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We report the design, synthesis, molecular optical properties, and solid state emissive

behaviour of a series of novel compounds, which, similar to the archetypal AIE

luminogen tetraphenylethene, are formed of a central olefin stator and decorated with

either three or four rotors. These rotors, being either electron-rich substituted

benzenes, or electron-withdrawing functional groups (esters, ketones, cyano groups)

confer a “push–pull” character to the overall molecular structure. Building on both new

and already published contributions, a comprehensive picture of the properties and the

potential of these compounds is provided.
Introduction

Strong emission in the aggregated state for organic compounds has long been
considered counterintuitive: aggregation-caused quenching (ACQ) takes place in
the condensed phase for most p-extended, emitting chromophores. ACQ severely
inhibits their application in real-world devices, such as light-emitting diodes,
optical waveguides and lasers.1 In recent years, Tang and other groups
have demonstrated that selected organic dyes can indeed behave in such
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a counterintuitive way: they are non-emissive when in diluted solutions, and
become highly emissive in the solid state.2

Many molecular systems have been proven to be efficient AIE luminogens; one
prototypical AIE emissive chromophore, and the rst to have been reported, is
hexaphenyl-substituted silole (HPS), published by Tang and coworkers in 2001.3

Aggregation-induced emission (AIE) is frequently ascribed to restricted internal
rotations (RIR):4 for example, when HPS is in solution, the rotation of its phenyl
rings dissipates the excitation energy, whereas aggregate formation in crystals
does not allow the phenyl ring rotations and a radiative decay with a nanosecond
lifetime is activated. Apart from silole systems, a great deal of work has been done
with other AIE luminogens, aimed at conrming and exploiting the RIR principle.
To date, many other families of compounds have since been proposed, featuring
a variety of scaffold functionalities and different “switching on” mechanisms for
emission in the solid state. The eld has been recently and comprehensively
reviewed.5

The most widely used of prototypical AIE chromophores is tetraphenylethene
(TPE), which has been extensively investigated. The central olen stator of the
molecule is surrounded by four peripheral aromatic rotors (the phenyl rings). Its
high solid state quantum yield, and its relatively simple synthesis have prompted
its inclusion in a wide variety of complex architectures, such as linear6 and
hyperbranched polymers,7 and metal–organic frameworks.8 In most cases, the
high solid state efficiency of the molecular scaffold is fully preserved with the
introduction of the organic functionalities needed for the its covalent or non-
covalent bridging to macromolecular/supramolecular architectures. In other
words, the TPE scaffold is able to withhold AIE activity even if major modica-
tions are inserted within its chemical structure.

D–p–A dyes usually exhibit unique emissive properties due to their intra-
molecular charge transfer (ICT) transitions, and they are of great potential
interest since ground and excited electronic states can be tuned under various
conditions.9 We have serendipitously discovered a new class of AIE luminogens
with a “push–pull” structure. They possess similarities to TPE, since the central
stator is still a carbon–carbon double bond, which is decorated with three (not
four, as in TPE) substituents, two carboxylate esters and a 4-dialkylaminophenyl
branch (Fig. 1, compounds series 1).10 Studying one of the AIE active compounds
in detail using ultrafast pump–probe spectroscopy and combining with calcula-
tions, we have given direct evidence that RIR is the key process for switching on
the AIE properties.11

More recently, compound 2b (Fig. 1) was effective in unravelling important
features of the twisted intramolecular charge transfer mechanism, a peculiar
characteristic of such “push–pull” structures.12

The potential of “push–pull” molecular scaffolds for the design of innovative
AIE luminogens is huge, since the molecular optical properties (absorption and
emission lmax), and consequently the solid state emission, can in principle be
tuned using “push” and “pull” substituents with variable electron-donating and
electron-withdrawing characters. In fact, we have recently reported that one of
these compounds (5a in Fig. 1) crystallizes in four different polymorphs all
showing different emission colors, and that the emission color can be tuned via
heating and grinding in the solid state, highlighting the potential application for
stimuli responsive solid-state materials.13
144 | Faraday Discuss., 2017, 196, 143–161 This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Chemical structures of compound series 1–5.
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In this paper, we report our further achievements into the ne tuning of the
previously proposedmolecular “push–pull” structures in order to investigate their
potential in terms of AIE, to match requirements for optoelectronic and sensing
applications. We will discuss the optical properties and the AIE and solid state
behavior of a series of compounds in which the original molecular structure has
been systematically varied (Fig. 1). Together with the electronic characteristics of
the rotor groups around the stator mentioned above, which are necessary to give
a “push–pull” character, given the importance of the RIR mechanism, variations
in the steric hindrance of the rotor functional groups around the stator have also
been addressed.
Results and discussion
Design and synthesis of the molecular modules

The compounds presented and discussed in this study are shown in Fig. 1. For the
sake of clarity we have divided them into ve different classes (compounds 1–5).
The compounds in series 1 have been already reported, and possess ester deriv-
atives as the “pull” components in a trisubstituted ethylene molecular scaffold;
they bear minimal differences between them, either in the nature of the alkyl ester
substituents, or in the nature of the dialkyl amino substituents. In the
compounds in series 2, the “pull” ester moieties have been changed to ketones
and triuoromethylketones, both possessing a similar degree of steric hindrance
with respect to esters, but with substantially different electron-withdrawing
characteristics, as testied by their sp Hammett parameters14 (0.45 for COOCH3,
0.50 for COCH3, and 0.80 for COCF3). Furthermore, for the compounds in series 2,
the “push” dimethylamino group has been changed in two complementary ways:
(a) it has been substituted with a methoxy group, and (b) it has been changed with
linear or cyclic dialkylamino groups, addressing differences in the packing
properties in the solid state. The importance of the length of the dialkylamino
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 196, 143–161 | 145
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substituent has already been demonstrated in the compounds in series 1, where
a switching off of the AIE properties was observed on changing the dimethyla-
mino to diethylamino “pull” moieties.10a

The compounds in series 3 have been designed with cyano substituents: linear
functional groups with a low steric hindrance, possessing different electronic
characteristics with respect to esters or ketones (sp ¼ 0.66). Variable dialkylamino
substituents have also been synthesized in this series. The introduction of
a further dimethylaminoaryl “pull” moiety into the molecular skeleton to form
tetrasubstituted ethylene, “cruciform-like” derivatives15 has been synthetically
achieved (series 4 and 5).

