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Abstract: A series of new β-ketoimines containing a ferrocene 

moiety and related BF2 derivatives were synthesized and structurally 

characterized. The solvatochromism of the β-ketoimines was studied, 

putting in evidence a red shift by increasing the solvent polarity. This 

positive solvatochromism can be attributed to the more polarized 

excited state, with respect to the ground state, due to intramolecular 

charge transfer (ICT) transitions. β-ketoimines exhibit a weak 

emission, attributable to the excited state intramolecular proton 

transfer (ESIPT) phenomenon. This ESIPT effect is suppressed 

upon restriction of the keto-enamine tautomerism by addition of 

BF3·OEt2 which affords the related BF2 complexes, characterized by 

an enhancement of the fluorescence through the ICT effect. Both β-

ketoimines and BF2 complexes, examined in mixtures of CH3CN/H2O, 

exhibit a significant aggregation-induced emission (AIE) behavior, 

due to restriction of intramolecular rotation (RIR) in the aggregated 

state. The frontier molecular orbital levels, ground and excited state 

dipole moments (µg and µe), and the origin of electronic absorption 

spectra were studied by using time-dependent density functional 

theory (TD-DFT) calculations. The second-order nonlinear optical 

(NLO) properties were determined by the EFISH technique. The 

µβ1907 value of all β-ketoimines increases upon the formation of the 

related BF2 complex, mainly due to an enhancement of the ground 

state dipole moment. Some of these novel compounds are excellent 

multifunctional candidates for NLO and luminescence applications. 

Introduction 

Nonlinear optics has been the subject of intensive research, 
because of its wide applications in the fields of photonics,1-3 
optoelectronics,1-4 optical switching,5-7 optical communications,1-3 

information storage,1-3,8 and signal processing.1-3,9 Although 
inorganic crystalline salts and conjugated organic molecules can 
be characterized by a high second-order nonlinear optical (NLO) 
response, inorganic salts suffer from uneasy structure 
manipulation ability whereas organic compounds suffer from 
poor thermal, mechanical and photochemical stability. The effort 
to address these disadvantages led to coordination compounds, 
where metal atoms and organic moieties were brought together 
to stabilize the structure and enhance the quadratic 
hyperpolarizability as well as thermal, mechanical and 
photochemical properties of the molecules.10-12 To have a high 

second-order NLO response, a compound must be non-
centrosymmetric, it should have charge-transfer transitions of 
low energy and there must be large variations of the dipole 
moment during electronic excitation.1-3 Typically, molecules with 
electron-donor (D) and electron-acceptor (A) fragments coupled 
via a polarizable moiety can have a respectable NLO response.1-

3 In coordination compounds, the metal can act as the donor, the 
acceptor or even the polarizable bridge of the NLO-active 
system.10-17 Among them, compounds having a ferrocene (Fc) 
moiety are of particular interest. Indeed, Fc is fascinating due to 
its donor properties, its easy chemical modification and its 
simple electrochemical reversible one-electron transfer 
behaviour.18-20 Inspired by the important report of Green and 
Marder,21 many investigations have exploited the ferrocenyl 
group as an electron donor to achieve significant NLO 
properties.8, 22-31  

In the last few years, coordination compounds 
characterized by both luminescent and NLO properties are of 
growing interest as new molecular multifunctional materials.32-37 
In particular, materials with aggregation-induced emission (AIE) 
attributes, in which the light emission is induced by aggregates 
formation, have attracted much interest since the debut of the 
AIE concept discovered by Ben Zhong Tang et al. in 2001.38, 39  

The unique AIE effect is usually originated from the 
mechanism of restricted intramolecular rotation (RIR). The rotor-
containing AIE-luminogens undergo dynamic intramolecular 
rotations in dilute solutions, which lead to non-radiative 
pathways and fluorescence quenching, whereas, in the 
aggregated state, the rotations are restricted allowing an 
efficient radiative pathway for the excited state electrons back to 
ground state.39 Recently, studies on AIE emissive derivatives 
with third-order nonlinear optical properties have gathered 
attention because of their wide applications in luminescent 
materials, chemosensors, organic photovoltaics, molecular 
probes, bioimaging, ion sensing and organic light emitting 
devices (OLEDs).40 The development of molecules with both 
NLO and AIE properties is in its infancy and needs to be 
explored more deeply. It turned out that ferrocene compounds 
are of interest also in this field. Thus, some of us reported 
ferrocene-appended donor-π-acceptor Schiff bases 
characterized by both second-order nonlinear optical and AIE 
properties.41 



In the search of novel molecular materials, combination of 
excited-state intramolecular proton transfer (ESIPT) with AIE is 
particularly fascinating because it represents an elegant way to 
overcome the limitations of many ESIPT dyes. In general, 
molecules can exhibit ESIPT fluorescence if their structures 
incorporate an intramolecular hydrogen bonding interaction 
between a hydrogen bond donor (–OH and NH2) and a hydrogen 
bond acceptor (=N– and C=O). Common ESIPT fluorophores 
are analogues of 2-(2’-hydroxyphenyl) benzimidazole, 2-(2’-
hydroxyphenyl)benzoxazole and 2-(2’-
hydroxyphenyl)benzothiazole, but excited-state intramolecular 
proton transfer has also been observed for β-ketoimines.42-44  
ESIPT is a four-level photochemical process, with the electronic 
ground state of ESIPT fluorophores typically existing in an enol 
(E) form. Upon photoexcitation, the electronic charge of such 
molecules can be redistributed, resulting in greater acidity for the 
hydrogen bond donor group and increased basicity for the 
hydrogen bond acceptor within the E form. As a result, an enol 
to keto phototautomerization takes place, with the excited state 
enol form (E*) rapidly converting to its excited keto form (K*). 
After decaying radiatively back to its electronic ground state, a 
reverse proton transfer takes place to produce the original E 
form. ESIPT fluorophores can exhibit dual-emission spectra 
arising from the excited state enol (E*) and the excited state keto 
(K*) emissions.42-43 In solution, intramolecular rotations can non-
radiatively extinguish the excited states of ESIPT fluorophores 
whereas, in the aggregate form, the rigid environment favors the 
formation of hydrogen bonds and turns on the light emission.44  

