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Unveiling the multifunctional properties of
dicyanoisophorone derivatives: from white OLEDs
and picric acid sensing to nonlinear optics
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Ehsan Ullah Rashid, a Asta Dabuliene, a Oleksandr Navozenko e and
Juozas V. Grazulevicius *a

Newly designed and synthesized derivatives of dicyanoisophorone and different donors, i.e., phenyl-

carbazole, fluorene, phenanthrene and dimethylfluorene, are characterized by high thermal stability and

exhibit aggregation-induced emission enhancement. White organic light-emitting diodes with the

derivative of fluorene and dicyanoisophorone as the emitter, operating via hybridized local and charge

transfer states, are characterized by a color rendering index of 82. The emitter is also used for the

detection of picric acid with Stern–Volmer constants of 16.2 � 104 and 2.7 � 103 M�1. The structure-

dependent nonlinear optical response with bzzz values in the range of 785–1901 � 10�30 esu measured

using the hyper-Rayleigh scattering (HRS) technique reflects the multifunctional potential of these materials.

1. Introduction

The technology of organic light-emitting diodes (OLEDs) has
gained an established position in the market for displays. The
application of white OLEDs (WOLEDs) for lighting is challen-
ging, mostly due to issues related to cost-effectiveness.1 White
emission is conventionally achieved in WOLEDs by incorporat-
ing a multilayer structure with different emitters, commonly
RGB.2,3 Occasionally, it requires the utilization of exciplexes.4,5

All of these factors complicate the device structure. A color
rendering index (CRI) of 80 is required for typical luminaries.6

The development of relatively simple emitting systems for
white electroluminescent (EL) devices with satisfactory charac-
teristics of efficiency and color quality has become an impor-
tant topic of research.7

A great deal of attention has been paid to organic materials
that are non-emissive or low-emissive when dissolved in

solvents but exhibit a high quantum yield in the solid state.
In recent decades, solid-state luminescence enhancement
(SSLE) has been widely studied and utilized in various optical
devices.8,9 The more common term for the phenomenon is
aggregation-induced emission enhancement (AIEE). The pri-
mary reason for this phenomenon is generally considered to be
the restriction of vibrational and rotational motions in the
aggregated (solid) state.10 AIEE is the converse of aggregation-
caused quenching, a property commonly observed for organic
emitters.11 Due to their useful properties, emitters exhibiting
AIEE were developed for application in WOLEDs.10

The development of nonlinear optically (NLO)-active
organic chromophores is a significant objective owing to their
diverse applications in telecommunication, data storage, next-
generation integrated photonic circuits, signal processing, and
terahertz (THz) generation.12,13 Second-harmonic generation
(SHG) is the most diversely studied second-order NLO effect in
which frequency up-conversion is observed when an intense
incident laser pulse interacts with such materials.14 On the
molecular level, it requires a nonzero hyperpolarizability b,
whereas the supramolecular organization should exhibit a non-
zero second-order NLO susceptibility, w2.15 A critical choice of
donor (D) and acceptor (A) components remains a challenge in
the pursuit of designing efficient NLO-active materials. Such
compounds must comprise a large first hyperpolarizability,
b, as it demands a well-balanced trade-off between the con-
jugation path length, D–A strengths, and asymmetric electro-
nic distribution.16
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Dicyanoisophorone is a well-known electron acceptor used
as a structural unit of compounds intended for sensing, bioi-
maging, etc.17 Dicyanoisophorone-based luminophores mostly
adopt a donor–p–acceptor (D–p–A) structure. They are charac-
terized by intramolecular charge transfer (CT) emission and a
large Stokes shift.17 The dicyanoisophorone moiety has also
been used as an acceptor fragment for the development of
AIEEgens18,19 and efficient NLOphores.16,20

Herein, we report a series of dicyanoisophorones with
different donor moieties attached as emitters exhibiting AIEE.
In particular, the electron-donating units of phenylcarbazole,
fluorene, phenanthrene, and dimethylfluorene were used in the
design of compounds as the (hetero)aromatic moieties. They
are widely used as the moieties inducing AIEE.10,21–23 One of
the compounds was used in a detection system of picric acid
and as an emitter in WOLED. However, the potential of these
D–A fragments as NLO-active chromophores remains relatively
underexplored.