The synthesis of series 2–3 was carried out following adaptations of reported
procedures starting from the appropriate aldehyde and the 1,3-dicarbonyl
compound or malononitrile. An initial screening of the optimal conditions was
performed for the synthesis of compound 2a, which has been previously reported.
Yields using the reported procedure,16 with piperidinium acetate as the catalyst,
were somewhat disappointing (17%). Other published methods (with CuCl2 as
catalyst)17 for unsubstituted benzaldehyde were equally unsatisfactory (17%),
whereas the use of an excess of acetic anhydride (procedure published for the
synthesis of the previously known 2d)18 gave improved yields (25% for 2a). This
last methodology was then applied to all compounds in series 2 and 3, with yields
ranging, aer purication using column chromatography, from 25% to 76%
(Scheme 1, top).

The compounds in series 4 and 5 were synthesized via silver triate mediated
condensation19 of the appropriate 4,40-disubstituted thiobenzophenone (either
commercially available or ad hoc synthesized from the corresponding dibenzo-
phenone with Lawesson's reagent20), and the appropriate 1,3-dicarbonyl
compound or malononitrile (Scheme 1, bottom). Yields aer purication using
column chromatography ranged between 21 and 81%. All new compounds were
Scheme 1 Synthesis of compounds in series 2–5.
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fully characterized using NMR spectroscopy and mass spectrometric techniques.
Some of the yields are rather low: however, monitoring of the reaction mixture
using TLC in these cases revealed essentially a spot-to-spot conversion of the
starting aldehyde or ketone into the product. It is likely, therefore, that collateral
reactions between the starting material and the catalysts or reaction solvents
generate byproducts, presumably removed during the work-up.

The room temperature 1H NMR spectra of all the compounds showed the
expected simple patterns and the presence of only one set of signals for each
group of symmetry-related proton resonances, revealing that all possible dynamic
processes are fast on the NMR timescale at this temperature. A comparison
between the relevant signals of the 1H and 13C NMR spectra is presented in Tables
S1–S4 of the ESI† section. No evidence of enol structures could be found in the
spectra of compounds 2a and 2c, and 4b, 4c, 4e, 4f, which bear hydrogen atoms
a to a carbonyl to thus support the possibility of enolization: signals related to the
CH3 groups integrate correctly with respect to the rest of the proton resonances,
and no vinyl signals in the appropriate region (5–6 ppm) could be detected.

The locking of the rotation of the “pull” moieties (for example, the ester and
ketones in compounds 1a and 2b, respectively) and of the aryl moiety around its
own axis are both key elements responsible for the molecular rigidication and
the activation of the RIR mechanism in solid-state emission.10a,11,12 Compounds
3a and 5a possess linear cyano moieties, for which any lateral steric interaction is
not possible as the “pull” components, and thus they can be ideal models to
investigate the “pirouetting” movements of the aryl moieties. Variable tempera-
ture NMR studies performed on compound 3a revealed that this molecular
rotation becomes slow on the NMR timescale (Fig. 2) upon freezing the sample in
d8-THF. At low temperatures, the Hb protons are split into two different signals as
a result of the loss of the local symmetry around the aryl main axis, and coalesce at
Fig. 2 Variable temperature 1H NMR spectra (300 MHz, d8-THF) of compound 3a. The
asterisk denotes residual the solvent peak.
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213 K. A free energy barrier for such a dynamic process (9.6 kcal mol�1) could be
calculated with the coalescence method.21

For compound 5a, such signal splitting could not be observed down to 193 K
(Fig. S1†), meaning that a precise value for the energy barrier of the rotation of the
aryl rings around their axes, to compare with 3a, could not be calculated.
Molecular optical properties

The relevant optical properties for the compounds discussed are reported in Table
1 in order to rationalize their optical–structural relationship.

The lmax, corresponding to the HOMO–LUMO energy, for a homologous series
of compounds bearing the same electron-donating substituent was found to be
modulated by the nature of the electron-withdrawing substituent. In fact, a linear
correlation between the sp Hammett's parameters of the “pull”moiety (Fig. 3) and
the lmax for compounds 1a, 2a, 2b, 3a, all bearing dimethylamino groups, was
found. Such a correlation indicates a “through bond” effect of the substituents,
and demonstrates an effective conjugation through the p-systems, formally
composed of a styrene-like moiety. A similar linear correlation (based on
compounds 4a, 4b and 5a) could be veried for cruciform-like compounds
(Fig. S2†). Such correlations could also be useful in predicting the properties of
analogous compounds utilizing different “push–pull” substituents. The direct
comparison, where possible, between monoaryl systems (series 2 and 3) and
cruciform-like systems (series 4 and 5) demonstrates (Table 1) that the intro-
duction of a further aryl branch does not enhance the lmax and the “push–pull”
character of the system (compare for example 3a vs. 5a, and 1a vs. 4a).
Table 1 Optical properties of the compounds of series 1–5 in solution and as powders

Compound
labs

a

(nm)
lem (nm),
solutionb

lem (nm),
powder

PL QY (%),
solution

PL QY (%),
powder

Physical
appearance

1a 378 429c 468 <0.1 38 Solid
1b 380 440c 473 <0.1 38 Solid
1c 380 445c 522 <0.1 1 Solid
2a 382 462 520 0.33 1 Solid
2b 461 553 625 <0.1 11 Solid
2c 274 n.a. n.a. n.a. n.a. Oil
2d 360 n.a. n.a. n.a. n.a. Oil
2e 467 528 630 <0.1 <0.1 Solid
2f 390 456 540 1 <0.1 Solid
3a 430 488 615 0.9 3 Solid
3b 436 491 550, 630 1.4 5 Solid
3c 436 491 630 0.87 3 Solid
4a 360 n.a. n.a. n.a. n.a. Oil
4b 385 495 500 <0.1 <0.1 Solid
4c 384 495 512 0.1–1 1 Solid
5a 432 511 530, 535, 595 <0.1 11d Solid
5b 337 395 480 <0.1 5 Solid

a In MeCN solution (1–5 10�5 M). b Emission maximum, 10�6 M solution. c Data taken from
ref. 10a, in toluene. d Max PL QY of the polymorphs.
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Fig. 3 Correlation between lmax and sp Hammett's parameters for the dimethylamino-
terminated compounds 1a, 2a, 2b and 3a (fitting coefficient r2 ¼ 0.99).
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All the compounds reported in Table 1 show a very low PL QY in solution,
which does not depend much on the polarity of the solvent. Compounds 1a,10a

2b,12 2e, 3a, 3b and 5a13 show solvatochromic behaviour related to their push–pull
molecular structure (see ESI†) without any relevant variation in emission
intensity.