These observations, the fascinating AIE behavior of boron 
ketoiminates45 and the interesting NLO properties of a 
ferrocene-appended β-ketoimine,11 prompted us to prepare and 
study novel ferrocene-appended β-ketoimines and related BF2 

derivatives (see compounds in Scheme 1), for both aggregation-
induced emission and second-order nonlinear optical behavior. 
Their structures have been determined by single crystal X-ray 
diffraction (XRD), and their electronic absorption spectra and 
electrochemical properties have been experimentally 
investigated. The optical properties have also been computed by 
employing density functional theory (DFT/TD-DFT) calculations, 
revealing a good correlation between theoretical and 
experimental data. The second-order NLO responses were 
measured by means of the electric-field induced second 
harmonic generation (EFISH) technique. 

Results and Discussion 

Synthesis and characterization 

β-Ketoimines are readily prepared by reaction of 1-(4,4,4-
trifluoromethyl-1,3-dione) ferrocene, synthesized as previously 
reported,46 with the suitable amine (Scheme 1). Further reaction 
with BF3.Et2O in dichloromethane at room temperature leads to 
the related purple BF2 complexes (BF1-BF4), which can be 
purified by column chromatography (52-56% yields), like 
previously reported in the case of β-diketonate derivatives.47 

The 1H NMR spectra of β-ketoimines (L1-L4) and related 
BF2 complexes (BF1-BF4) display the ferrocenyl fragment which 
shows three signals: two doublets in the range δ 4.14-5.00 ppm 
which are assigned to protons of the substituted 
cyclopentadienyl ring, and one singlet at 4.08-4.33 ppm, due to 
the unsubstituted cyclopentadienyl ring protons for both β-

ketoimines and BF2 complexes. Most characteristic is the 
appearance of a singlet signal at δ 5.85–6.79 ppm for the 
methine (COCHCN) that evidences the presence of a keto-
enamine tautomer in the structure. The aromatic zone in the 1H 
NMR spectra (NMR spectra are shown in Figures S2-S29) show 
two doublets (L2-L4 and BF2-BF4) and triplets (L1-BF1) in the 
range δ 6.75–8.17 ppm, as expected for the phenyl moiety. The 
β-ketoimines are obtained as their enaminone tautomeric forms, 
as deduced from their deshielded amino proton signal at δH 
11.91, 11.64, 11.99 and 12.08 ppm, for L1, L2, L3, and L4, 
respectively. This proton is associated with the hydrogen 
bonding between N-H and the carbonyl oxygen atom through an 
intramolecular hydrogen-bonding interaction.48-49 The 13C NMR 
spectrum of β-ketoimines (L1-L4) in CDCl3 confirms the 
existence of the keto-enamine tautomeric form. The methine 
carbon resonates at 92.4-97.7 ppm for the keto-enamine form. 
In addition, Cipso carbon of substituted cyclopentadienyl ring 
displays in the range at 79.3-81.7 ppm for the β-ketoimines and 
BF2 complexes. Further the fluorine attached carbon in CF3 
group is confirmed by quartet [1JC-F (270-290 Hz) around 115-
120 ppm. Whereas, another quartet [2JC-F (30-36 Hz)] belongs 
to iminic carbon in the range δ 143-146 ppm. At the same time, 
(C=O) experiences a downfield shift from 194.96 to 173.65 ppm 
after the formation of BF2 complexes. The β-ketoimines and 
related BF2 complexes were further characterized by 11B and 19F 
NMR spectroscopy. The observed chemical shift in the 11B NMR 
spectra of boron difluoride complexes is at ca ‒32 ppm whereas 
the 19F NMR signal is around −137 ppm, in agreement with 
similar complexes.50  

The HR-mass spectra of β-ketoimines and complexes 

show a peak with the expected isotopic pattern at m/z = 



399.0554 (for L1), 429. 0662 (for L2), 424.0506 (for L3), 444.0407 (for L4) and  

Scheme 1. Synthesis of β-ketoimines L1-L4 and related BF2 complexes BF1-BF4. 

BF2 complexes, 447.0541 (for BF1), 477.0648 (for BF2), 
472.0493 (for BF3), and 492.0392 (for BF4), in agreement with 
calculated data (Figures S30-S37). 

