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Tripodal push—pull chromophores with D—(r—A)z arrangement were synthesized using 1-methyl-2,4,5-
triphenyl-1H-imidazole as a central electron donor, and their thermal, electrochemical, photophysical
and non-linear optical properties were studied and corroborated with quantum-chemical calculations.
Their facile synthesis involved Suzuki—Miyaura and Knoevenagel reactions, allowing the installation of
various peripheral electron acceptors such as formyl, cyano, ester, trifluoromethyl and more complex
moieties such as malonic/acetic acid derivatives, indan-1,3-dione and rhodanine. All phenyl rings
appended at the central imidazole core were more or less twisted depending on the peripheral substitu-
tion. Although imidazole undergoes reversible one-electron oxidation, peripheral acceptors are reduced
irreversibly in a multi-electron process. This behaviour is further seen as a variation of the LUMO, while
the HOMO remained almost unaltered across the whole series. TD-DFT calculations revealed centrifugal
charge transfer from the central imidazole to all C2, C4 and C5 branches occupied by the LUMO,
LUMO+1 and LUMO+2. The HOMO-LUMO gap is tuneable within the range of 3.55-2.31 eV, while the
longest-wavelength absorption/emission maxima were found within the broad range of 304-448/393—
612 nm. Although the absorption spectra are solvent-independent, the emission depends strongly on
the solvent polarity and the electron-withdrawing power of the peripheral acceptors. Extended chromo-
phores with complex electron acceptors were investigated as two-photon absorbers, revealing relatively
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Introduction

Linear (D-n-A), dipodal ((D-m),-A/(A-m),-D) and tripodal
((D-m);-A/(A-m);-D) push-pull chromophores continue to
attract steady attention due to their peculiar (optical) properties
dictated mostly by the extent of intramolecular charge transfer
(ICT) from the donor (D) to the acceptor (A)." In principle,
di- and tri-podal molecules can adopt either donor- or acceptor-
centred arrangements (centrifugal/centripetal; Fig. 1), while
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good cross-section values of up to 521 GM and a figure-of-merit (@ x dopa) Of around 190 GM.

these push-pull systems may resemble letters of the alphabet.”
The central acceptor is mostly represented by aromatic six-
membered (hetero)cycles such as 1,3,5-trisubstuted benzene,*®
unsymmetrical pyridine,”® diazines®™® or symmetrical tri-
azines.'*™® Tripodal T-shaped chromophores can also be built
on indandione central acceptors."”” ' However, centrifugal
chromophores are more frequent, especially those based on
triphenylamine cores trisubstituted with peripheral accep-
tors.>>*  N-Phenylcarbazoles®® and N-heterotriangulenes,*®
representing planarized triphenylamines, can also be used
as useful scaffolds to construct tripodal chromophores. Five-
membered 1H-imidazole can be principally employed as an
electron-rich heterocycle, while its 2,4,5-trisubstitution affords
tripodal systems.>” In our former investigation, we utilized
2-substituted imidazole-4,5-dicarbonitrile*®" and bis(4-(N,N-
dimethylamino)phenyl)imidazole®** either as electron-with-
drawing or -releasing moieties of various Y-shaped push-pull
molecules. Hence, modulation of the appended substituents’
or eventual N-quaternization towards (benz)imidazolium (Fig. 1)*®
can significantly affect the imidazole electron properties.

This journal is © the Owner Societies 2024
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Fig. 1 The most explored acceptor- and donor-centred tripodal push—pull systems along with the general structure of lophine-derived derivatives 1-6.

Imidazole-centred tripodal molecules have found various
applications as pharmacophores,*® charge-transfer (CT) chromo-
phores,*” fluorophores,*®** molecular sensors capable of detect-
ing various analytes such as F~, BF, /ClO,, Hg*", Zn**, cysteine
or picric acid,”®™" viscosity probes,>* pH probes,**>* luminescent
solar concentrators (LSCs),> emitters for organic light-emitting
diodes (OLEDs)**™° and robust heterocycles for dye-sensitised
solar cells (DSSCs).®*°* Besides interesting linear optical proper-
ties, imidazole push-pull molecules have also been investigated
for their nonlinear optical (NLO) activity. For instance, a combi-
nation of two ferrocene donors and one ester acceptor imparted
imidazole second-order nonlinearity with ug = 780 x 10~ *® esu, as
measured in the EFISH experiment.®?

N,N-Dimethylamino-terminated imidazole-4,5-dicarbonitrile
systems showed hyperpolarizability switchable via protonation
with the hyperpolarizability ratio between the amine « ammo-
nium forms exceeding 20.>' Imidazole-centred molecules were
also utilized as third-order NLOphores, especially for two-
photon absorption (2PA). It has been demonstrated that the
tripodal Y-shaped arrangement in combination with n-system
extension and N-substitution allows tuning of the imidazole
two-photon absorptivity with 2PA cross-section coefficients
Japa Up to 1700 GM*”**7* while molecules with large J,pa
can be applied in applications such as optical limiting,”*”>
photodynamic therapy’®’” and 2PA-induced microfabri-
cation.”®’® It is somewhat curious that the 2PA of the parent
2,4,5-triphenylimidazole (lophine) peripherally substituted
with electron acceptors has not been addressed so far. Hence,
as part of our ongoing efforts towards disclosing the NLO
activity of organic fundamental building blocks, such as
triphenylamine,®™®  (di/tri)azines'"'**>* and indan-1,3-
dione,"”” ™ we report herein the synthesis of two series of
lophine-based push-pull chromophores 1-6 (Fig. 1) and the
investigation of their thermal, electrochemical, linear and
third-order NLO properties corroborated with quantum-
chemical calculations.