However, for compounds 1a and 2b, a strong increase in PL intensity on
increasing the solvent viscosity has been observed,10a,11 indicating that the rigidity
of the environment, rather than its polarity, plays an important role in their
emissive process. On freezing the solutions or on adding a non-solvent to the
solutions, we have reported an increase in the PL intensity for compounds 1a and
5b.10a,12 In diluted solutions below the solidication point of the solvent, molec-
ular motions are blocked by the rigidied solvent. Upon adding a non-solvent at
room temperature to diluted solutions, molecular aggregation into nanoparticles
blocks intramolecular motion. Their AIE properties have therefore been ascribed
to the commonly observed RIR effect.

As shown in Table 1, some of the compounds display a strong enhancement in
PL QY in the solid state, while others maintain nearly the same low value as in
solution. Compounds 1a and 1b display the strongest PL enhancement, the series
3 and 5 a moderate one, while in the case of series 4 and 2 (with the exception of
2b) no relevant variation is observed in the PL intensity between solution and the
solid state. Changes in the lateral alkyl chains in the “push”moieties bring about
substantial changes in the AIE properties: on changing from dimethylamino to
diethylamino aryl substituents the AIE behaviour is either strongly reduced (from
1a to 1c) or switched off (from 2b to 2e). In the case of 3a (dimethylamino, already
without AIE behaviour) the change to diethylamino (3b) conrms the absence of
AIE behaviour.

Among the other compounds, 3b and 5a display quite interesting features
with solvatochromism in solution, good solid state QYs and the presence of
different components in the solid state emission, already studied in detail in
the case of compound 5a.12 The optical absorption, PL excitation proles (PLE)
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 196, 143–161 | 149
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and emission spectra of 3b in acetonitrile solution and as powders are reported
in Fig. 4. For the powder, a strong red-shi in the PL and the presence of two
peaks (495 and 580 nm) in the PLE spectra are observed. The latter are very
probably associated to the presence of two different species which can be
separated thanks to their different solubility in pentane. Upon pentane
extraction, two main contributions are observed in the emission spectrum,
a shoulder at 550 nm and the main peak at 630 nm, while the insoluble portion
of the powder displays a main emission at 635 nm. The relative intensity of
the two contributions can be changed upon manual grinding of the powder
(see ESI†).

Since, for RIR materials, the emissive properties strictly depend on the type of
aggregation (crystalline vs. amorphous) and on the crystal rigidity, in the next
section we analyse the crystal structures of the compounds in detail.
X-ray crystal structures

Crystal structures of the series 1,10a and compounds 2b12 and 5a13 were previously
reported by us, together with a thorough discussion, supported with DFT and
TDDFT calculations,11–13 of the structure–optical property relationships governing
their emissive behaviour. It was found that their AIE properties were strictly
related to their crystal structure, which is able to activate a RIR process. Moreover,
by comparing the crystal structures and the solid state optical behaviours of the
different compounds, we have ascribed the high PL QY (up to 38%) observed for
compounds 1a and 1b to the formation of J-dimers.

Unlike the molecular structures of the previously reported compounds,
those of series 3 (3a22 and 3b23 being previously reported) are essentially
planar. Crystals of 3c belong to the P�1 space group with 6 molecules in the
asymmetric unit (see Fig. 5 for its crystal packing). A subtle, not previously
highlighted, feature shared by these structures, which could have some role in
their emissive behaviour, was the slightly greater degree of conjugation of the
Fig. 4 Optical absorption and PL spectra of compound 3b in acetonitrile solution (dotted
lines). PLE and PL spectra of solid 3b: pentane soluble component (solid line) and pentane
insoluble component (dashed-dotted line).
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Fig. 5 Partial view of the crystal packing of 3c, where contacts shorter than the sum of the
van der Waals radii are included. Ellipsoids are drawn at the 50% probability level.
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trans CN group with the benzene ring with respect to the cis group. The angles
between the CN bond and the normal to the plane through the benzene ring
were in fact 88.9(1)� (3a22c) and in the range 85.9(2)–89.5(2)� (3c) for the trans
CN groups, and 79.5(1)� (3a) and in the range 77.6(2)–85.3(2)� for the cis
groups. In the case of 3b,23b the two angles were comparable (84.8(1) and
86.7(1)�, respectively).

The crystal structures of 3 share a pseudo layered structure, but 3a and 3b do
not reveal the presence of signicant p–p stacking interactions owing to the too
long interplanar distance between adjacent benzene rings. Only C–H/N (3a) or
C–H/N and C–H/p (3b) intermolecular interactions stabilize their crystal
structures. In the case of 3c, besides C–H/N and C–H/p interactions, we also
observe short CC contacts (3.337 and 3.317 Å) which involve, however, only 4 of
the 6 independent molecules. As a result, the presence of weak interactions in
the crystal phase explains the AIE behaviour of the series of compounds 3, while
their rather low PL QY can be ascribed to the absence of strong aggregation
(Fig. 5).