The FT-IR spectra (Figure S38 and S39) exhibit a weak 
band at around 3250 cm-1 which is attributed to the stretching 
vibration of the hydrogen-bonded enamine N–H group.51 

Moreover, a characteristic band at 750 cm-1 is attributed to the 
aromatic δ(C–H) mode associated with the para substitution. 
The imine (C=N) and (N–H···O) vibrations at 1642 cm−1 and 
1517 cm−1 of free β-ketoimines are shifted to 1629 cm−1 and 
1571 cm−1 upon complexation with boron. As expected, the N–H 
absorption bands have disappeared in the spectra of BF2 
complexes, indicating coordination through nitrogen atoms by 
deprotonation. The C–F stretching vibration was observed in the 
range 1100-1200 cm−1 for all the compounds. Further, β-

ketoimine L4 and the corresponding boron complex show strong 
strecthing vibration in at range of 1500 and 1300 cm-1, 
corresponding to asymmetric and symmetric stretching vibration 
of N–O group, respectively. Besides, the presence of B–O and 
B–N vibration peaks at 1178 cm−1 and 1028 cm−1 are in 
agreement with the formation of boron complexes. 

Crystallography structure of L1-L3 and BF1 

Crystals of β-ketoimines L1-L3 and complex BF1, suitable for 
single-crystal X-ray diffraction studies, were obtained by slow 
evaporation of the solvent from their saturated solution in ethyl 
acetate/hexane and the structural refinements details were 
summarized in Table S1. The molecular structures are shown in 
Figure 1, and selected bond lengths and angles are listed in 
Table S2. The measured cyclopentadienyl ring centroid-iron 
distances, averaging 1.646 and 1.658 Å in L1 and 1.632 and 
1.652 Å in (BF1), for the unsubstituted and substituted ring, 
respectively, are in agreement with a Fe(II) oxidation state in the 
metallocene units. The crystal structures of β-ketoimines L1-L3 
and of complex BF1 show that the angle of the cyclopentadienyl 
rings in ferrocene moieties are eclipsed, with twist angles of 
0.11° for L1, 2.31° for L2, 0.43° for L3 and 0.25° for BF1. The 
overlap pictograms of the aromatic rings and other inter and 
intramolecular interactions (hydrogen bonding and π···π 
interactions) are shown in Figure 2 and Figure S40. The phenyl 
ring is deviated from planarity, with respect to the 
monosubstituted cyclopentadienyl ring of the ferrocene unit, by 
24.26° (L1), 24.83° (L2), 22.43° (L3) and 33.46° (BF1). The 
cyclopentadienyl ring of ferrocenyl β-ketoimine has an 
interplanar angle of 63.80° for L1, 84.10° for L2, 86.55° for L3 

and 24.89° for BF1. 

Figure 1. Molecular structure of β-ketoimines L1-L3 and complex BF1 (with 
50% probability ellipsoids). 

The β-ketoimines analyzed in this work crystallized in the 
centrosymmetric P21/c and P1̅ space groups that belong to the 
monoclinic (L1, L3) and triclinic(L2) crystal system. In the 
cyclopentadienyl ring centroid-Fe-centroid angles are 178.43° 
(L1), 177.81°(L2), 178.31° (L3) and 175.39° (BF1). The 
molecular structure of L1-L3 is in agreement with a keto-
enamine tautomeric isomer and an intramolecular OUH–N 
hydrogen bond that closes the planar pseudo six-membered 
[O=C–C=C–N] chelate ring through the resonant ···O=C–C=C–
NH··· fragment with alternating double and single bonds 
between the vicinal sp2-hybridized atoms. In addition, in the 
ketoimine framework [O=C–C=C–N], the angles [C–C=C] are in 
the range of 120.1° to 123.0°, [O=C–C] are between 120.8° 
to122.0°, whereas [C=C–N] values are between 122.0° to 123.6°. 
These values are very close to ideal planar of 120° and it can be 
further considered as sp2-hybridized form of ketoimine 
framework.11 

The boron difluoride complex BF1 crystallizes in the 
monoclinic system and centrosymmetric space groups P21/c, 
with a single molecule in the asymmetric unit. Angles of F–B–F 
111.4(3), B–N (ϕ = 120.02), B–O (ϕ = 124.35), B–F (ϕ = 111.39) 
and the average bond length is 1.557(4) Å, 1.473(4) Å, 
1.354(5)Å, respectively. The chelated ring adopted a puckered 
conformation, owing to the nature of the nitrogen and oxygen 
atoms, with torsional angles in the range of ϕ = 120.6-128.3. 
Also, the dihedral angles (ω) between the mean planes defined 
by the N-bonded arene and the boron heterocycle ring, along 
with crystal packing structures, are shown in Figures S41 and 
S42. The arene π–π stacking was evident, with closest π–π 
interplanar distance of 3.856 Å. Angles CH···π and 
intermolecular CH···F were 151.36 and 158.55, respectively 



(Figures 2 and S40). Besides, CH···F distances in the order of 
2.684 Å, for L1, and 2.755 Å, for BF1, were observed in the 
lattices of these compounds. These interactions could affect 
photophysical relevant electronic states of all the chromophores, 
as confirmed by DFT optimized structures (see L1-L4 and BF1-

BF4 in Figure S43). 