This journal is © the Owner Societies 2024

Results and discussion
Synthesis

The synthetic approach towards trisubstituted N-methyl lophines
1a-4a is outlined in Scheme 1a.

The synthesis involves threefold Suzuki-Miyaura cross-
coupling of 2,4,5-tribromo-1-methylimidazole 1 with 4-substituted
phenylboronic acids/pinacol esters 7-10 catalysed by [Pd(PPhj),].%*
Chromophores 1a, 3a and 4a were obtained in reasonable 50-80%
isolated yields, while the synthesis of tricyano derivative 2a (25%)

a)

9

=

110 10
NN NN
\Y = Suzukl Miyaura Y
Br cross-coupling
1 7,A=CHO, R =pin

8, A=CN, R = pin
9, A=COOCHg, R = pin
10, A=CF3;, R=0OH

1a, A = CHO (79 %)

2a, A = CN (25 %)

3a, A = COOCH; (53 %)
4a, A= CF, (58 %)

Scheme 1 Threefold cross-coupling reaction of tribromoimidazole
towards triphenylimidazole series a (a) and X-ray molecular representation
(b) of 1a (CCDC 23314387).
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was accompanied by tedious purification via multiple column
chromatography. The starting imidazole 1 was prepared by
N-methylation of commercially available 2,4,5-tribromo-1H-
imidazole with dimethylsulfate (see the synthesis part in
the ESI¥).”

The molecular structure of tricarbaldehyde 1a was con-
firmed by X-ray diffraction (Scheme 1b and Table S1, Fig.
S25-S27 in the ESIf). The expected nonplanar arrangement
of the central triphenylimidazole corresponds to the related
X-ray molecular structures.*>*®*® For instance, N-ethyllophine
(CCDC 765921) and 1a showed a similar nonplanar arrange-
ment of the phenyls appended at the imidazole C2/C4/C5
(torsion angles 41/18/71 vs. 27/21/55°). With tricarbaldehyde
1a in hand, we further extended our investigation to series b
(Scheme 2). Aldehyde 1a underwent facile threefold Knoevenagel
condensation with activated methylene compounds, such as
malonic/acetic acid derivatives 11-12/15-16, indan-1,3-dione 13
and 3-ethylrhodanine 14, which allowed the coupling of complex
peripheral withdrawing units of various strengths.®**® Target
chromophores 1b-6b were isolated with yields ranging from 50
to 70%. Knoevenagel condensations using unsymmetrical C-acids
12 and 14-16 afforded products 2b and 4b-6b with an exclusive
stereochemistry. Three separate signals of the three vinylic pro-
tons found in the 'H-NMR spectra point to a single isomer
(Fig. S11, S15, S17 and S19, ESIt). Appropriate configuration
assignment was accomplished via proton-coupled '*C-NMR
spectroscopy allowing the determination of *(C-H) interaction
constants of the vinylic proton and the neighbouring cyano (2b,
5b, 6b) and carbonyl (4b) carbon atoms (Fig. S21-S24, ESIY).
A *J(C-H) of 13.8 Hz was found for 2b, 5b and 6b, indicating
their (E)-configuration and chromophore 4b showed */(C-H) =
6.3 Hz pointing to the (Z)-isomer.?”

Thermal analysis

The thermal properties of imidazoles 1-6 were determined
using differential scanning calorimetry. The native DSC ther-
mograms, deduced melting points T, and temperatures of

View Article Online

Paper

thermal decomposition Ty are provided in the ESIt (Fig. S28-
S30 and Table S2). With the same central imidazole, the
thermal properties of 1-6 are dictated by the peripheral with-
drawing substituents, and their nature clearly affects the ther-
mal robustness of particular imidazole derivatives. Lophines
la-4a terminated by fundamental acceptors exhibited a dis-
tinctive endothermic melting process between 166 and 273 °C
(ester 3a — nitrile 2a). Aldehyde 1a showed two melting peaks,
probably due to the presence of a second minor crystalline
form. Further heating of the melts of 1a-4a resulted in either
evaporation or thermal decomposition of the sample. Trifluor-
omethyl derivative 4a was completely evaporated above 380 °C
with no apparent residue in the crucible after measurement.
In contrast, a neat exothermic decomposition peak was
recorded for aldehyde 1a above 290 °C. Gradual evaporation
of the melts of 2a and 3a was not observed, and these samples
thermally degraded at temperatures above 400 °C. Although
nitrile 2a gradually degraded in a typical exothermic direction,
ester 3a decomposed vigorously endothermically with a clear
charred residue in the crucible after analysis. The highest
thermal robustness with T,, = 273 °C and T4 > 400 °C was
observed for nitrile derivative 2a.