Developing systems for the detection of nitroaromatic explo-
sive materials is a research topic of great interest.24,25 Its
importance arises from security objectives to determine traces
of explosive materials in protected areas, track down the
location of land mines, and so on. Organic emitters exhibiting
AIEE were reported as sensitivity probes for the detection of
picric acid.11,21,26–29 To the best of our knowledge, dicyanoiso-
phorone derivatives have not been used yet either for the
detection of picric acid or for the fabrication of WOLEDs.

In optoelectronic devices, the ratio of singlet and triplet
excitons generated is statistically 1 : 3.30 Triplet excitons do not
conventionally take part in emissive processes, forcing the
studies to aim at the stimulation of triplet-facilitated
emission.6,30–36 Emitters exhibiting hybridized local and charge
transfer (HLCT) states or the so-called hot excitons are widely
developed, as this phenomenon allows to upconvert triplet
excitons to the singlet excited states via reverse intersystem
crossing at high energy levels.6,30,36,37 The dicyanoisophorone
derivatives as HLCT-exhibiting luminophores were not reported
before. The precise molecular engineering involving the above-
mentioned donor units along with a dicyanoisophorone accep-
tor remains elusive, to the best of our knowledge.

2. Experimental

A detailed description of the instruments is given in the SI
(Section S1).

3. Results and discussion
3.1. Synthesis, thermal, electrochemical, and CT properties

Derivatives of dicyanoisophorone and of the different donors,
namely, phenylcarbazole (K1), fluorene (K2), phenanthrene
(K5), and dimethylfluorene (K6), were designed and synthe-
sized as emitters exhibiting SSEE. The compounds were synthe-
sized based on (E)-2-(3-(4-bromostyryl)-5,5-dimethylcyclohex-2-
en-1-ylidene)malononitrile (Br-Ph-ISP) using the Suzuki cross-

coupling reaction. The details of synthesis of the derivatives of
dicyanoisophorone K1, K2, K5 and K6 are given in Scheme 1
and the SI (Section S2).

The thermal characteristics of the synthesized compounds
were estimated by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) (Fig. 1 and Fig. S20). They are
summarized in Table 1. All the compounds exhibited relatively
high thermal stability. The 5% weight-loss temperatures (TID)
were found to be in the range of 345–378 1C. Compounds K1,
K2, and K5 exhibited close values of TID, whereas K6 showed
slightly lower thermal stability. In the first heating scans of DSC
(Fig. 1 and Fig. S20b) moderately high melting temperatures
(Tmp) of 225–298 1C were observed for K1, K2, and K6, whereas
K5 displayed a lower Tmp of 203 1C. Upon cooling, K2 and K6
exhibited crystallization signals (Tcr) at 252 and 185 1C, respec-
tively. Meanwhile, the samples of K1 and K5 did not give any
signals of crystallization, implying the formation of molecular
glasses. Except for K2, glass transitions were observed for K1,
K5, and K6 at 113, 98, and 99 1C, respectively. The lower Tmp,
Tcr, and TID values of K6 relative to those of K2 and the
capability of glass formation of the former compound clearly
reveal the effect of methylation of the fluorene donor moiety of
K6. This observation can be attributed to a disruption in the

Scheme 1 Synthesis of K1–K6.

Fig. 1 (a) TGA curves recorded at the heating rate of 20 1C min�1 in a
nitrogen atmosphere for K1, K2, K5 and K6 (a). (b) DSC thermograms of K2
recorded at a heating rate of 10 1C min�1 in a nitrogen atmosphere.
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rigid molecular packing in K6 upon the introduction of methyl
groups.

Cyclic voltammetry measurements of 10�3 M DCM solutions
of the studied compounds were carried out by applying positive
and negative voltages to estimate their redox behavior (Fig. 2a).
Their respective ionization potential IPCV and electron affinity
EACV values were calculated (Table 1). All the compounds
showed irreversible oxidation and reduction peaks corres-
ponding to the respective electron transfer processes. Oxidation
onset potentials for K1, K2, K5, and K6 were found to be 1.30,
1.43, 1.56, and 1.48 V, respectively. Considering the oxidation
onset potentials of the internal reference (Fc/Fc+), IECV values
were calculated to be 5.78, 5.91, 6.04, and 5.96 eV for K1, K2,
K5, and K6, respectively. The EACV values were calculated to be
3.58, 3.60, 3.61, and 3.64 eV, corresponding to reduction onset
potentials of �0.90, �0.88, �0.87, and �0.84 V for K1, K2, K5,
and K6, respectively. These values were found to be close owing
to the presence of the same electron-accepting unit.

