (3.676 A), 3 (3.750 A) and 4a (3.921 A)
were observed, indicating the presence of intermolecular n'-n"
interactions. However, 4b did not possess close inter-
pyridinium contacts. Instead, the Py" moiety in 4b was engaged
in interactions with two perchlorate counter ions as evidenced
by the relatively close 3.564 and 3.722 A distances between
the Py" centroid and the respective oxygen atoms. The lack of
SS ' interactions in 4b is obviously responsible for reduced
SS @ as compared to all other ortho-substituted Py salts (2a, 2b,
3, and 4a). This observation provides strong evidence for the
importance of n'-n" interactions in SS emission of 2-4. In the
meantime, the large difference in @ between ortho-substituted
luminophores 2a, 2b, 3 and 4a, and parent emitter 1 suggested
an involvement of additional favorable interactions in the
crystal lattices of 2a, 2b, 3 and 4a. Indeed, a close distance

Entry Compound Aabs, NM Solution Aer, NM Solid Aem, NM Solution, @ (%) Solid, @ (%)
1 1 241, 290, 325, 337 — 505 <0.1 17.3
2 2a 238, 289, 321, 334 344, 360, 606 490 <0.1 43.5
3 2b 241, 289, 322, 334 352, 597 473 <0.1 35.0
4 3 241, 296, 333, 345 357, 373, 602 488 <0.1 85.2
5 4a 240, 294, 328, 340 355, 370, 560 463, 480 <0.1 123
6 4b 241, 294, 328, 340 355, 370, 575 437 <0.1 19.1
6906 | Chem. Commun., 2023, 59, 6905-6908 This journal is © The Royal Society of Chemistry 2023
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between the carbazole and Py moieties was also measured for
2a (3.532 A), 2b (3.592 A), 3 (3.748 A), and 4a (3.861 A; see
Fig. 3). Apparently, the superior @ values for 2a, 2b, 3, and 4a as
compared to 1 are to be attributed to enhancement of the key
intramolecular n'-n" interactions by the TS electron donation
from the carbazole moiety to the Py" ring.

The observed drop in SS @ in the absence of intermolecular
n'-n' interactions for 4b indicated that an intermolecular
process such as CT?® may play a key role in the mechanism
of the SS emission for 1-4. The enhanced strength of the ©'-n"
interactions in the crystalline framework should increase the
electronic communication between luminophores, which can
be approximated by the electronic coupling value V.*! V is
widely utilized for quantifying short range CT for holes and
electrons®” by evaluating the HOMO-HOMO and LUMO-LUMO
overlaps between neighboring luminophores. Accordingly, we
performed a thorough CT integral (CTI) analysis for crystal state
emitters 1-4 (see ESI,i pageS S25-S34). All possible CT path-
ways (CTPs) between a luminophore and all adjacent molecules
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Fig. 4 (A) Hole and electron CTPs for 2a. (B) Contribution of n*-n*
interaction-associated electronic coupling to the total sum of |V| (Z|V]).
(C) Correlation between @ and Z|V| in 1-4. (D) CTI analysis of known
luminophores 15-17.
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in the crystal lattice were analyzed for both electron (blue
vectors) and hole (red vectors) transfers (Fig. 4A) by Gaussian
09 and CATNIP*® software using geometries obtained from
X-ray data.

Perchlorate, chloride and mesylate counter ions in 1-4 were
disregarded in the CTI calculations. Thus, it is well known that
perchlorates do not form a CT complex with Py" ions.”*
Furthermore, the formation of a CT complex between an anion
and a Py’ ion would generate a new CT absorption band (CTAB)
both in solution*® and the SS,*® resulting in colored solutions
and solid materials. However, both mesylates 2a, 3 and chlorides
2b, 4a form a colorless solution in MeCN and their absorption
spectra are similar to that of the perchlorate 4b. In contrast, the
addition of TBAI as an iodide source to the colorless solution of
perchlorate 4b in EtOAc afforded a yellow-colored solution and
the appearance of a new CTAB red-shifted the absorption tail
from 410 to 480 nm (see ESIL{ Fig. S7). Obviously, the iodide
anion engages in CT interactions with Py" ions in solutions and
this is a known phenomenon.>* Likewise, we have reported
recently that green- or brown-colored Py' iodide crystals feature
an additional red-shifted CTAB that is absent in SS absorption
spectra of the corresponding colorless crystalline perchlorates,
mesylates and chlorides.®””'°*? Overall, our observations con-
form to the literature**** showing the lack of CT between the Py"
ion and perchlorates, chlorides and mesylates. Consequently,
the CTI calculations were performed using aromatic cations.