Crystals of 5b belong to the C2/c space group with half a molecule in the
asymmetric unit (see Fig. 6). Unlike 5a, for which four kinds of crystals
were obtained, characterized by different morphologies and absorption and
Fig. 6 Partial view of the crystal packing of 5b, where contacts shorter than the sum of the
van der Waals radii are included. Ellipsoids are drawn at the 50% probability level.
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emission colours, only one phase was obtained for 5b. A distinctive feature of
these molecular structures is their twisted conformation due to the steric
hindrance both between the CN and the dimethylamino-phenyl substituents
and between the phenyl rings. As previously evidenced,12 three geometrical
factors can act in a concerted way to reduce such hindrance, that is, the (N)C–
C]C–C(Ph) torsion angle, the reciprocal tilting of the phenyl rings (quantied
through the dihedral angle between the least-squares planes through the
phenyl carbon atoms) and the central double bond, which in the present
structures is signicantly elongated with respect to the value of 1.331(9) Å re-
ported for (C2)–C]C–(C2) unconjugated bonds,24 denoting a high degree of
conjugation. It is to be pointed out that, owing to their cross-conjugated
architecture,25 the phenyl rings, connected with each other via two single
bonds, are separately conjugated to each CN group, as well as the CN groups
being separately conjugated to each phenyl ring. The conformational differ-
ences observed in the four crystals of 5a, though small, were found to be
associated with a different degree of conjugation between the molecular
moieties connected through the C]C double bond. In particular, the lower the
dihedral angle between the phenyl rings, the larger the distortion around the
double bond and the greater the cross-conjugation. In the case of 5b, we
observe a large dihedral angle between the phenyl rings (71.6(1) vs. 71.8(1)–
58.0(1)� found in 5a), a lower (N)C–C]C–C(Ph) torsion angle (9.0(1) vs. 11.8(1)–
19.9(1)� of 5a) and a shorter C]C bond length with respect to 5a (1.366(3) vs.
1.376(3)–1.390(2) Å). All these features indicate a lower cross-conjugation for 5b
with respect to 5a.

The twisted conformations of compounds 5a and 5b rule out the presence of
strong intermolecular p–p stacking interactions, excluding the formation of H- or
J-aggregates. On the other hand, as noted for the series of compounds 3, the weak
C–H/N and C–H/p intermolecular interactions found in the structures of 5a
and 5b are enough to x the molecular conformations in the crystal structures to
activate the RIR mechanism. In both series of compounds 3 and 5, the absence of
strong intermolecular interactions and the conformational freedom associated
with the presence of several single bonds explain the formation of different
polymorphs, as demonstrated from X-ray investigation for 5a and suggested from
spectroscopic evidence for 3b.
Pump–probe experiments

A deep understanding of the role of the intramolecular torsional mobility in AIE
molecules is of crucial importance in order to design new organic compounds
with improved optoelectronic properties. We reported the spectral evolution of
the stimulated emission of the series of compounds 1 dissolved in solution,
showing that the torsional relaxation toward the equilibrium geometry of the
excited state takes place on a time scale that depends on the solvent viscosity.11

Pump–probe ultrafast dynamics have also been employed to study the time
evolution of the excited states of compound 2b, whose long-living optical gain was
detected only when the twisted intramolecular charge transfer mechanism is
inhibited on increasing the solvent viscosity.12

Here we report ultrafast pump–probe measurements on two solutions of
compound 5a displaying different viscosities, namely polyethylene glycol (PEG)
152 | Faraday Discuss., 2017, 196, 143–161 This journal is © The Royal Society of Chemistry 2017
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and acetonitrile (ACN). In this way it is possible to temporally resolve the spectral
evolution of the excited states created aer the pump excitation of the molecule
dispersed in viscous and non-viscous solvents.

In this experiment, the transmission of a white light pulse (probe) is detected
at different time delays with respect to the pump excitation (400 nm). The
differential transmission spectra of the probe pulse DT/T (where DT ¼ Ton � T,
and Ton is the transmission of the probe light with pump excitation and T is the
transmission of the probe light without pump excitation) taken at different probe
delays is then obtained. A positive DT/T signal (transmission increasing aer
pump excitation) is an indication of bleaching of the ground state when the signal
spectrally overlaps the absorption spectrum, or of Stimulated Emission (SE) from
the excited state when the signal overlaps the PL spectrum of the molecule. The
time-resolved spectra (Fig. 7) recorded in both solvents show a positive broad
band that can be associated with Stimulated Emission (SE peak at around 530
nm). In ACN solution aer around 1 ps the formation of a negative Photoinduced
Absorption (PA) band centered at 520 nm is observed, showing a fast decay on
a time scale of a few ps (red line, inset Fig. 7, top panel). On the contrary, in PEG
solution there is no formation of a PA band in this time (black line, inset Fig. 7,
top panel).
Fig. 7 Differential transmission spectra at 0 fs (black line), 2 ps (red line) and 20 ps (blue
line) probe delays for PEG (top panel) and ACN (bottom panel) solutions. Dynamics at 530
nm are shown for both solutions in the inset of the top panel.
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Conclusions

We have reported and compared the design, synthesis, molecular optical prop-
erties, and solid state emissive behaviour of several series of novel compounds
with “push–pull” character. The compounds bear three or four substituents
around a central olen stator. While all the structures are non-emissive in solu-
tion, a handful of them possess solid-state emission with quantum yields over
10%. With the exception of compound 5a, all AIE compounds are characterized
by having three substituents around the stator. As a general trend, the use of
4-methoxyaryl substituents as the “push” component does not bring any useful
solid-state emissive behavior.

Our classes of compounds are efficient in terms of tunability of emission
response, but the translation of molecular design into efficient solid state emis-
sion is far from straightforward. The nice correlations with Hammett's parame-
ters demonstrate the possibility of predicting and rationally tuning the energy
gaps of these structures. However, good solid state emission is activated or
deactivated with subtle changes in the molecular structures, sometimes in
unpredictable ways. As such, the potential incorporation of the most promising of
the structures presented here into complex covalent scaffolds (polymers, covalent
organic frameworks) for functional applications cannot at present be considered
immediately as occurs with other AIE scaffolds.
Experimental
General experimental for synthesis

All available compounds were purchased from commercial sources and used as
received. Compounds 2b12 and 5a13 were previously reported by us. THF (Na,
benzophenone), Et2O (Na, benzophenone) and CH2Cl2 (CaH2) were dried and
distilled before use. 1H and 13C NMR spectra were recorded from solutions of
CDCl3 on a Bruker 200 or AMX300 with the solvent residual proton signal as
a standard. Analytical thin layer chromatography was performed on silica gel,
chromophore loaded, commercially available plates. Flash chromatography was
carried out using silica gel (pore size 60 Å, 230–400 mesh). 1H and 13C NMR
spectra were recorded from solutions of CDCl3 on 200, 300 or 500 MHz spec-
trometers with the solvent residual proton signal or tetramethylsilane as a stan-
dard. Mass spectra were recorded using an electrospray ionization instrument
(ESI). Melting points are uncorrected.
General procedure for the synthesis of series 2 and 3

A solution of the appropriate aldehyde (1 equiv.) and ketone or malononitrile
(1 equiv.) in Ac2O (5–10 mL) was heated under reux (140 �C) for 18 h. Aer
cooling to room temperature, the reaction mixture was poured into water/ice, and
the aqueous suspension extracted with CH2Cl2. The organic phase was washed
with a saturated solution of NaHCO3 and then dried (Na2SO4). The product was
isolated aer purication using column chromatography.