The ionization energies of the synthesized compounds
ranged from 5.78 eV to 6.04 eV. K1 exhibited the lowest
ionization energy. This observation can be explained by the
enhanced electron density of the N-substituted carbazole unit
taking part in delocalization as well as the electron transfer
process. Fluorene, phenanthrene, and 9,9-dimethylfluorene
donor units of the compounds K2, K5, and K6 have no heteroa-
toms, making them less electron-rich and, hence, difficult to
oxidize. The experimental data are consistent with the values
theoretically calculated using density functional theory (DFT) at
the B3LYP/6-31G(d,p) level of theory (Table 1 and Fig. 3).

According to the results of the time-of-flight (TOF) and
charge carrier extraction by linearly increasing voltage (CELIV)
experiments, the layer K2 exhibited the highest values of hole

and electron mobilities (Fig. 2b and Fig. S21). Additionally,
well-balanced hole and electron mobilities of 3 � 10�5 and
5.3 � 10�5 cm2 V�1 s�1, respectively, at an electric field of 5.85 �
105 V cm�1 were observed for K2, making it the most promising
candidate for OLED applications. The results of the TOF and
CELIV measurements performed for K1, K2, K5, and K6 are
discussed in more detail in the SI (Section S4).

3.2. Linear optics, excited states, and AIEE

The absorption spectra of the films and dilute solutions of the
compounds have signature peaks of the corresponding donor
moieties (Fig. 4a). Hence, the absorption spectrum of the film
of K1 contains bands at B265 and 320 nm associated with the
1La ’ 1A and 1Lb ’ 1A transitions of the phenylcarbazole
fragment, respectively. They are blue shifted compared with the
absorption bands of phenylcarbazole.38 The absorption spectra
of the dilute solutions of K2 have a characteristic double peak
of the fluorene fragment at B300 nm.39 The absorption band of
the film of K2 is blue shifted with respect to those of the
solutions. The set of the vibronic bands observed in the
absorption spectra of the film and solutions of K5 in the range
of 250–300 nm correspond to the electronic transition
21A1(S1) ’ X1A1(S0) of phenanthrene.40 The absorption bands
of the solutions of K6 peaking at B300 nm are associated with
the p–p* transitions of dimethylfluorene.38 The lowest energy
bands of the absorption spectra of the films and solutions of
the compounds are caused by the dicyanoisophorone moiety.
For the films, they are redshifted relative to those of the
corresponding dilute solutions. These bathochromic shifts
and the presence of low-energy tails are explained by enhanced
intermolecular interactions in the solid state. There is no clear
correlation between the wavelengths of the lowest-energy

Table 1 Characteristics of K1, K2, K5, and K6

Compound TID, 1C Tmp, 1C Tcr, 1C Tg, 1C Eonset
ox , V IECV, eV Eonset

red , eV EACV, eV HOMODFT, eV LUMODFT, eV Ftol Ffilm FZeonex

K1 374 298 — 113 1.30 5.78 �0.90 3.58 �5.44 �2.79 ca. 0 0.05 0.06
K2 377 280 252 — 1.43 5.91 �0.88 3.60 �5.78 �2.86 ca. 0 0.07 0.05
K5 378 203 — 98 1.56 6.04 �0.87 3.61 �5.76 �2.89 ca. 0 0.02 0.02
K6 345 227 185’ 99 1.48 5.96 �0.84 3.64 �5.77 �2.86 ca. 0 0.04 0.04

Tcr of 252 1C for K2 is observed during the cooling scan. Tcr of 185 1C for K6 is observed during the second heating scan. Tg values are observed
during the second heating scan. IECV = Eonset

ox � Eox (ferrocene) + 4.8. EACV = Eonset
red � Eox (ferrocene) + 4.8.