Figure 2. Intermolecular interactions of (C–H···π, C–H···F, C–F···F, and C–
F··· π) ferrocenyl ketoimine (L1) and -BF2 complex (BF1) (hydrogen atoms 
omitted for clarity)  

Electrochemical Studies 

The electrochemical features of β-ketoimines (L1-L4) and 
BF2 complexes (BF1-BF4) were investigated by cyclic 
voltammetry in an acetonitrile solution containing [N(C4H9-
n)4]ClO4 as supporting electrolyte. All measurements were 
carried out in 10-5 M solutions at room temperature in the 
potential range of 0 to 1.0 V with a scan rate 50 mV s-1. The 
electrochemical data for these compounds are shown in Table 
S3. It can be seen that the β-ketoimines and BF2 complexes 
exhibit one-electron redox couple, the redox potentials being 
shifted to a positive potential in comparison with unsubstituted 
ferrocene. Cyclic voltammograms (CV) of solution containing β-
ketoimines (L1-L4) and complexes (BF1-BF4) show a 
chemically quasi-reversible process with current ratio ipa/ipc not 
close to unit; half-wave potential value [E1/2 = (Epa + Epc)/2] of all 
compounds are more positive, as shown in Figures 3 and S44. 
An anodic reversible wave at E1/2 = 793-816 mV, attributed to 
the oxidation of the ferrocenyl group, was observed. This E 
value is 111 mV positively shifted with respect to that of 
ferrocene (E1/2 = 492 mV), thus illustrating the electron-
withdrawing properties of the delocalized organic substituent in a 
para position of the aryl ring. Therefore, it appears that the 
potential of the oxidation process, which is centered on the 
ferrocenyl moiety, is only slightly affected by the electronic 
effects induced by the substituent of β-ketoimines and BF2 
complexes. Electrochemical potentials for second-order NLO 
chromophores provide information about the highest occupied 
molecular orbital (HOMO) energy level. From the oxidation 
potential (Eox), HOMO was calculated using the relationship 
EHOMO = -(Eox+ 4.4).52 

Photophysical properties 

The absorption spectra of the ferrocenyl substituted  
β-ketoimines (L1-L4) and -BF2 complexes (BF1-BF4), recorded 
in CH3CN at room temperature, are shown in Figures S45 and 
S46. Related data are listed in Table 1. The ferrocenyl β-

ketoimines and BF2 complexes show the higher energy (HE) 

bands at 257-276 nm which may be attributed to the π−π* 
transition. 322-344 nm n−π* transition from the imine to the 
substituent phenyl moiety.53 Whereas weak low energy band at 
449-451 nm is attributed to metal-to-ligand charge transfer 
(MLCT) and d–d transitions arising from the ferrocene moiety.54 
Figure 3. Cyclic voltammograms of BF2 complexes (BF1-BF4) oxidation and 
reduction process were measured in CH3CN (glassy carbon working electrode, 
scan rate = 50 mVs-1). 

Solvatochromism  

Solvatochromic studies have been carried out on β-ketoimines 
L1-L4, by using solvents with different polarities. The 
wavelength maxima (λmax) changes of β-ketoimines with solvent 
polarity were compared with the α (hydrogen bond donor), β 
(hydrogen bond acceptor), and π* (polarizability) solvent 
parameters, as determined by Kamlet and Taft (Table S4).55 An 
increase of the solvent polarity from THF to DMSO leads to a 
positive solvatochromism of the absorption spectra of β-
ketoimines with red-shift of the λmax= 51 (L1), 61 (L2), 52 (L3) 
and 37 (L4) nm values (Figures S47-S50), highlighting that polar 
solvents can lead to a better stabilization of a polarized excited 
state, arising from an extended intramolecular charge transfer 
(ICT) from the ferrocenyl donor to the acceptor moieties.56 The 
red shift of λmax values on increasing the solvent polarity reveals 
an increase in the dipole moment upon excitation, in agreement 
with the results of TD-DFT calculations (Table 2), which predict 
that the excited states should be more polar than the ground 
states for these β-ketoimines.57 
  

Figure 4. (a) UV-Vis and (b) fluorescence spectra of L1 (1 x 10-5) upon addition of BF3.OEt2; red and green curves for 0 and 150/270 µm BF3.OEt2, respectively. 



Formation of BF2 complex 

The ESIPT process generally involves the transfer of a hydroxyl 
(or amino) proton to a carbonyl oxygen (or imine nitrogen) less 
than 2Å away through a pre-existing six- or five- membered ring 
hydrogen bonding configuration.44 The chromophores often 
exhibit weak emission due to the excited state intramolecular 
proton transfer (ESIPT) phenomenon, where the ESIPT effect 
can be suppressed under the restriction of the keto–enol 
tautomerism with concomitant increase of the fluorescence 
intensity through intramolecular charge transfer (ICT) effect.58   

The UV−Vis spectra of representative β-ketoimine L1 upon 
addition of BF3.OEt2 (0-150 mM) is illustrated in Figure. 4a. The 
UV-Vis spectrum before the addition of boron trifluoride exhibits 
an absorption band at 259 nm with a shoulder at 330 nm, 
ascribed to the ketoimine moiety. Increase in the concentration 
of BF3.OEt2 leads to the appearance of a new bathochromic shift 
at 274 and 334 nm corresponding to the BF2 complex. This 
hyperchromic and hypochromic effect of the absorption band 
formation of isobestic points were attributed to the intermolecular 
proton transfer between the O atom of the hydroxyl group and 
the N atom of imine moiety, important sites to form an 
intermolecular hydrogen bond with the BF2 moiety, which might 
affect greatly the excited-state intramolecular proton transfer.60 

The fluorescence behavior of β-ketoimine L1 is probably 
due to the lone pair of electrons on the nitrogen atom in 
conjugation with the phenyl group. Upon addition of BF3.OEt2. 
(0-270 mM), an increase with a slight red shift of the 
fluorescence emission band at 413 nm is observed along with a 
color change from yellow to violet (Figure. 4b). The emission 
quantum yields of L1 and related BF2 complex were determined 
in CH3CN, taking quinine sulfate in 0.1 M H2SO4 as reference. 
As expected for the restriction of the keto-enamine tautomerism 
and for an increase of the rigidity,59 the quantum yields of 
ketoimines are greatly enhanced (ten-fold enhancement) upon 
formation of the boron difluoride complexes (see Table 1). The 
formation of the BF2 complex, in CH3CN solution, was studied 
using the Benesi-Hildebrand plot of the fluorescence intensity as 
a function of the BF3.OEt2 concentration (Figure 5). The Benesi-

Hildebrand equation in terms of Ka (association constant) for 
complexation of ketoimine to BF2 is 1.01 x 10-2 (L1) M. 