Imidazole derivatives in series b with extended acceptor
units afforded more complex thermograms, while a distinct
and sharp peak of melting was observed only for cyanoester
derivative 2b (T}, = 196 °C). Compound 6b underwent a broad
and blurred melting process, which was further confirmed
visually by measuring the sample in a capillary.

In contrast, no melting was visually observed for indandione
derivative 3b, while the broad endothermic peak above 300 °C
was probably related to an enantiotropic solid-solid transition
following glass transition at around 270 °C. The other mole-
cules 1b, 4b and 5b decomposed directly without melting. The
endothermic peak of 1b between 180 and 210 °C is probably
associated with the solid-solid transition. In general, the
molecules with olefinic n-linkers in series b showed distinct
thermal degradation ranging between 260 and 330 °C.

R1 R1
OHC, CHO
R1 RZ
QO R Q O
H
= 1116 — 1b, R' = R? = CN (55 %)
Ny Nw —m——— Na N— 2b, R' = COOEt, R? = CN (50 %)
Knogve"atge' 3b, R' = R? = indan-1,3-dione (58 %)
condensation 4b, R' = R? = 3-ethylrhodanine (68%)
5b, R! = PhSO,, R? = CN (70 %)
6b, R = 4-FPhSO, R?=CN (69 %
cHO Rl 2, (69 %)
1a R2

Activated methylene compounds/acceptor units

Et
N
\/ EtOOC\// ﬁ >\\ OZSJ 0,8 2"
15

F

16

Scheme 2 Knoevenagel condensation of tricarbaldehyde 1a with various electron-withdrawing moieties towards extended chromophores in series b.
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Only rhodanine derivative 4b exhibited a very gradual exo-
thermic decomposition with a hardly distinguishable onset,
probably above 220 °C. Nevertheless, the sample was obviously
carbonized in a crucible after the DSC analysis. Overall, the
thermal stability of the imidazoles in series a is higher as
compared to those of the extended derivatives in series b,
which is in line with our previous observations."*®

Electrochemistry

The electrochemical behaviour of the target imidazoles 1-6 was
investigated in acetonitrile (ACN) containing 0.1 M Bu,NPF, in
a three-electrode cell by cyclic voltammetry (CV). The recorded
peak potentials are plotted vs. the silver/silver chloride elec-
trode (SSCE). The acquired electrochemical data are sum-
marized in Table 1, and further experimental details and CV
diagrams are given in the ESIt (Fig. S31-S39). Indan-1,3-dione
derivative 3b was poorly soluble in ACN and other solvents and,
therefore, it was excluded from the CV analysis. The first
oxidation of imidazoles 1-6, except for 4b, was detected as
a reversible process localized on the N-methylimidazole unit.
The corresponding values of peak-to-peak separation (AE,
~60-70 mV) imply one-electron oxidation. These observations
are consistent with the reported electrochemical behaviour
of N-methyltriphenylimidazole redox catalysts.**®" The first
oxidation of the rhodanine derivative 4b was recorded as a
fully irreversible process due to the preferential oxidation of the
sulphur atom instead of the imidazole, which is consistent with
our previous studies.®®® The first reduction involves periph-
eral acceptors and, therefore, it was observed as a multi-
electron irreversible process followed by further reductions.
This corresponds to the D-(n-A); arrangement of the investi-
gated chromophores bearing three unequivocal branches
(acceptors). A (quasi)reversible first reduction was observed
only for compounds 2a and 3a bearing CN and COOCH;
acceptors. The current maxima generally imply that the first
reduction is a two-electron process, but more than 10 electrons
were exchanged during the reduction of 4a terminated with
trifluoromethyl groups.

Since half-wave potentials are not available for all molecules,
the peak potentials Ep(ox1) and Ej(red1) were used to consistently
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Fig. 2 Energy level diagram of investigated imidazoles 1-6.

calculate the HOMO and LUMO energies (Table 1). The
EyomoiLumo energies, ranging between —6.26 and —5.92/
—3.75 and —2.43 eV, are shown in Fig. 2. Except for rhodanine
derivative 4b (Exomo = —5.92 eV), the Epomo found at around
—6.12 eV confirms that imidazole is a central donor in all target
compounds. The HOMO is slightly altered, reflecting the
electron-withdrawing power of the appended acceptors. For
instance, when comparing compounds in series a, the CN
groups in 2a deepened the HOMO down to —6.26 €V, as a
result of its strongest electronic effect. The Hammett constants
o, of the CHO/CN/COOCH;/CF; substituents (0.42/0.66/0.45/
0.54) roughly correspond to their impact on the HOMO levels of
la-4a shown in Fig. 2." The LUMO levels clearly reflect the
variation of the peripheral acceptors attached to the lophine
core and their readiness towards electrochemical reduction as
well as further extension of the n-system. Hence, tricarbalde-
hyde 1a proved to be the most easily reducible, followed by
cyano, methoxycarbonyl and trifluormethyl derivatives 2a-4a.
More complex acceptor moieties in conjunction with the addi-
tional olefinic linker induced a significant deepening of the
LUMO levels, thus resulting in a diminished HOMO-LUMO gap
compared to series a. Although the AE values of 1a-4a range
between 3.67 and 3.07 eV, the gap of 1b-6b was found at
around 2.45 eV (excluding 4b with the overestimated HOMO
level). Hence, there is not much difference in attaching various