Fig. 2 (a) Cyclic voltammetry curves of dilute DCM solutions (10�3 M) of
compounds K1, K2, K5 and K6. (b) Plots of hole and electron drift mobilities
of the vacuum-deposited layers of K1, K2, K5 and K6 recorded by TOF or
CELIV methods versus the electric field.

Fig. 3 Global minimized structures and contour plots of the HOMO and
LUMO of K1, K2, K5 and K6.
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absorption peaks and solvent polarities (Fig. 4a). This points to
the limited probability of the CT character of the band.

The PL spectra of the solutions of the compounds undergo
significant redshifts in the peak positions upon increasing the
polarity of the solvents. The shifts of up to 75 nm from the
yellowish green to red spectral regions are observed (Fig. S22).
This is a manifestation of the emission of the intramolecular
CT states.41 Toluene solutions of the compounds exhibit a
slight increase in PL intensity after degassing due to a partial
deactivation of the excited states by collisional interactions
with molecular oxygen (Fig. S23).42 The extent of emission
enhancement indicates the limited involvement of the triplet
states.42 This indicates the utilization of HLCT states.

Fig. 4a shows the PL spectra of the films of the compounds
(1 wt%) doped in Zeonex. Zeonex is a rigid polymer of low
polarity that cuts off intermolecular interactions. Expectedly,
the PL spectra of the films of the compounds doped in Zeonex
are close to the emission spectra of dilute toluene solutions, as
toluene has a negligible polarity, similar to Zeonex.43 On the
other hand, the PL spectra of the neat films of the compounds
are bathochromically shifted from the spectra of the corres-
ponding toluene solutions and the films of the compounds
doped in Zeonex. This observation points to the effects of
molecular packing in agreement with the CT nature of the
emissions. The PL decay curves of the films of the compounds
as well as films of the compound doped in Zeonex exhibited
prompt fluorescence (Table S1 and Fig. 4b). The average life-
times of the PL of the films slightly increased after evacuation
(Table S1).

This observation indicates the utilization of triplet energy
due to HLCT, as observed in the case of degassed toluene
solutions (Fig. S23a–d). The signature of the manifestation of

the HLCT states could be also experimentally observed in the
Lippert–Mataga plots (Fig. S23e).44–47

The presence of HLCT states was further substantiated by
theoretical calculations. DFT analysis (B3LYP/6-31G(d,p) indi-
cated that the highest occupied molecular orbital (HOMO) is
partially localized on the phenyl bridge and dicyanoisophorone
alongside the donor moieties in all the compounds (Fig. 3). The
lowest unoccupied molecular orbital (LUMO) is primarily
located solely on the phenyl bridge and dicyanoisophorone
moiety. This spatial distribution of the HOMO and LUMO is a
preliminary indication of the mixture of the states of CT from
the electron donor to accepting moieties, and the local excita-
tion on the acceptor unit and phenyl bridge. Furthermore,
natural transition orbitals (NTOs) of the main transition
configuration (Fig. S27–S30) were analysed to elucidate the
underlying nature of these electronic transitions. The primary
‘‘hole’’ and ‘‘electron’’ contributions of NTOs of the first excited
states (ESs) of all molecules demonstrate that S1 comprises a
mixture of local excitation (LE) from the phenyl ring and CT
from the respective donor units to the common dicyanoiso-
phorone acceptor unit. Notably, the theoretically simulated UV
spectra of K1–K6 (for toluene, see Fig. S27–S30) revealed that in
addition to the lowest singlet excited states S1 with oscillator
strengths ( fS0-S1) ranging from 0.5749 to 1.5235, higher elec-
tronic states of significant oscillator strengths ( f = 0.0355 to
0.9719) also contribute appreciably toward their respective
absorption profiles. These contributions from additional elec-
tronic states of higher energy to the UV spectra manifesting as
enhanced spatial overlaps between the NTOs is a typical
characteristic of HLCT transitions.48

The toluene solutions of the compounds exhibited very low
photoluminescence quantum yields (PLQYs; Ftol) (Table 1). In