Compound 2a. From 4-dimethylaminobenzaldehyde (1.5 g, 10 mmol) and 2,4-
pentanedione (1 mL, 10 mmol). Puried with column chromatography (SiO2;
hexane : AcOEt ¼ 7 : 3) and obtained as a yellow-orange solid (572 mg, 25%).
154 | Faraday Discuss., 2017, 196, 143–161 This journal is © The Royal Society of Chemistry 2017
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Rf¼ 0.3 (hexane : AcOEt¼ 7 : 3). 1H NMR (CDCl3, 200 MHz, 25 �C) d¼ 7.40 (s, 1H;
vinyl CH), 7.31 (d, 2H; J ¼ 9 Hz, ArH), 6.65 (d, 2H; J ¼ 9 Hz, ArH), 3.05 (s, 6H;
–N(CH3)2), 2.39 (s, 3H; –COCH3), 2.37 (s, 3H; –COCH3).

13C NMR (CDCl3, 75 MHz,
25 �C) d ¼ 207.0 (Cq), 196.3 (Cq), 151.8 (Cq), 140.9 (vinyl CH), 137.8 (Cq), 132.2 (Ar
CH), 120.1 (Cq), 111.8 (Ar CH), 40.0 (N(CH3)2), 31.6 (CH3), 26.1 (CH3). MS-ESI m/z
(%) ¼ 232 [M + H]+ (100), 485 [2M + Na]+ (70). The crystal structure of this
compound has been previously reported.26 The 1H and 13C NMR spectra matched
those previously reported.27

Compound 2c. From 4-methoxybenzaldehyde (610 mL, 5 mmol) and 2,4-pen-
tanedione (516 mL, 5 mmol). Puried with column chromatography (SiO2; hex-
ane : AcOEt ¼ 9 : 1) and obtained as a yellow oil (255 mg, 25%). Rf ¼ 0.14
(hexane : AcOEt ¼ 9 : 1). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼ 7.63 (s, 1H; vinyl
CH), 7.47 (d, 2H; J ¼ 9 Hz, ArH), 6.93 (d, 2H; J ¼ 9 Hz; ArH), 3.83 (s, 3H; –OCH3),
2.12 (m, 6H; 2CH3). The

1H NMR spectrum matched that previously reported.28

Compound 2d. From 4-methoxybenzaldehyde (1.2 mL, 10 mmol) and hexa-
uoroacetylacetone (1.4 mL, 10 mmol). Puried with column chromatography
(SiO2; hexane : CH2Cl2¼ 7 : 3) and obtained as a yellow oil (925mg, 28%). Rf¼ 0.3
(hexane : CH2Cl2 ¼ 7 : 3). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼ 7.99 (s, 1H; vinyl
CH), 7.42 (d, 2H; J ¼ 9 Hz; ArH), 6.97 (d, 2H; J ¼ 9 Hz; ArH), 3.87 (s, 3H; –OCH3).
This compound was previously reported, but no NMR information was given.18

Compound 2e. From 4-diethylaminobenzaldehyde (177.3 mg, 1 mmol) and
hexauoroacetylacetone (142 mL, 1 mmol). Puried with column chromatography
(SiO2; hexane : CH2Cl2 ¼ 1 : 1) and obtained as a pink waxy solid (185 mg, 50%).
Rf ¼ 0.5 (hexane : CH2Cl2 ¼ 1 : 1). Mp ¼ 60–62 �C. 1H NMR (CDCl3, 200 MHz,
25 �C) d ¼ 7.83 (s, 1H; vinyl CH), 7.34 (d, 2H; J ¼ 9 Hz; ArH), 6.65 (d, 2H; J ¼ 9 Hz;
ArH), 3.48 (q, 4H; J ¼ 7 Hz; 2CH2), 1.25 (t, 6H; J ¼ 7 Hz; 2CH3).

Compound 2f. From 4-pyrrolidinobenzaldehyde (876 mg, 5 mmol) and 2,4-
pentanedione (501 mg, 5 mmol). Puried with column chromatography (SiO2;
hexane : AcOEt ¼ 8 : 2) and obtained as an orange-brown solid (421 mg, 37%). Rf

¼ 0.3 (hexane : AcOEt ¼ 8 : 2). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼ 7.40 (s, 1H;
vinyl CH), 7.30 (d, 2H; J ¼ 9 Hz; ArH), 6.52 (d, 2H; J ¼ 9 Hz; ArH), 3.36 (m, 4H;
2CH2), 2.38 (s, 3H; CH3), 2.37 (s, 3H; CH3), 2.04 (m, 4H; 2CH2).

13C NMR (CDCl3, 75
MHz, 25 �C) d¼ 207.2 (Cq; –CO), 196.1 (Cq; –CO), 149.4 (Cq), 141.3 (CH), 137.1 (Cq),
132.4 (CH), 119.3 (Cq), 111.7 (CH), 47.4 (CH2), 31.6 (CH3), 26.1 (CH3), 25.3 (CH2).

Compound 2g. From 4-pyrrolidinobenzaldehyde (876 mg, 5 mmol) and hexa-
uoroacetylacetone (700 mL, 5 mmol). Puried with column chromatography
(SiO2; hexane : CH2Cl2 ¼ 1 : 1) and obtained as a dark red solid (512 mg, 28%).
Rf ¼ 0.4 (hexane : CH2Cl2 ¼ 1 : 1). Mp ¼ 89–91 �C. 1H NMR (CDCl3, 200 MHz,
25 �C) d ¼ 7.85 (s, 1H; vinyl CH), 7.35 (d, 2H; J ¼ 9 Hz; ArH), 6.45 (d, 2H; J ¼ 9 Hz;
ArH), 3.45 (t, 4H; 2CH2), 2.08 (m, 4H; 2CH2).