Figure 5. Benesi-Hildebrand plot for complexation of ketoimine L1 to BF2 

Aggregation-induced emission (AIE) 

Our novel β-ketoimines and BF2 complexes, dissolved in 
CH3CN, are characterized by a relatively weak fluorescence 
(Figures S51 and S52). Their potential AIE properties were 
investigated in water/CH3CN mixtures. The emission spectra of 
β-ketoimines and complexes were recorded in the presence of 
different water fractions, ∼fw= 0–90%, maintaining the overall 
concentration of the solution at 10-4 M. intensity of β-ketoimines 
and complexes increases drastically upon increasing the water 
fraction up 90%. On increasing the water fraction in the solution, 
a better restriction of movement of the ketoimine group may be 
the reason for blocking non-radiative pathways and 
subsequently opening up several new radiative pathways.61 
Thus, the restriction of intramolecular rotation (RIR) is one of the 
plausible mechanisms of AIE activity.39,62  

Table 1. UV-Visible absorption, fluorescence, quantum yield and lifetime data for ketoimines and complexes.  

 

Entry λ max, abs (nm)
[a]

 λ max, fl (nm)
[b]

 Stoke’s 

Shift (cm
-1

)
[c]

 

Quantum yield 

(CH3CN) 

(Φfl)
[d]

 

AIE Quantum yield 

(CH3CN/H2O)
[e] 

(Φfl)
[d]

 

τφ (ns)
[f]

 

L1 276, 326, 484 413 5548 0.001 0.022  3.6 

L2 269, 324, 517  449 6798 0.001 0.024  5.7 

L3 271, 327, 514 415 5754 0.001 0.023  5.2 

L4 268, 322, 515 414 5786 0.001 0.022  3.7 

BF1 272, 336, 486 449 2854 0.013 0.202  4.4 

BF2 267, 344, 514 462 3930 0.014 0.330  9.1 

BF3 265, 335, 519 435 3749 0.014 0.341  5.6 

BF4 257, 334, 533 438 4566 0.006 0.288  4.5 

[a]The UV-Visible and FL Experiments were performed in CH3CN solvents.  
[b]Excitation at 375 nm. 
[c]∆ss = UV-Visible and FL.  
[d]Quantum yields were reported relative to quinine sulphate (Φfl = 0.54 in 0.1M H2SO4). 

[e]CH3CN/H2O=1/9 v/v.  
[f]Fluorescence lifetime was measured by exciting the samples at 375 nm using time-correlated single-photon-counting technique using 150 ns nanoleds. 



 

Figure 6. The fluorescence spectra of ketoimines (L1, L4) and BF2 complexes (BF1, BF4) in different water fractions (fw) at a concentration of 1x10–4 M. 

Furthermore, π–π stacking of ketoimines and complexes, 
with increasing aggregation, may lead to enhancement of the 
emission intensity (Figures 6 and S53). Remarkably, a large 
increase (enhancement factor of 22-24) of the quantum yield of 
β-ketoimines (10-4 M) is observed by using CH3CN/H2O (1/9 v/v) 
instead of pure CH3CN as solvent, due to the formation of the 
aggregates (Table 1). Similarly, the quantum yield of the BF2 
complexes increases by addition of water, the highest 
enhancement (factor of 48) being observed for BF4 (Table 1). 
This AIE effect is much larger than that previously observed in 
the case of ferrocenyl Schiff bases (enhancement of quantum 
yields by a factor of 4-9 upon addition of a suitable amount of 
water).41 

These results prompted us to study more deeply the 
aggregation phenomenon of β-ketoimines and related BF2 
complexes in the presence of CH3CN/H2O mixtures. High-
resolution transmission electron microscopy (HR-TEM) was 
applied to study L4 and related BF4, obtained by drop-casting 
their solution, either in pure CH3CN or in a CH3CN/H2O (1/9 v/v) 
mixture, on a copper grid. It turned out that the HR-TEM images 

obtained from the CH3CN/H2O mixture show the presence of 
spherical aggregates with a size of 4-6 nm. These black 
spherical nanosized “AIE dots” are due to the high electron 
density of L4 and BF4. They are not present when the 
chromophores are dissolved in pure CH3CN (Figure 7). 
Therefore, the aggregation-enhanced PL emission response 
observed on going from the non-aggregate (0% water) to the 
aggregate state (90% water) is confirmed by morphology 
changes in HR-TEM images, which show that there are nano-
sized AIE dots in the presence of water only. With this AIE 
phenomenon, since interactions with water and acetonitrile 
molecules dictate non-radiative decays, aggregation must 
deactivate non-radiative emission.63 For the non-aggregated 
chromophores uniformly dispersed in the solution, a significant 
amount of excitation is non-radiatively dissipated in the 
surrounding solvent. When aggregated, the interactions between 
the AIE dots at the center of the aggregates and solvent 
molecules are reduced and, consequently, the PL intensity 
increases significantly. 