Fig. 4 (a) Absorption and PL spectra of the toluene 10�5 M solutions, neat films of the compounds and films of the compound doped in Zeonex (1 wt%).
(b) PL decay curves of the neat films of the compounds recorded in air at room temperature. (c) PL spectra of the dispersions of K2 in the mixtures of THF
and water for different water fractions (inset: photographs of the corresponding cuvettes), and (d) the corresponding plots of PL intensity vs. water
volume fraction. (e) The Stern–Volmer plot of the PL spectra of the dispersions of K2 (10�4 M) and picric acid (PA) in the mixtures of THF (volume fraction,
5%) and water (volume fraction, 95%). (f) Competitive selectivity of the dispersions of K2 (1 mg mL�1) in mixtures (2 mL) of THF (volume fraction, 5%), water
(volume fraction, 94%), and acetonitrile (volume fraction, 1%) toward PA and various contaminants (20 mg) (inset: photographs of the corresponding
bottles).
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the solid state, PLQYs (Ffilm) were found to be in the range
from 2% for K5 to 7% for K2, pointing to the occurrence of
SSLE. The difference between PLQYs of the neat films and of
the films of the compounds doped in Zeonex (FZeonex) was
insignificant.

The PL spectra of the dispersions of compounds in the
mixtures of THF and water with different water fractions were
recorded to examine the AIEE of the compounds (Fig. 4c and
Fig. S24). Two competing tendencies appeared upon increasing
the fraction of water (Fig. 4d). One was the emission quenching
and the redshift of the PL peak caused by the polarity of water,
which is significantly higher than that of THF. The other was
AIEE demonstrated by the increase in PL intensity within a
certain range of water fraction. Additionally, at high volume
fractions of water, the precipitates of the compounds were not
evenly distributed in the cuvette, affecting the measurements of
the PL spectra. It should be considered as a reason for the
detection of intensity drop at high volume fractions of water
(Fig. 4d). The laser diffraction analysis revealed the mean size
of the K2 aggregates of 31 mm in the mixture with a water
volume fraction of 99% (Fig. S25).

3.3. Sensitivity of emission to picric acid

K2 was selected for the development of the detection system to
highlight the multifunctionality of the compounds that can be
used in OLEDs and sensors. Portions of picric acid were
continuously added to the dispersions of K2 (10�4 M) in the
mixture of THF and water (volume fraction, 95%). The intensity
of PL spectra decreased upon increasing the concentration of
the quencher Q, that is, picric acid (Fig. S26). The quenching is
due to the collisional interactions of K2 in the aggregated state
with the molecules of picric acid. The position of the emission
peak remained the same at different concentrations of picric
acid. The PL spectra were in good agreement with the respective
spectra shown in Fig. 3a. This observation indicates that picric
acid is non-emissive and does not have any contribution to the
spectra. The Stern–Volmer relationship describing the depen-
dence of the change in PL intensity of the samples after adding
the quencher I0/I on the molar concentration of picric acid was
studied (Fig. 4e).42 At quencher concentrations lower than
170 mM, a downward curvature of the Stern–Volmer plot was
observed (Fig. 4e, inset). It is attributed to the existence of a
dual response of the aggregates of K2 to the picric acid. It is
caused by the partial inaccessibility of K2 molecules to picric
acid due to the size of the precipitates. The Stern–Volmer plot
was built for the range of low concentrations of picric acid
using the equation49

I0

I
¼ f1

1þ KSV1 QPA½ � þ
f2

1þ KSV2 QPA½ �

� ��1
;

The adjusted R2 value of the fit was calculated to be 0.998.
The Stern–Volmer plot revealed fractions f1 of 10% and f2 of
90%. These factors are related to the emissions that have
different sensitivities to picric acid. The corresponding Stern–
Volmer constants KSV1 and KSV2 were found to be 16.2� 104 and