Table 1 Electrochemical data of investigated imidazoles 1-6 measured in ACN (0.1 M Bu4NPFg)

Comp. E(ox1)* [V] Ep(ox1)* [V] E5(red1)” [V] E3(red1)” [V] Enomo’ [eV] Erumo’ [eV] AF [ev]
la 1.60 1.54 —1.47 —° —6.07 —3.00 3.07
2a 1.79 1.72 —-1.76 —1.63 —6.26 —-2.71 3.55
3a 1.57 1.50 —-1.90 —1.80 —6.04 —2.57 3.47
4a 1.63 1.57 —2.04 —° —6.10 —2.43 3.67
1b 1.73 1.66 —-0.72 —- —6.20 —3.75 2.45
2b 1.59 1.52 —-0.97 —° —6.06 —3.50 2.56
4b 1.45 —° —0.867 —- —5.92 —3.61 2.31
5b 1.65 1.58 —-0.81 —- —6.12 —3.66 2.46
6b 1.66 1.59 —-0.79 —° —6.13 —3.68 2.45

¢ Ey and Ej, are anodic and cathodic peak potentials of the first reversible oxidation process, respectively. E, and Ej, are anodic and cathodic peak

potentlals of the first revers1ble reduction process, respectively. All CVs were measured at a scan rate of 100 rnV st
4 peducted as a shoulder Eotentlal ¢ Energies of the HOMO/LUMO levels calculated according to —ExomoLumo =

9293 The increment of +0.036 V corresponds to the difference between SCE (0.241 vs. SHE)
Enomol| resp. Ep(ox1) —

SSCE. € Irreversible process.
(E3(ox1) + 0.036) or (Ec(redl) +0.036) + 4.429 (vs. SCE).

and SSCE (0.205 vs. SHE) HOMO-LUMO gap AE = |EHOMO -

This journal is © the Owner Societies 2024

, and all potentials were given vs.

Ep(red1).
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acceptor moieties to the N-methyllophine core via an additional
olefinic linker as in 1b-6b.

Some differences can be seen in replacing one CN with
COOCH; (1b vs. 2b, AE = 2.45 vs. 2.56 eV), but the presence of
an additional fluorine atom in 6b is diminished compared to
5b (AE = 2.45 vs. 2.46 eV).

Linear optical properties

The fundamental optical properties of chromophores 1-6 were
investigated via electronic absorption and emission spectra
measured in four solvents of different polarities (toluene,
CHCl;, THF, and ACN; ¢ = 1 x 10~° M). Fig. 3 and Table 2
show representative spectra/data in THF; see the ESIf for a
complete list of spectra (Fig. S41-S44) and data (Tables S3-S5).
When going from less polar toluene to more polar ACN, the
longest-wavelength absorption band slightly shifts hypso-
chromically (AAnmax = 0-10 nm), a typical feature of CT
chromophores." The absorption spectra of imidazoles in series
a exhibit one single band, whereas the spectra of derivatives in
series b feature two bands and a significantly increased molar
absorption coefficient. As demonstrated in Fig. 3a, chromo-
phore 2a exhibits one absorption band in the UV area (Amax =
325 nm; ¢ = 32100 M~ " cm™ '), whereas its extended analogue
1b features two bands appearing at 303 (¢ = 51900 M~ cm ™"
and 411 nm (¢ = 70000 M~ " cm™"). Variation of the acceptor
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moiety in 1a-4a and 1b-6b (Table 2) allowed the tuning of the
absorption maxima within the ranges of 304-344 and 399-
448 nm, respectively. The measured longest-wavelength absorp-
tion maxima vary with different peripheral acceptor substitu-
tions in the same way as observed by electrochemistry. The
correlation between the measured optical (1240/14,.,) and
electrochemical gaps (AE) is almost perfectly linear with
R® =0.99 (see Fig. S40 in the ESI¥).

The longest-wavelength absorption band of rhodanine-
terminated imidazole 4b features an additional high-energy
shoulder as well as the largest molar absorption coefficient in
all used solvents (Fig. 3b). This feature was previously observed
for rhodanine molecules®®® and can be attributed to the
formation of H-aggregates, which is further supported by the
diminished fluorescence of 4b. Indan-1,3-dione acceptors in 3b
induced the most bathochromic shift among all acceptors
used, which is in line with our recent study.®> Analogous to
the aforementioned electrochemical measurements, the intro-
duction of a fluorine atom (5b — 6b) has no effect.

In contrast to the steady absorption spectra, the fluores-
cence spectra (Fig. 3c) are solvent-dependent and red-shifted
with increasing solvent polarity (see Fig. S41-S44 in the ESI¥).
For example, the emission maximum ()fnax) of 1b shifts from
517 nm in toluene to 617 nm in ACN. The Stokes shifts range
between 5.000-9.000 cm ™" and increase in the series of solvents

c)

a) b)
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Fig. 3
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Representative absorption (a) and (b) and emission (c) spectra of the imidazole chromophores measured in THF.