Figure 7. The HR‒TEM images of L4 and BF4 indicate the size of the AIE dots to be around 4-6 nm. 

Figure 8. Time-resolved luminescence spectra of β-ketoimines and complexes (L1-L4 and BF1-BF4) in CH3CN/Water mixture (10/90).



 
Time-resolved fluorescence 

Time dependent fluorescence decay measurements were 
carried out by the time-correlated single-photon counting 
(TCSPC) technique at 375 nm, as shown in Figure 8. The 
electron transfer time was calculated by fitting a biexponential 
function64 to the fluorescence decay using eqs 1 and 2.  
 

���� � 		
exp	���/�
� 	� 	�exp	���/���		 (1) 

�τ� � 	 �	
�
 	� 	����/	�	�	
/	��		 (2) 
 
where τ1 and τ2 are the fluorescence lifetime of the fast 

decay component and slow decay component, respectively, and 
α1 and α2 are the corresponding amplitudes.65,66 The 
fluorescence decay time constants are provided in Table S5. 
The emission decay profiles of β-ketoimines and related BF2 
complexes were measured to monitor the local environment for 
AIE luminogens in aggregate states. In particular, a ferrocene-
based molecule has increased electron donation due to  
Fe2+ ⇋ Fe3+, which could result in the appearance of an 
intermolecular charge transfer (ICT) state and contribute to the 
weak emission. The excited state non-radiative relaxation of 
electron from non-aggregated to aggregated states is also an 
important process in the whole excited state dynamic events of 
β-ketoimines and BF2 complexes. The lifetimes of β-ketoimines 
and complexes were all fit to biexponential decays, indicating 
emission from multiple species. However, in the case of 
water/CH3CN mixtures, β-ketoimines and BF2 complexes 
showed biexponential decay with the species having higher 
lifetimes 5.7 ns for L2, 9.1 ns for BF2 (Table 1). In L2 and BF2, 
the methoxy group is electron-donor and it can delocalize 
energy along the linkers, leading to the highest lifetime decay 
through mesomeric effect (+M).67 In the case of β-ketoimines, 
the keto-enamine tautomerism units provide an ideal pathway 
for the fast decay of the exciton during the photoexcitation 
process. In the case of related BF2 complexes, there is a slower 
lifetime decay attributed to the decrease in non-radiative decay 
modes, such as vibrations and rotations, due to constraints 
imposed by coordination to BF2 which prevents keto-enamine 
tautomerization.  

DFT and TD-DFT calculations 

The effect of the nature of the solvent on the spectroscopic 
properties of β-ketoimines and BF2 complexes can be explained 
by studying the difference between HOMO and LUMO. Also, 
frontier molecular orbitals (FMO) are very useful to get 
information about the excitation properties of molecules. The 
FMO orbital levels, electronic spectra, excited energies, 
oscillator strengths, and associated orbital transitions of β-

ketoimines and complexes were determined by time-dependent 
density functional theory (TD-DFT) calculations, performed on 
the ground-state (singlet) geometry.  

The calculated FMO energy levels, along with the HOMO–
LUMO gaps, of β-ketoimines and BF2 complexes are depicted in 
Figures 9 and 10. The intramolecular charge transfer (ICT) 
character of a D−π−A system depends on the spatial overlap 
between HOMO and LUMO. The HOMO and LUMO 
distributions of β-ketoimines (L1-L4) and its boron trifluoride 
complexes (BF1-BF4) exhibit different energy levels due to 
introduction of a -BF2 unit in the β-ketoimines bring the lower 
energy HOMO and LUMO distributions. Thus, the LUMO of β-

ketoimines is mainly localized on keto-enamine and phenyl 
moieties whereas, for the BF2 complexes, the LUMO is well 
distributed on the difluoro and phenyl moieties, because of the 
strong electron-withdrawing ability of the BF2 group. For this 
reason, the LUMO level of the BF2 complexes is much deeper 
than that of the corresponding β-ketoimines. The HOMO energy 
determined experimentally from cyclic voltammetry is in 
agreement with the theoretical values (Table 2)68,69 β-Ketoimines 
have higher HOMO-LUMO gaps than the corresponding BF2 

complexes, as expected for lower ICT properties. The highest 
gap is for L2 bearing the methoxy group (3.74 eV, Figures. 9 
and 10). BF2 complexes have lower HOMO-LUMO gaps, due to 
the electron-withdrawing ability of the BF2 moiety, the lowest gap 
being observed for BF4 bearing the NO2 group.  

As can be seen in Figure S54 and Tables S6-S7, the 
HOMO is localized on the ferrocene moiety whereas the LUMO 
and LUMO+1 is centered on the imine and -BF2 fragments. 
Therefore, these transitions have a significant CT character for 
all β-ketoimines and complexes. The relatively strong higher 
energy (HE) bands S0 → S1 transitions (Table S8) are mainly 
attributed to the transitions from HOMO to LUMO, highlighting 
the intramolecular charge transfer character of the HE band.70 

Besides, the ground (µg) and excited (µe) electronic dipole 
moments were calculated for all β-ketoimines and complexes 
(Table 2). The highest values are for BF4 with the NO2 
substituent (9.928 and 10.373 Debye, for µg and µe, respectively; 
Table 2).  

Figure 9. Molecular orbitals and energy levels of β-ketoimines L1-L4 
calculated at B3LYP/6-31+G** basis set. 