13C NMR (CDCl3, 75 MHz, 25 �C) d ¼
187.6 (q, Cq; J¼ 35 Hz), 177.5 (q, Cq; J¼ 35 Hz), 152.1 (Cq), 151.8 (CH), 135.2 (CH),
119.2 (Cq), 118.1 (Cq), 117.1 (q, Cq; J ¼ 300 Hz), 115.3 (q, Cq; J ¼ 300 Hz), 112.4
(CH), 47.8 (CH2), 25.2 (CH2).

Compound 3a. From 4-dimethylaminobenzaldehyde (746 mg, 5 mmol) and
malononitrile (330 mg, 5 mmol). Puried with column chromatography (SiO2;
hexane : CH2Cl2 ¼ 2 : 8) and obtained as an orange solid (388 mg, 40%). Rf ¼ 0.7
(hexane : CH2Cl2 ¼ 2 : 8). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼ 7.83 (d, 2H; J ¼ 9
Hz; ArH), 7.48 (s, 1H; vinyl CH), 6.68 (d, 2H; J ¼ 9 Hz; ArH), 3.15 (s, 6H; –N(CH3)2).
13C NMR (CDCl3, 75 MHz, 25 �C) d¼ 157.9 (CH), 154.1 (Cq), 133.7 (CH), 119.2 (Cq),
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 196, 143–161 | 155
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115.9 (Cq; –CN), 114.8 (Cq; –CN), 111.5 (CH), 71.9 (Cq), 40.0 (CH3). The
1H NMR

spectrum matched the one previously reported.29

Compound 3b. From 4-diethylaminobenzaldehyde (886 mg, 5 mmol) and
malononitrile (330 mg, 5 mmol). Puried with column chromatography (SiO2;
hexane : CH2Cl2¼ 2 : 8) and obtained as a dark pink solid (851 mg, 76%). Rf¼ 0.4
(hexane : CH2Cl2 ¼ 2 : 8). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼ 7.81 (d, 2H; J ¼ 9
Hz; ArH), 7.44 (s, 1H; vinyl CH), 6.68 (d, 2H; J ¼ 9 Hz; ArH), 3.48 (q, 4H; J ¼ 7 Hz;
2CH2), 1.25 (t, 6H; J ¼ 7 Hz; 2CH3).

13C NMR (CDCl3, 75 MHz, 25 �C) d ¼ 157.7
(CH), 152.3 (Cq), 134.0 (CH), 118.8 (Cq), 116.1 (Cq; –CN), 114.9 (Cq; –CN), 111.2
(CH), 71.0 (Cq), 44.8 (CH2), 12.4 (CH3). The

1H and 13C NMR spectra matched
those previously reported.30 The crystal structure of this compound has been
previously reported.23b

Compound 3c. From 4-pyrrolidinobenzaldehyde (876 mg, 5 mmol) and
malononitrile (330 mg, 5 mmol). Puried with column chromatography (SiO2;
hexane : CH2Cl2 ¼ 2 : 8) and obtained as a brown-orange solid (316 mg, 29%). Rf

¼ 0.55 (hexane : CH2Cl2¼ 2 : 8). 1H NMR (CDCl3, 200 MHz, 25 �C) d¼ 7.80 (d, 2H;
J ¼ 9 Hz; ArH), 7.44 (s, 1H; vinyl CH), 6.57 (d, 2H; J ¼ 9 Hz; ArH), 3.45 (m, 4H;
2CH2), 2.09 (m, 4H; 2CH2).

13C NMR (CDCl3, 75 MHz, 25 �C) d ¼ 157.9 (CH), 151.8
(Cq), 133.9 (CH), 119.0 (Cq), 116.1 (Cq), 115.1 (Cq), 111.9 (CH), 70.9 (Cq), 47.8 (CH2),
25.2 (CH2). This compound was previously reported.31
General procedure for the synthesis of series 4 and 5

Preliminary step for compounds 4d–f and 5b. A solution of 4,40-dimethox-
ybenzofenone (1 equiv.) and Lawesson's reagent (1.5 equiv.) in dry toluene
(30 mL) was heated to reux (110 �C) with a Dean–Stark apparatus for 18 h. The
intermediate thioketone was puried using column chromatography, then used
without further characterization.

Second step for all compounds in series 4 and 5. A solution of the isolated or
commercially-available thioketone (1 equiv.), the appropriate 1,3-dicarbonyl
compound or malononitrile (1.2 equiv.), Et3N (3.6 equiv.) and AgOCOCF3
(2.5 equiv.) in dry CH3CN (6 mL) was stirred in the dark at room temperature for
18 h. The solvent and base were removed in vacuo, and the residue partitioned
between brine and AcOEt. The organic phase was then dried (Na2SO4) and the
product was isolated aer purication with column chromatography.

Compound 4a. From 4,40-bis(dimethylamino)thiobenzofenone (284 mg, 1
mmol), malonic acid methyl ester (137 mL, 1.2 mmol), Et3N (500 mL, 3.6 mmol)
and AgOCOCF3 (642 mg, 2.5 mmol) in dry CH3CN (6 mL). Puried with column
chromatography (SiO2; hexane : AcOEt ¼ 8 : 2) and obtained as a brown oil (89
mg, 23%). Rf ¼ 0.1 (hexane : AcOEt ¼ 8 : 2). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼
7.12 (d, 4H; J¼ 9 Hz; ArH), 6.54 (d, 4H; J¼ 9 Hz; ArH), 3.76 (s, 6H; –OCH3), 2.85 (s,
12H; –N(CH3)2).

13C NMR (CDCl3, 75 MHz, 25 �C) d ¼ 168.0 (Cq; CO), 158.9 (Cq),
151.0 (Cq), 131.5 (Cq), 127.9 (CH), 118.8 (Cq), 111.6 (CH), 51.8 (OCH3), 40.1
(N(CH3)2).