Table 2 Optical properties of imidazole-centred chromophores 1-6 in THF

Comp. M [mmev?] eM 'em™'] 25 “[nmev '] @”[%] Stokes shift [em ™ eV '] (1)°[ns] J,pA[GM)ASER [nm] Py X Iypa [GM]
la 344/3.60 35300 452/2.74 17 7000/0.86 — — —
2a 325/3.82 32100 421/2.95 36 7019/0.87 — — —
3a 327/3.79 32300 426/2.91 34 7110/0.88 — — —
4a 304/4.08 23000 393/3.16 32 7440/0.92 — — —
1b 411/3.02 70000 576/2.15 55 7330/0.87 2.04 286/760 157
2b 399/3.11 54700 554/2.24 56 7010/0.87 2.82 340/740 190
3b 448/2.77 57800 612/2.03 21 5980/0.74 1.36 286/810 60
4b 429/2.89 78600 580/2.14 17 6070/0.75 1.34 521/750 88
5b 409/3.03 54900 573/2.16 52 7000/0.87 2.76 325/750 169
6b 408/3.04 52000 578/2.15 50 7210/0.89 3.23 390/740 195

“ Excited at Jfmay. © Relative to anthracene/perylene (& = 0.36/0.94 in cyclohexane)® for series a/b. ¢ Average lifetime calculated using nanosecond
fluorescence decay (1) = > A1,/ . A;.
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in the following order: ACN > THF > CHCl; > toluene.
Hence, we can assume a significant structural re-arrangement
of 1-6 upon excitation and more polar excited states stabilized
by polar solvents. The quantum yields of imidazoles in series a
showed minor solvent dependency, except for 1a with increas-
ing @ when going from less polar toluene (@ = 10%) to more
polar ACN (®y = 43%). This behaviour is in contrast to that of
1b-6b, whose emission intensity was significantly suppressed
with increased solvent polarity. A comparison of the imidazoles
in series b clearly indicates that increasing the electron-
withdrawing power of the appended acceptor results in dimin-
ished fluorescence intensity. Fluorescence quenching is espe-
cially obvious for indan-1,3-dione and rhodanine derivatives
3b and 4b. The pronounced ICT and reduced optical gap in
polar solvents offer significant competitive decay pathways,
e.g. internal conversion and diminishing emissive behaviour
of chromophores in series b.

To reveal the effect of the electron-withdrawing power of the
complex acceptors in 1b-6b on the excited state properties, we
performed nanosecond fluorescence dynamics measurements
(Fig. 4 and Fig. S45, Tables S6-S9 in the ESIt).

In THF (Fig. 4 and Table S8, ESIY), the decay shows multi-
exponential dynamics. Specifically, for 1b and 4b, a fast com-
ponent of 0.2-0.6 ns was found, which is tentatively ascribed to
a structural relaxation of the excited state, while two slower
components of 1-2 ns and >2 ns were also found in all
molecules. For 2b, 5b and 6b, the fluorescence dynamics were
detected at various emission wavelengths in order to identify
and separate the contribution of the emissive states. For this
reason, the decays were fitted using a global method (Fig. S46
and Table S10, ESIT). In these three molecules, the contribu-
tions of the fast/slow components (A; and A,, respectively) were
found to decrease/increase as the detection wavelength shifted
to the low-energy edge of the spectrum. However, these changes
are small, and therefore, the two components cannot originate
from emissive states of different natures (e.g. a locally excited
and an ICT state), but they can rather be ascribed to different
conformers existing in the elongated compounds in series b
due to rotation around the quasi-single bonds. The average
lifetime ranges from 1.3 to 3.2 ns, which is smaller for 3b and

Intensity

Time/ ns

Fig. 4 Fluorescence dynamics on the nanosecond timescale of imidazole
chromophores 1b—6b measured in THF. Dynamics were detected at the
peaks of the fluorescence spectra.
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4b. The latter finding is in accordance with the reduced @ in
these two chromophores with the strongest indan-1,3-dione
and rhodanine electron acceptors, indicating increased non-
radiative pathways. The fluorescence decays in all other sol-
vents also present complex multiexponential dynamics, while
a common conclusion is that 3b and 4b exhibit the fastest
dynamics. Besides, on comparing the dynamics in the two non-
chlorinated solvents, toluene and THF, it was observed that the
lifetime of the slower component increased by increasing the
polarity of the solvent from toluene to THF (e.g. T = 2.58 and
3.74 ns in toluene and THF were recorded for 6b).

This is correlated to an emission from a more relaxed
emitting state.””® In the highest polarity solvent, ACN, the
lifetime drops significantly due to increased non-radiative
transitions followed by a decrease of the energy gap between
the final emitting and the ground state.