 

 



Table 2. Comparison of experimental (CV/UV-Vis) and calculated (TD-DFT) HOMO-LUMO energy data and dipole moments; second-order NLO properties 

Experimental data Theoretical data calculated (DFT/TD-DFT) 

Entry λ(nm)
[a]

 EHOMO
[b]

 

(eV) 

Eg
optical[c]

 

(eV) 

µβ1.907
[d] 

(x10
-

48
esu) 

β1.907
[d] 

(x10
-

30
esu)

 

EHOMO
[e] 

(eV) 

ELUMO
[e] 

(eV) 

B.G
[e]

  

(eV) 

µg[D]
[f]

 µe[D]
[f]

 ∆µeg[D]
[f] 

(x10
-

18
esu) 

L1 403 -5.09 3.076 234 210 -5.776 -2.220 3.557 1.116 1.448 0.332 

L2 383 -5.18 3.237 470 460 -5.691 -1.953 3.739 1.021 1.048 0.027 

L3 384 -5.21 3.229 355 50 -6.019 -2.647 3.371 7.055 7.683 0.628 

L4 383 -6.11 3.229 625 73 -6.078 -3.015 3.064 8.574 10.351 1.207 

BF1 396 -6.24 3.131 345 82 -6.063 -2.754 3.309 4.217 5.103 0.886 

BF2 384 -6.26 3.229 540 79 -6.177 -2.939 3.238 6.830 7.632 0.802 

BF3 356 -6.23 3.483 475 48 -6.283 -3.087 3.195 9.830 10.334 0.504 

BF4 418 -6.27 2.966 810 82 -6.008 -3.262 2.743 9.928 10.373 0.443 
[a]Calculated as λonset values are from absorption graphs in CH3Cl solvent 
[b]Calculated as HOMO level obtained from CV using Eqs 
[b]Eoptical onset values obtained from oxidation peak in a cyclic voltammogram. 
EHOMO = −���������� 		� 	4.4�      
 [c]Calculated as optical band gap calculated from absorption onset/edge using the equation. 
�� �!�"#$%	� = 1240/λonset 
[d]In anhydrous CHCl3, estimated uncertainty in EFISH measurement is 10%, [d]

βλ was calculated using the computed µg value.  
[e]Theoretically calculated HOMO, LUMO and band gap values from DFT calculations 
[f]Theoretically calculated dipole moment difference between the excited and ground state and from TD-DFT. 

Figure 10. Molecular orbitals and energy levels of BF2 complexes BF1-BF4 
calculated at B3LYP/6-31+G** basis set. 

Second-order nonlinear optical properties 

The second-order nonlinear optical properties of β-ketoimines 
and BF2 complexes were determined by means of the EFISH 
technique71-73 which can provide direct information on the 
intrinsic molecular NLO properties through eq. 3 

γEFISH = (µβλ/5kT) + γ (-2ω;ω,ω,0)         (3) 

where µβl/5kT is the dipolar orientational contribution, λ is 
the fundamental wavelength of the incident photon in the EFISH 
experiment; γ(-2ω;ω, ω, 0), a third-order term at frequency ω of 
the incident light, is the cubic electronic contribution to γEFISH, 
which is usually negligible for dipolar complexes; βλ is the 
projection along the dipole moment axis of the vectorial 
component βVEC of the tensor of the quadratic hyperpolarizability 
whereas µ is the ground state dipole moment.16 To avoid 
overestimation of the β value due to resonance enhancements, 
it is essential to choose an incident wavelength whose second 
harmonic is remote from any absorption of the molecule 

investigated. In the present study, EFISH measurements were 
carried out in CHCl3 solutions, with a non-resonant incident 
wavelength of 1.907 µm, affording µβ1.907 values. To obtain the 
value of β1.907, we used the theoretically calculated ground state 
dipole moment. 

All β-ketoimines and BF2 complexes are characterized by a 
positive value of µβ1.907 (Table 2), in agreement with the positive 
solvatochromism and the theoretically calculated positive value 
of ∆µeg (dipole moment difference between the excited and 
ground state; Table 2) according to the two-level model.74,75 It 
turned out that the highest µβ1.907 value of β-ketoimines is 
observed for L4 which has the strong electron-withdrawing NO2 
group on the phenyl ring (625 x10−48 esu, Table 2 and Figure 11), 
due to the particularly large ground state dipole moment of the 
molecule (8.574 D). In fact, the β1.907 value of L4 (73 x10−30 esu) 
is slightly higher than that of L3 (50 x10−30 esu) with the CN 
group but much lower than that of L1 (210 x10−30 esu) with no 
substituent in para position of the phenyl group.  

Figure 11. Second-order nonlinear optical properties determined by the 

EFISH technique. 