Compound 4b. From 4,40-bis(dimethylamino)thiobenzofenone (284 mg, 1
mmol), 2,4-pentanedione (123 mL, 1.2 mmol), Et3N (500 mL, 3.6 mmol) and
AgOCOCF3 (642 mg, 2.5 mmol) in dry CH3CN (6 mL). Puried with column
chromatography (SiO2; CH2Cl2 : AcOEt ¼ 9 : 1) and obtained as a green emerald
solid (109 mg, 31%). Rf ¼ 0.4 (CH2Cl2 : AcOEt ¼ 9 : 1). 1H NMR (CDCl3, 200 MHz,
156 | Faraday Discuss., 2017, 196, 143–161 This journal is © The Royal Society of Chemistry 2017
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25 �C) d ¼ 7.07 (d, 4H; J ¼ 9 Hz; ArH), 6.65 (d, 4H; J ¼ 9 Hz; ArH), 3.03 (s, 12H;
–N(CH3)2), 1.92 (s, 6H; 2COCH3).

13C NMR (CDCl3, 75 MHz, 25 �C) d ¼ 204.5 (Cq;
CO), 154.7 (Cq), 151.6 (Cq), 132.5 (Cq), 127.4 (CH), 126.3 (Cq), 111.4 (CH), 40.1
(N(CH3)2), 31.1 (CH3). MS-ESI m/z (%) ¼ 351 [M + H]+ (100), 723 [2M + Na]+ (40).

Compound 4c. From 4,40-bis(dimethylamino)thiobenzofenone (284mg, 1mmol),
acetoacetic acid methyl ester (139 mg, 1.2 mmol), Et3N (500 mL, 3.6 mmol) and
AgOCOCF3 (642 mg, 2.5 mmol) in dry CH3CN (6 mL). Puried with column chro-
matography (SiO2; hexane : AcOEt ¼ 8 : 2) and obtained as a yellow solid (190 mg,
52%). Rf¼ 0.2 (hexane : AcOEt¼ 8 : 2). 1HNMR (CDCl3, 200MHz, 25 �C) d¼ 7.08 (m,
4H; ArH), 6.63 (m, 4H; ArH), 3.62 (s, 3H; –OCH3), 3.01 (m, 12H; 2N(CH3)2), 1.88 (s, 3H;
CH3).

13C NMR (CDCl3, 75 MHz, 25 �C) d ¼ 201.6 (Cq; CO), 169.5 (Cq; COCH3), 156.9
(Cq), 151.7 (Cq), 132.6 (Cq), 131.6 (CH), 127.1 (Cq), 111.1 (CH), 51.7 (OCH3), 40.0
(2N(CH3)2), 30.2 (CH3). MS-ESI m/z ¼ 367 [M + H]+ (100), 755 [2M + Na]+ (70).

Compound 4d. From 4,40-dimethoxybenzofenone (100 mg, 0.4 mmol) and
Lawesson's reagent (243 mg, 0.6 mmol); then 4,40-dimethoxythiobenzofenone (1
equiv.), malonic acid methyl ester (1.2 equiv.), Et3N (3.6 equiv.) and AgOCOCF3
(2.5 equiv.) in dry CH3CN (6 mL). Puried with column chromatography (SiO2;
hexane : AcOEt ¼ 8 : 2) and obtained as a white solid (26 mg, 21%). Rf ¼ 0.2
(hexane : AcOEt ¼ 8 : 2). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼ 7.12 (d, 2H; J ¼ 9
Hz; ArH), 6.88 (d, 2H; J ¼ 9 Hz; ArH), 3.84 (s, 6H; –2OCH3), 1.93 (s, 6H; 2CH3).

13C
NMR (CDCl3, 75 MHz, 25 �C) d ¼ 204.0 (Cq; CO), 161.1 (Cq), 150.3 (Cq), 141.3 (Cq),
131.9 (CH), 113.96 (CH), 55.3 (OCH3), 31.1 (CH3). The compound has been
previously reported.32

Compound 4e. From 4,40-dimethoxybenzofenone (100 mg, 0.4 mmol) and
Lawesson's reagent (243 mg, 0.6 mmol); then 4,40-dimethoxythiobenzofenone (1
equiv.), 2,4-pentanedione (1.2 equiv.), Et3N (3.6 equiv.) and AgOCOCF3 (2.5 equiv.)
in dry CH3CN (6 mL). Puried with column chromatography (SiO2; hex-
ane : AcOEt ¼ 8 : 2) and obtained as a white solid (26 mg, 21%). Rf ¼ 0.2 (hex-
ane : AcOEt ¼ 8 : 2). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼ 7.12 (d, 2H; J ¼ 9 Hz;
ArH), 6.88 (d, 2H; J¼ 9 Hz; ArH), 3.84 (s, 6H; –2OCH3), 1.93 (s, 6H; 2CH3).

13C NMR
(CDCl3, 75 MHz, 25 �C) d ¼ 204.0 (Cq; CO), 161.1 (Cq), 150.3 (Cq), 141.3 (Cq), 131.9
(CH), 113.9 (CH), 55.3 (OCH3), 31.1 (CH3).

Compound 4f. From 4,40-dimethoxybenzofenone (200 mg, 0.8 mmol) and
Lawesson's reagent (501 mg, 1.2 mmol); then 4,40-dimethoxythiobenzofenone (1
equiv.), acetoacetic acid methyl ester (1.2 equiv.), Et3N (3.6 equiv.) and AgOCOCF3
(2.5 equiv.) in dry CH3CN (6 mL). Puried with column chromatography (SiO2;
hexane : AcOEt ¼ 8 : 2) and obtained as a white solid (60 mg, 34%). Rf ¼ 0.5
(hexane : AcOEt ¼ 8 : 2). 1H NMR (CDCl3, 200 MHz, 25 �C) d ¼ 7.12 (m, 4H; ArH),
6.86 (m, 4H; ArH), 3.88 (m, 6H; –ArOCH3), 3.61 (s, 3H; COOCH3), 1.93 (s, 3H; CH3).
13C NMR (CDCl3, 75 MHz, 25 �C) d ¼ 201.3 (Cq; CO), 168.2 (Cq; COOCH3), 160.7
(Cq), 153.6 (Cq), 132.4 (Cq), 131.9 (CH), 131.8 (Cq), 113.9 (CH), 55.3 (OCH3), 51.9
(OCH3), 30.3 (CH3). MS-ESI m/z ¼ 340 [M]+.