2.7� 103 M�1, respectively. With respect of the value of KSV1, K2
(limit of detection, 144 ppb) outperforms previously reported
emitters (Table S2b).50–55 At higher molar concentrations of
picric acid, the curvature of the Stern–Volmer relationship
exhibited an upward trend as it was expected for the detection
systems of picric acid.51,52 The upward curvature points to a
combination of static and dynamic quenching and the self-
absorption of picric acid.51,52,56,57 The absence of the spectral
overlap between the absorption of picric acid58 and the emis-
sion of K2 (Fig. 3a) effectively excludes the resonance energy
transfer as a mechanism of emission quenching.26 Conse-
quently, the CT is a driver of the sensitivity of emission to
picric acid. The formation of the complex of K2 and picric acid
was examined using the DFT calculations (B3LYP/6-31G(d,p)).
The proximity of picric acid to the regions of high electron
density of K2 leads to electrostatic interactions responsible for
emission quenching. Both dicyanoisophorone and phenylcar-
bazole fragments act as electron donors for picric acid. The
interaction energy was estimated to be –21.38 kcal mol�1

(Fig. S27).
The selectivity tests were performed to evaluate the potential

of the detection system for practical application (Fig. 4f). With
this purpose, the sensitivities of the emission of K2 to picric
acid and other contaminants (10 mg mL�1 in samples described in
Fig. 4f) were tested. Sodium 3-nitrobenzenesulfonate (Na-3NBZS) is
often detected in chemical wastes and pesticides. In addition, the
effects of the presence ammonium chloride (as a typical fertilizer);
ammonium acetate (commonly used as a reagent for soil testing
and being a component of industrial waste); 2-bromophenol (as a
byproduct of pesticide and flame-retardant production); benzene,
p-xylene, and toluene (abundant in industry and automobile
exhausts and pesticides); and 2,4,6-trinitrotoluene (TNT) (as
another nitroaromatic explosive material) were estimated. The
addition of bromophenol and benzene did not only fail to quench
the PL of aggregates of K2 but slightly enhanced the emission. The
addition of Na-3NBZS, ammonium chloride, and TNT practically
did not have any impact on the emission of K2. The formation of
the complexes of K2 with picric acid led to a considerably higher
quenching rate compared with that observed in the presence of
ammonium acetate, p-xylene, and toluene, demonstrating relatively
strong selectivity of the K2-based detection system. It is important
to underline the different mechanisms of quenching of the emis-
sion of K2. For example, although toluene and benzene are both
non-polar solvents, they directly suppressed the aggregate for-
mation of K2 due to the solvation effects, leading to the reduction
of AIEE.

3.4. Performance in WOLED

K2 was selected to test its EL performance due to the highest
values of hole and electron drift mobilities and one of the
highest PLQYs of the film in the series. OLED of the following
structure was fabricated: ITO/HAT-CN (15 nm)/TCTA (35 nm)/
mCP (10 nm)/K2:mCP (20 nm, 5 wt%)/TSPO1 (5 nm)/TPBi
(45 nm)/LiF (0.4 nm)/Al (ESI). The layers of mCP and guest–
host system were consecutively deposited. This resulted in the
appearance of two peaks in the EL spectrum at B375 and
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555 nm (Fig. 5a). The recombination zone occurred at the
interface of the layers. The peak at B375 nm is the signature
EL band of mCP.59 The peak at 555 nm corresponds to the PL
spectrum of K2, pointing to the efficient electronic excitation
energy transfer from mCP to K2. The combination of the violet
and yellowish green emissions resulted in the formation of
white light (Fig. 5b) with the Commission Internationale de
I’Eclairage (CIE) coordinates of the standards of different years
presented in Table S2a.60 The EL spectra of the WOLED under-
went slight changes with increasing voltage (Fig. 5a). The
WOLED at 8 V exhibited a CRI of 82 and a correlated color
temperature (CCT) of 4910 K, which is attributed to the neutral
CCT near the edge of cool white light (Table S2a).61 The device
showed an external quantum efficiency (EQE) of 1.4%, compar-
able with the performance of other WOLEDs with a single
emitting layer based on AIEEgens (Table S2b, Fig. S33). Con-
sidering the moderate PLQY of the film of K2 in air, the EQE of
1.4% is partially attributed to the utilization of HLCT states
with no emission quenching by oxygen.

3.5. Quadratic hyperpolarizability

To rationalize the NLO response of the chromophores, second-
order NLO polarizability (first/quadratic hyperpolarizability, b)

was estimated using the hyper-Rayleigh scattering (HRS) tech-
nique (SI Section S1) in toluene and DMF.