Two-photon absorption

The 2PA spectra were measured for extended chromophores
1b-6b in toluene and THF (Fig. 5). The maximum J,p, values in
THF are listed in Table 2. Relatively good values were found for
all compounds in both solvents, with d,ps reaching ~350 to
400 GM for chromophores 2b and 6b in THF, as well as
adequate quantum yield @. The maximum values, however,
were detected for 4b with rhodanine acceptors, which also
possessed a small quantum yield. Consequently, the smallest
2PA action cross-section values, i.e. @p X d,pp were found for 3b
and 4b, bearing the strongest indan-1,3-dione and rhodanine
peripheral acceptors. Larger J,p, are expected for systems
possessing large transition dipole moments and differences
in the permanent dipole moments in the ground and final
states, with the latter being related to the Stokes shift. Chro-
mophores 1b-6b exhibit significant transition dipole moments
while 2b and 6b experience the most spread LUMO towards the
C5-branch (vide infra), which is possibly related to their better
2PA activity. The peaks in the 2PA spectra were observed in
the short wavelength region within our experimental range,

4000 THF —=—1b 500 THF 3b
—e—2b —v—4b
200 5b 400: o
<—6b

Y 300
200 “ = «
N \:’ 200
100 10

(a) N

2PA cross sections / GM

720 740 760 780 800 820 840 860 880 720 740 760 780 800 820 840 860 880

Toluene
300

200

2PA cross sections / GM
uondiosqy

100

(d)

o
720 740 760 780 800 820 840 860 880
Wavelength / nm

0
720 740 760 780 800 820 840 860 880
Wavelength / nm

Fig. 5 2PA spectra of compounds 1b-6b in THF (a) and (b) and toluene
(c); (d) shows the comparison of the 2PA spectrum vs. the rescaled 1PA
one for 2b in THF.
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i.e. 730-760 nm. A comparison of the spectral shape and
position of the 2PA spectra vs. the rescaled 1PA spectra is
shown in the inset of Fig. 5d for 2b in THF. As expected for
tripodal compounds, the 2PA peak is obviously hypsochromi-
cally shifted with respect to twice the peak wavelength of the
1PA spectrum, indicating that the lower energy state, produced
via excitonic coupling, is only partially 2-photon allowed while
the main contribution to the 2PA originates from the higher
energy state. Such a behaviour resembles the one previously
found for other triphenylamine- or triazine-centred D-(n-A);
and A-(n-D); chromophores.'*9%1%°

Next, we tried to establish a more quantitative aspect of the
effect of the different electron-withdrawing groups by calculat-
ing the difference between the permanent dipole moments
of the ground and excited states, Au,pa, using the measured
lowest energy peak 2PA cross-sectional values d,p(0-0) and the
following relationship:"**%*~1%3

A _ 5 heNa N Vmax
HoPA =\ 4(1 1 2¢0520) 7103 10 10 fop? emax

12
02pA (0 — 0))

where v is the lowest energy absorption frequency (in Hz),
£max iS the peak molar absorption coefficient (in mol " dm* em ™),
0 is the angle between the dipole moments of the excited and
ground states (considered as 0 = 0), n is the refractive index
(1.41 for THF) and f,, is the local field factor equal to (2 + n%)/3.
The calculated values are summarized in Table S11 (ESIf) and
range from 12.8 D for 1b to 17.4 D for 6b, being in good
similarity with other 2PA chromophores.'*%%:1%3

DFT calculations

The spatial and electronic properties of all target derivatives 1-6
were investigated at the DFT level by using the Gaussian®™ 16

View Article Online
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software package.'”* Optimized geometries of the chromo-
phores 1a-4a/1b-3b were calculated using the DFT B3LYP/
6-311+G(2d,p) method, while the sulphur-containing structures
4b-6b were optimized using DFT B3LYP/6-311+G(2df,p). The
same methods were used to calculate the energies of the HOMO
(ERomo) and the LUMO (ELGao), their differences (AEPF") and
ground-state dipole moments p (Table 3).

The optimized geometries shown in Fig. S47 (ESIt) reveal
nonplanar arrangement similar to that observed in the solid
state by X-ray analysis (Scheme 1). In general, the phenyl ring
appended at C5 proved to be most forced out of the imidazole
plane because of its repulsion with the neighbouring N-CH;
group. Sulfones 5b and 6b show a tetrahedral arrangement of
the sulphur atoms, resulting in the most nonplanar molecules.
The ground state dipole moment of imidazoles in series a is
relatively steady (6.74-8.60 D) and extension of the m-system
end-capped with peripheral (complex) electron-withdrawing
units of various geometries in series b resulted in large fluctua-
tions in the dipole moments (5.18-13.12 D, Table 3). The
aforementioned nonplanar arrangements of sulfones 5b and
6b most likely also account for their large ground state dipole
moments. The lowest HOMO-LUMO gap was calculated for
la (3.69 eV) and 4b (2.73 eV), which is in line with the
electrochemical measurements (Table 1). In general, the DFT-
calculated energies of the HOMO/LUMO are slightly overesti-
mated but the trends seen by electrochemical measurements
are clearly observed, as electrochemical and DFT-calculated
gaps correlate very tightly (Fig. S51, ESIT).