Compound 5b. From 4,40-dimethoxybenzofenone (200 mg, 0.8 mmol) and
Lawesson's reagent (501 mg, 1.2 mmol); then 4,40-dimethoxythiobenzofenone (1
equiv.), malononitrile (1.2 equiv.), Et3N (3.6 equiv.) and AgOCOCF3 (2.5 equiv.) in
dry CH3CN (6mL). Puried with column chromatography (SiO2; hexane : AcOEt¼
8 : 2) and obtained as a white solid (77 mg, 47%). Rf¼ 0.2 (hexane : AcOEt¼ 8 : 2).
1H NMR (CDCl3, 200 MHz, 25 �C) d¼ 7.43 (d, 2H; J¼ 9 Hz; ArH), 6.98 (d, 2H; J¼ 9
Hz; ArH), 3.89 (s, 6H; –2OCH3).

13C NMR (CDCl3, 75 MHz, 25 �C) d ¼ 173.8 (Cq),
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 196, 143–161 | 157
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163.3 (Cq), 132.9 (CH), 128.3 (Cq), 114.9 (CN), 114.1 (CH), 77.4 (Cq), 55.5 (OCH3).
The compound has been previously reported.33

Spectroscopical measurements

UV-Vis absorption spectra were obtained with a Perkin Elmer Lambda 900 spec-
trometer and PL spectra with a SPEX 270 M monochromator equipped with a N2

cooled charge-coupled device exciting with a monochromated 450 W Xe lamp.
Spectra were corrected for the instrument response. Photoluminescence
quantum yields (PL QYs) of solutions were obtained using quinine sulfate or
coumarine 153 as a standard. The PL QYs of solid state samples were obtained
using a home-made integrating sphere, as previously reported.34

X-ray crystal structures

Single crystals of 3c suitable for X-ray analysis were obtained using CH2Cl2/pentane.
Diffraction data were collected on a Bruker Smart Apex II CCD area detector using
graphite monochromated Mo-Ka radiation. Data reduction was made using SAINT
programs; absorption corrections based on multiscans were obtained using
SADABS.35 The structures were solved using SHELXS-97 and rened on F2 by full-
matrix least-squares using SHELXL-14.36 All the non-hydrogen atoms were rened
anisotropically, hydrogen atoms were included as ‘riding’ and not rened. Crystal
data and results of the renement: orange prism 0.35� 0.27� 0.25 mm, C14H13N3,
Mr ¼ 223.27; triclinic, P�1; a¼ 10.8613(6) Å, b¼ 13.0319(7) Å, c¼ 26.5818(15) Å, a¼
89.750(1)�, b ¼ 82.163(1)�, g ¼ 72.238(1)�, V ¼ 3546.9(3) Å3; Z ¼ 12; T ¼ 120(2) K;
m(Mo)¼ 0.077mm�1. 58 049measured reections, 15 850 independent reections,
11 640 reections with I > 2s(I), 1.55 < 2q < 54.54�, Rint ¼ 0.0386. Renement on
15 850 reections, 928 parameters. Final R¼ 0.0642, wR¼ 0.1649 for data with F2 >
2s(F2), S ¼ 1.071, (D/s)max ¼ 0.001, Drmax ¼ 0.668, Drmin ¼ �0.462 e Å�3.

Single crystals of 5b suitable for X-ray analysis were obtained via slow evapora-
tion from a CHCl3 solution. Diffraction data were collected on a conventional Enraf-
Nonius CAD4 four circle diffractometer, working at ambient temperature with
graphite monochromated Mo-KaMo Ka X-radiation (l ¼ 0.7107 Å). Data reduction
was performed with the WinGX package.37 Absorption effects were evaluated with
the c-scan method38 and absorption correction was applied to the data. The crystal
structure was solved by direct methods (SIR 97)39 and rened by full-matrix least-
squares procedures on F2 using all reections (SHELXL-14).36 Anisotropic
displacement parameters were rened for all non-hydrogen atoms; hydrogens were
placed at calculated positions with the appropriate AFIX instructions and rened
using a riding model. Crystal data and results of the renement: prism 0.75 � 0.55
� 0.2mm, C18H14N2O2,Mr¼ 290.31;monoclinic, C2/c; a¼ 17.518(4) Å, b¼ 8.666(2)
Å, c ¼ 10.772(3) Å, b ¼ 110.164(5)�, V ¼ 1535.1(6) Å3; Z ¼ 4; T ¼ 293(2) K; m(Mo) ¼
0.083 mm�1. 2340 measured reections, 2234 independent reections, 1378
reections with I > 2s(I), 4.96 < 2q < 59.96�, Rint ¼ 0.0182. Renement on 2234
reections, 129 parameters. Final R¼ 0.0491, wR¼ 0.1127 for data with F2 > 2s(F2),
S ¼ 1.007, (D/s)max ¼ 0.000, Drmax ¼ 0.170, Drmin ¼ �0.175 e Å�3.†

Pump–probe experiments

Time-resolved measurements were performed using a home-built femtosecond
pump–probe setup. A Ti:sapphire regenerative amplier (Libra, Coherent) was
158 | Faraday Discuss., 2017, 196, 143–161 This journal is © The Royal Society of Chemistry 2017
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used as a laser source, delivering 100 fs pulses at a central wavelength of 800 nm
with a 4 mJ pulse energy at a repetition rate of 1 kHz. For the excitation pulses, we
used the second harmonic of the fundamental beam at 400 nm. In order to
minimize bimolecular effects, the excitation density was kept at z6 mJ cm�2.
White light generated with a 2 mm-thick sapphire plate was used as a probe in the
visible region from 490 to 700 nm. For a spectrally resolved detection of the probe
light, a spectrograph and CCD array were used. The chirp in the white light pulse
was carefully taken into account during the analysis and evaluation of the ob-
tained two-dimensional (wavelength and time)DT(l,t)/Tmaps before extraction of
the spectral and temporal data with homemade soware. Overall, a temporal
resolution of at least 150 fs was achieved for all excitation wavelengths.
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