The results, as summarized in Table 2, were interpreted
within the framework of the undamped two-level model (SI
Section S8 and eqn (S1)).45 The resonance-corrected first hyper-
polarizabilities (bHRS,0) follow the order K1 4 K6 4 K2 4 K5,
consistent with the donor strength of 9-phenyl-9H-carbazole 4
9,9-dimethyl-9H-fluorene 4 9H-fluorene 4 phenanthrene for
toluene solutions. Compound K1, bearing the strongest donor,
exhibits the highest bHRS,0 (66 � 10�30 esu) (Table 2) for
toluene, correlating with its lowest excitation energy (E10 =
2.50 eV), largest dipole change (Dm = 30.43 D), and greatest
donor charge redistribution (DqD = 0.39406) (Table S3). Despite
higher molar absorptivity (44 054 M�1 cm�1) and oscillator
strength (0.6224), K5 shows the lowest bHRS,0 due to its higher
E10 (2.65 eV). K2 and K6 exhibited comparable b values within
the experimental error. Solvent polarity effects were inconsis-
tent: bHRS,0 increased almost 1.2-fold for K2 and K5, but
decreased by 1.7- and 1.2-fold for K1 and K6, respectively, upon
switching from toluene to DMF.

The intrinsic first hyperpolarizability (bo,int), as proposed by
Kuzyk, provides a more reliable metric for evaluating materials
for device applications.62 Despite possessing the lowest number
of polarizable electrons (N = 18), the compounds K2 and K6
exhibited size-independent bo,int values, comparable in magni-
tude with those of K1. By contrast, K5, which has the highest
number of polarizable electrons (N = 26), displayed the lowest
bo,int value, approximately 1.3-fold lower than K1 and K6 and 1.2-
fold lower than K2 (Table 2 and Fig. S34a). Nevertheless, this
trend is consistent with the relative donor strengths discussed
earlier. Notably, bo,int decreased twofold for K1 from toluene to
DMF (highlighted in blue, Fig. 6a), whereas its impact on other
members remained relatively minor. Perhaps, the presence of a
heteroatom in K1 probably makes its b values more sensitive to
solvent polarity by modulating the equilibrium between quinoid
and aromatic ground-state forms (Fig. S34b).

The tensorial nature of b is depicted by the depolarization
ratio (r), which also underpins the molecular symmetry (r value

Fig. 5 K2-based OLED: (a) EL spectra. (b) The 1931 CIE color space
diagram with the area designated for white-color emission.22 Inset:
Photograph of the device.

Table 2 Quadratic NLO parameters of K1–K6

Solvent Na E10, eVb lmax, nm bHRS
c bHRS,0

d btheo
e bzzz

f bzzz,0
g bzzz,max

h bo,int
i rj

K1 Tol 24 2.50 425 787 � 47 66 � 4 267.56 1901 � 114 160 � 10 5687 0.028 3.81 � 0.29
DMF 2.46 428 481 � 22 36 � 2 1162 � 54 86 � 4 6018 0.014 3.65 � 0.12

K2 Tol 18 2.54 424 388 � 44 34 � 4 171.77 937 � 105 88 � 10 3494 0.025 3.62 � 0.10
DMF 2.48 425 445 � 11 37 � 1 1075 � 27 90 � 2 3799 0.024 3.75 � 0.23

K5 Tol 26 2.65 408 325 � 16 46 � 2 144.97 785 � 39 108 � 5 5230 0.021 4.12 � 0.16
DMF 2.57 410 369 � 25 52 � 4 891 � 61 126 � 9 5822 0.022 4.79 � 0.18

K6 Tol 18 2.55 424 429 � 28 37 � 2 174.53 1037 � 68 91 � 6 3447 0.027 3.72 � 0.12
DMF 2.47 426 355 � 36 38 � 4 857 � 88 81 � 8 3853 0.021 3.86 � 0.07