The electrostatic potentials showed for representative chro-
mophores 1a/2a and 1b/3b/6b in Fig. 6 imply that, except for 1a
and 3b, the central imidazole core is neutrally charged and
negative and positive charges appear rather on the peripheral

Table 3 DFT-calculated energies of the frontier molecular orbitals, HOMO-LUMO gap (AEPFT), ground state dipole moment (u), longest-wavelength
absorption maxima (/) and transitions (dipole moment) of imidazoles 1-6 in ACN

Comp FEhomo [€V]  Ebomo[eV]  AEP™ [eV] 4P [D]  Jhu[nm eV '] JA.?[nmev ']  Wavelength [nm]: transitions ( f); ferans™® [D]
la -6.16 -2.47 3.69 8.60 380/3.26 310/4.00 315: H —» L/H — L+1 (0.79); 7.25
305: H — L+1 (0.72), 6.85
2a -6.22 -2.15 4.07 7.65 342/3.63 293/4.23 296: H - L/H — L+1 (0.84); 7.28
290: H — L+1 (0.69); 6.53
3a -6.06 -2.06 4.00 7.91 349/3.55 292/4.25 298: H — L (0.89); 7.50
289: H — L/H — L+1 (0.69); 6.50
4a -6.14 -1.70 4.44 6.84  310/4.00 272/4.56 276: H > L+1 (0.59); 5.90
271: H » L/H — L+1 (0.56); 5.70
1b -6.17 -3.34 2.83 5.18 489/2.54 389/3.19 396: H - L/H — L+1 (0.99); 9.14
384: H — L+1 (1.83); 12.22
2b* -6.04 -3.11 2.93 7.70 482/2.57 379/3.27 386: H - L/H — L+1 (1.03); 9.17
373: H - L+1 (1.87); 12.19
3b -5.96 -3.23 2.73 6.37 522/2.38 405/3.06 408: H — L (1.15); 10.00
396: H — L/H — L+1 (2.51); 14.53
4b* -5.83 -3.10 2.73 7.81 517/2.40 402/3.08 407: H - L+1 (1.18); 10.08
398: H — L/H — L+1 (2.49); 14.52
5b -6.12 -3.14 2.98 13.12 477/2.60 376/3.30 381: H —» L/H — L+1 (1.13); 9.56
371: H — L+1 (1.89); 12.20
6b -6.04 -3.05 2.99 9.23 469/2.64 376/3.30 381: H - L/H — L+1 (1.13); 9.55
371: H — L+1 (1.89); 12.20

“ Calculated as the corresponding methyl ester and 3-methylrhodanine derivatives. ” Ground state dipole moment. ¢ Calculated using the TD-DFT
B3LYP/6-311+g(2df,p) method. “ Calculated using the TD-DFT CAM-B3LYP/6-311+g(2df,p) method. ® H/L corresponds to the HOMO/LUMO;
fis the oscillator strength; and fi;4,s is the ground to excited state transition dipole moment.

20914 | Phys. Chem. Chem. Phys., 2024, 26, 20908-20918

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02227k

Open Access Article. Published on 11 July 2024. Downloaded on 4/3/2026 9:49:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
v § P 2. &
"‘ 4 "/"’V‘D4 y ¥ A 1
) w0 v
ESP r'd
&
f r b N
2a 1b 3b 6b

1.83
-—

=t oo
-~ . 1.13
<0,99 B %{

3\
1

Fig. 6 DFT-calculated ESP charges, the HOMO/LUMO(+1/2) localization, and CT transitions, including oscillator strengths in representative chromo-

phores in series a and b.

withdrawing groups bearing heteroatoms (see Fig. S48 for
complete visualization, ESIt). However, the HOMO/LUMO
localization (Fig. 6 and Fig. S49, S50 in the ESIT) reveals the
imidazole- and 2-phenylimidazole-centred HOMO and that
the LUMO spreads on the appended phenyl rings, the C5-
branch in particular. Hence, centrifugal charge separation
with a central imidazole donor can be deduced. The calculated
energies of the HOMO/LUMO are slightly overestimated, but
the trends seen from the electrochemical measurements are
clearly obeyed as both quantities correlate very tightly (Fig. S51,
ESIt). Considering the identical n-systems in both series a (tri-
phenyl-N-methylimidazole) and b (tri(4-vinylphenyl)-N-methyl-
imidazole), the variation of electronic properties must be ascribed
to the appended substituents. In series a, the calculated LUMO
energies roughly correspond to the Hammett constants of
the simple CN, COOCH; and CF; substituents (except for 1a).
The influence of peripheral CN, COOEt, indan-1,3-dione, 3-ethyl-
rhodanine, PhSO, and 4-FPhSO, substituents is more complex.
Due to their various spatial arrangements along the peripheral
olefinic linker(s), their electronic effects are differently pro-
nounced. However, sulfones 5b and 6b showed a deepened LUMO
due to the strong electron-withdrawing power of SO,Ph (0.68) and,
expectedly, even stronger SO,PhF.