Cationic luminophore 2a features five electron and five hole
transfer pathways, whereas 1, 2b, 3, 4a and 4b have five, seven,
five, nine and three electron and five, seven, five, nine and three
hole transfer pathways, respectively (see ESI,¥ pageS S25-27). As
an illustration, a dimer in the crystal lattice of 2a is characterized
by two (one red and one blue) inter-dimer pathways as well as by
several other CTPs to adjacent molecules (the adjacent mole-
cules have been omitted for clarity; see Fig. 4A). The effectiveness
of each CTP was approximated by the intermolecular electronic
coupling value V (see ESLi page S28). Accordingly, higher
absolute values of V (|V]) ensure a more plausible CT.

Having calculated |V| values for each of the CTPs under
consideration, we selected the most plausible hole and electron
CTPs for 1-4 in the crystal lattice. Specifically, three major
electron and three major hole CTPs with the highest |V| values
were selected for each luminophore. The sum of the electronic
couplings Z|V| for the six (three for hole and three for electron)
major CTPs was calculated to be 0.084, 0.119, 0.109, 0.295,
0.159 and 0.075 eV for 1, 2a, 2b, 3, 4a and 4b, respectively
(Fig. 4B and 4C). Notably, the disregarded CTPs contributed
less than 3% to the X|V]. Among multiple hole and electron
CTPs that contributed to X|V|, one pathway for each of the
luminophores had a disproportionately high |V| value. These
pathways were attributed to the intermolecular electrostatic
n'-n" interactions. Hence, the n'-n" interactions contributed from
0% (in the absence of ©'-n" interactions for 4b) to 25% (in 4a),
38% (in 2b), 59% (in 1), 74% (in 2a) and 96% (in 3) of the total
X|V| (Fig. 4B). The disproportionately high contribution of the
n'-n" interaction CTP to the overall electronic communications
highlights its importance in the crystal state CT processes.

Chem. Commun., 2023, 59, 6905-6908 | 6907
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Finally, the observed direct proportionality between calculated
X|V| and @ values provided additional evidence for the key role
of CT in the crystal state emission of 1-4. Thus, the lowest ¢ in
the 17-20% range for 1 and 4b correlated well with the lowest
calculated X|V| of 0.084 and 0.075 eV, respectively. The
increased @ for 2b (35.0%), 2a (43.5%) and 4a (42.3%) nicely
correlated with the higher X|V| in the 0.100-0.160 eV range,
while the highest Z|V| of 0.295 eV corresponded to the most
emissive luminophore 3 (85.2%, Fig. 4C). Notably, the observed
good correlation (R> = 0.95) between SS @ and X|V| values also
provided evidence that counter ions such as mesylates, chlor-
ides and perchlorates do not directly participate in the SS
emission of Py’ luminophores.

To verify the generality of our findings, we applied the SS
CTI analysis for a series of highly planar Py" luminophores 15-
17 of completely distinct design'® (see Fig. 4D). Gratifyingly,
good correlation between the calculated X|V| values and SS @
was observed for 15-17. Thus, the highest Z|V| value of 0.524 eV
for 15 matched the highest solid state @ of 88.5%. Likewise, the
lowest X|V| value of 0.179 eV was calculated for 17, which
featured poor @ (19.6%; see ESL, T pages S35-S37 for details).

In conclusion, CTI analysis in combination with X-ray single
crystal data has provided important insight into the emission
mechanism of crystalline Py" salts and revealed the key role of
intermolecular n*-n" interactions in the SS photoluminescence.
Thus, SS @ was shown to be proportional to the TSCT intensity
that was quantified by calculating the total electronic coupling
(2]v]) value between luminophores in the crystal lattice. The
n'-n’ interactions provide a disproportionately high (up to 96%)
contribution to X|V| between luminophore molecules. Hence,
the n'-n" interactions increase @ for Py" luminophores by
enhancing CT intensity. The CT between Py’ moieties can be
strengthened by TS electron donation from the electron-rich
carbazole moiety to a Py' ring. The stronger n'-n" interactions
translated into a significant rise in the SS @ from 17% to 85%.
We believe that our findings on the role of electrostatic (t*-n")
interactions in CT emission phenomena will be instrumental in
the design of emitters with outstanding photoluminescence
properties both in solution and in the SS.
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