All samples measured at an excitation wavelength of 900 nm and all beta value results are in 10�30 esu. a Conjugated electrons involved in ICT
(marked blue in the structures, Fig. S33). b Transition energy between the ground and excited states of the chromophore, calculated using the
formula 1239.84187/ledge (Fig. S22). c bHRS: second-order nonlinear polarizability (first hyperpolarizability). d bHRS,0: bHRS corrected for resonance
enhancement using the undamped two-level model (SI Section S8 and eqn (S2)). e Theoretical second-order nonlinear polarizability calculated
using Gaussian16 (CAM-B3LYP/6-31G/Toluene/CPCM model). f Calculated using SI Section S8 and eqn (S3). g bzzz,0 = bHRS,0/O6/35. h [bzzz]

max = (3)1/4

[e�h/(m)1/2]3N3/2/E10
7/2, where e = electron charge; m = electron mass; �h = Planck’s constant and N = the number of polarizable conjugating electrons

(marked in blue, Fig. S33a). i bo,int is the intrinsic off-resonant hyperpolarizability given by bzzz,0/[bzzz]
max. j Depolarization ratio (SI Section S8 and

eqn (S4)).
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is maximum up to 5 if only a single component (that is, zzz) is
present, typically for push–pull chromophores or for purely
one-dimensional dipolar chromophore).63 With r values rang-
ing from 3.62 to 4.79, these molecules can be essentially
regarded as one-dimensional dipolar chromophores with a
dominant hyperpolarizability tensor component (bzzz). The
general increase in r from toluene to DMF indicates enhanced
CT in the polar solvent. These results agree with the theoretical
analysis. The pronounced values of b and r confirm the non-
centrosymmetric nature of the molecules, also depicted by ESP
maps (Fig. 6 and Fig. S31), emphasizing their suitability as
efficient NLOphores. These findings align with the theoretical
analysis (Table 2 and Fig. S3, S4, Fig. 3). These b and r values
confirm the non-centrosymmetric nature of the molecules,
highlighting their potential as efficient NLO chromophores.

4. Conclusions

Derivatives of dicyanoisophorone and phenylcarbazole, fluor-
ene, phenanthrene, or dimethylfluorene were synthesized
using the Suzuki cross-coupling reaction. The synthesized
compounds are characterized by high thermal stability, with
5% weight-loss temperatures of 374–378 1C. Carbazole- and
phenanthrene-containing derivatives of dicyanoisophorone
form molecular glasses. The compounds exhibit AIEE. The
increase in photoluminescence intensity after the deoxygena-
tion of toluene solutions of the compounds is attributed to the
HLCT states. The compound containing a fluorene moiety
exhibits hole and electron drift mobilities of 3 � 10�5 and
5.3 � 10�5 cm2 V�1 s�1, respectively, at an electric field of 5.85
� 105 V/cm. The film of the compound shows a PLQY of 7%.
The ability to exhibit pronounced AIEE is confirmed by the
analysis of emissions of the dispersions of the compound in
mixtures of THF and water. Computational simulations and
Lippert–Mataga plots demonstrate the HLCT character of the
excited state of the compound and the CT mechanism of the
interaction of the compound with picric acid. High sensitivity
of the emission of the compound to picric acid is demonstrated
with Stern–Volmer constants of 16.2 � 104 and 2.7 � 103 M�1

and moderately high selectivity with respect to the contaminants

usually present in the environment and contaminated areas.
WOLEDs fabricated using dicyanoisophorone with a fluorene
moiety show a CRI of 82, CCT of 4910 K, and EQE of 1.4%. The
quadratic/first hyperpolarizability value of toluene solution of
the molecule containing 9-phenyl-9H-carbazole (K1) displayed
the highest bzzz of 1901 � 10�30 esu owing to its donor strength
and the most asymmetric electron density distribution. This
observed large nonlinear optical response may plausibly be the
outcome of participation from the HLCT states. The results of
this study may inspire the design and synthesis of new multi-
functional dicyanoisophorone derivatives exhibiting AIEE for
WOLEDs, systems for detecting nitroaromatic explosive materi-
als, and as materials with high nonlinearities.
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Fig. 6 Kuzyk’s plot of intrinsic off-resonant hyperpolarizability (bint) as a
function of wavelength (lmax) of molecules depicting the solvent polarity
impact (a) and electrostatic potential maps of the ES of K2, calculated at
the B3LYP, 6-31G(d,p) level (isosurface value of 0.002) (b). Atom color
codes: C = gray; H = white; N = blue; O = red; and S = yellow (ED: electron
density). The dipole direction is also presented.
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