Electronic absorption spectra were predicted using the TD-
DFT B3LYP/6-311+g(2df,p) and CAM-B3LYP/6-311+g(2df,p)
methods in ACN. Fig. 7 shows the spectra calculated using
TD-DFT CAM-B3LYP/6-311+g(2df,p) along with the experi-
mental spectra for the selected chromophores; see Fig. S52
and S53 (ESIt) for complete spectra. Compared with the experi-
mental data in ACN (Fig. S44, ESIt), the spectra calculated
using B3LYP/CAM-B3LYP are red/blue-shifted, but the number
and shape of the peaks are identical. A correlation of the

This journal is © the Owner Societies 2024
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Fig. 7 UV-Vis absorption spectra in ACN calculated using TD-DFT CAM-
B3LYP/6-311+g(2df,p) (blue) along with the experimental spectra (black).
The red vertical lines represent oscillator strength (f).

experimental (Table 2) and calculated (Table 3) optical gaps
(calculated as 1240//4.) using both functionals is tight
(Fig. S54, ESIt), which indicates that both methods are capable
of describing trends in the electronic properties of imidazole
derivatives 1-6. However, the slope of the regression implies
better agreement for the CAM-B3LYP calculated A%, values
(Fig. S54, ESTY).

The single absorption band of imidazoles in series a is due
to the HOMO — LUMO and HOMO — LUMO+1 transitions
(Table 3 and Fig. 6) accompanied by a weaker transition from
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the HOMO to the LUMO+2. Extension of the m-system and
installation of the complex peripheral acceptors as in series b
resulted in red-shifted spectra with two particularly evolved
absorption bands. The longest-wavelength absorption band is
generated by the HOMO — LUMO transition along with the
HOMO — LUMO+1 excitation of an even larger oscillator
strength. Hence, considering that the LUMO, LUMO+1 and
LUMO+2 in 1a-4a spread across all three branches and likewise
the LUMO and LUMO+1 in 1b-6b (Fig. 6), we can assume a
centrifugal charge transfer from the imidazole-centred HOMO
to the peripheral electron acceptors. The transition from the
imidazole-centred HOMO to the peripheral branches occupied
by the LUMO(+1/2) is accompanied by significant transition
dipole moments, which are larger for 1b-6b, as listed in
Table 3.

Conclusions

Two series of lophine-based tripodal chromophores were pre-
pared. The synthesis of chromophores 1a-4a involved threefold
cross-coupling, while subsequent Knoevenagel condensation
allowed the installation of complex peripheral acceptors based
on acetic/malonic acids, indan-1,3-dione and rhodanine to
afford 1b-6b. Structural analysis revealed a nonplanar arrange-
ment of the central N-methyltriphenylimidazole and also exclu-
sive stereochemistry of olefinic chromophores 1b-6b. DFT
calculations further identified sulfones 5b and 6b as the most
nonplanar compounds with the largest ground state dipole
moments. The thermal stability measured by DSC was high
with the temperature of decomposition ranging between 220
and 400 °C. However, the extension of the m-system diminished
thermal stability, and the compounds in series b are thus less
thermally robust compared to those in series a. Electrochemical
measurements revealed a reversible one-electron oxidation
centred on imidazole, while the irreversible multi-electron
reduction involved peripheral acceptor moieties. The D—(n-A)3
arrangement of 1-6 further resulted in a steady HOMO and the
LUMO reflecting the electron-withdrawing power of the accep-
tors. The centrifugal ICT from the imidazole-centred HOMO
to the peripheral LUMO/LUMO+1/LUMO+2 spread among the
branches was further corroborated by TD-DFT calculations.
In general, lower HOMO-LUMO gaps were recorded/calculated
for extended chromophores in series b bearing more powerful
electron acceptors and extended m-system. The absorption
spectra are solvent-independent while the variation of the
acceptor allows tuning of the absorption maxima from 300 to
450 nm. The calculated spectra followed the same trend. In
contrast, the fluorescence spectra red-shifted with increasing
polarity of the environment and the fluorescence was obviously
dependent on the electron-withdrawing power of the peripheral
acceptors and solvent polarity. Tripodal imidazoles 1b-6b
showed relatively good and tuneable two-photon absorption
with J,p4 Within the range of 286 to 521 GM. Although the
maximum value was measured for rhodanine chromophore
4b, ester 2b and sulfone 6b showed the largest figure of merit

20916 | Phys. Chem. Chem. Phys., 2024, 26, 20908-20918

View Article Online

Paper

(Pg X dapa)- The recorded d,p4 values correspond to the reported
data for centrifugal imidazole-based chromophores.®> However,
generally, a larger cross-section can be achieved when imidazole
is applied as a central 7-linker of unsymmetrical D-n—(A), or
A-n~(D), tripodal chromophores.””** The results presented herein
demonstrate the profound effect of the ICT process on the
photophysics and NLO properties of the imidazole compounds.
The strength and dynamics of this process, depending on the
molecular structure, architecture and environment, have been the
subject of intense scientific research in recent years.'”>'*” Due to
the positive dipole moment change upon excitation, the excited
state is more prone to environmental changes that experience a
larger solvent reaction field. Here, molecules with stronger
electron-accepting groups exhibit a reduced energy gap, ¢ and
excited state lifetime.
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