The highest value of β1.907 (460 x10−30 esu; Table 2) is 
observed for L2 bearing OCH3, a strong donor group. The µβ1.907 
values of ketoimines are enhanced upon formation of the 
corresponding BF2 complexes, mainly due to an increase of the 
dipole moments. In the case of L2, the large dipole moment 
enhancement (factor of 6.7) upon formation of BF2 is counter-
balanced by a decrease of the quadratic hyperpolarizability 
(factor of 5.8), leading to a similar µβ1.907 value. The best µβ1.907 

values are reached with L4 (625 x 10−48 esu) and BF4 (810 x 
10−48 esu), bearing the nitro group on the phenyl ring. These 
compounds are of particular interest from an applicative point of 
view since their second-order NLO activity is much higher than 
that of Disperse Red One (trans-4,4’-
O2NC6H4N=NC6H4NEt(CH2CH2OH)] with a µβ1.907  of 500 x 10−48 
esu)  which has been used in electrooptic polymeric poled 
films.76 

Conclusion 

In summary, we designed, synthesized and well characterized a 
new series of β-ketoimines and related BF2 complexes. Their 
absorption spectra showed a positive solvatochromism on 
increasing the solvent polarity, highlighting the larger polarity of 
the excited state. Ketoimines exhibited a weak emission due to 
the presence of excited-state intramolecular proton transfer 
(ESIPT). However, restriction of the keto-enamine tautomerism, 
through the formation of -BF2 complexes, turned out to be an 
elegant way to increase the luminescence and to improve 
quantum yields by one order of magnitude. Both β-ketoimines 
and BF2 complexes are AIE–active. Substitution of pure CH3CN 
by a mixture of CH3CN/H2O (1/9 v/v) led to a large increase of 
their fluorescence quantum yield. The highest enhancement (by 
a factor of 48) was observed in the case of complex BF4 bearing 
the NO2 group. The AIE effect highlighted in the present work is 
much larger than that previously observed in the case of 
ferrocenyl Schiff bases (enhancement of quantum yields by a 
factor of 4-9 upon addition of a suitable amount of water).41 The 
novel β-ketoimines are also NLO-active, their µβ1.907 values 
being enhanced upon formation of the corresponding BF2 
complexes, mainly due to an increase of the dipole moments. 
Remarkably, the BF4 complex is characterized by a rather large 
second-order NLO response, of interest from a practical point of 
view. These AIE and NLO properties qualify the prepared boron 
complexes as fascinating multifunctional molecular materials for 
application in photonics. 

Experimental Section 

Materials 

The 1-(4,4,4-trifluoromethyl-1,3-dione) ferrocene was synthesized 
following a reported procedure.46 Column chromatographic separations 
were carried out using silica gel 60 (AVRA, 100–120 mesh). All other 
reagents and solvents, purchased from sigma-aldrich and TCI chemicals, 
were used without prior purification. 

Instrumentation 

1H NMR and 13C NMR spectra were recorded using a Bruker FT‐NMR‐
400 MHz spectrometer with CDCl3 as solvent and tetramethylsilane as an 

internal standard. High-resolution mass spectrometry (HRMS) was 
performed on an Agilent Technologies. FT‐IR spectra were obtained 
using KBr discs with a Shimadzu FT‐IR spectrometer (400-4000 cm-1). 
UV-visible spectra were recorded using a JASCO UV-visible 
spectrometer using CH3CN as solvent. Cyclic voltammetry was 
performed using a CH Instrument model CHI620E. In all electrochemical 
measurements, 0.1 M Bu4NClO4 (TBAP) was used as a supporting 
electrolyte, and the redox potentials of the complexes were measured 
against a saturated Ag/AgCl reference electrode. All the E1/2 values were 
calculated from (Epa + Epc)/2 (pa – anodic potential and pc – cathodic 
potential) at a scan rate of 50mV s−1. The fluorescence lifetime of both β-
ketoimines and BF2 complexes was measured using a time-correlated 
single-photon counting (TCSPC) system by means of an Edinburg FLS 
980 spectrometer. PL decay dynamics of β-ketoimines and BF2 

complexes AIE-active state emissions were measured with a picosecond 
xenon Arc lamp of 450 W power. PL decay measurements for lifetimes 
were carried out with a TCSPC setup from Edinburgh Instruments using 
a 371 nm Picosecond Pulsed Diode Laser (UK, EPL-375), the analysis 
being carried out with a F980 software; the goodness of fit was evaluated 
by fixing χ2 values between 1.18 and 1.49. 

General procedure for the synthesis of β-ketoimines (L1-L4)  

1-(4,4,4-trifluoromethyl-1,3-dione) ferrocene (2 mmol) was dissolved in 
dry toluene (75 ml). The corresponding amine (2 mmol) was added along 
with a catalytic amount of Al2O3 (10 mol%). The reaction mixture was 
heated and azeotropic removal of water was accomplished using a 
Dean–Stark apparatus. After 26 h the solution was filtered and 
evaporation of the solvent gave a red oily substance. The crude product 
was purified by column chromatography using mixtures of n-hexane:ethyl 
acetate (9:1 to 8:2) as eluent to obtain the ferrocenyl derivative. 

(Z)-4,4,4-trifluoro-1-ferrocenyl-3-(phenylimino)butan-1-one (L1) 

According to the general procedure, ketoimine L1 was isolated as a dark 
red solid: 636 mg, yield 76%; m.p. 110.2-112.3°C;  
1H NMR (400 MHz, CDCl3): δH 4.22 (s, 5H, C5H5), 4.56 (d, J = 1.2 Hz, 
2H, Hβ C5H4), 4.85 (d, J = 1.2 Hz, 2H, Hα C5H4), 5.99 (s, 1H, CH), 7.28 (t, 
J = 7.8, 6.5 Hz, 3H, C6H5), 7.38 (t, J = 7.6 Hz, 2H, C6H5), 11.90 (s, 1H, 
NH); 13C NMR (100 MHz, CDCl3): δC 68.97 (Cα C5H4), 70.15 (C5H5), 
72.27 (Cβ C5H4), 81.05 (Cipso C5H4), 94.33 (CH=C), 114.19 (q, 1JC-F =280 
Hz), 117.97 (C–F), 125.53 (C-4), 126.51 (C-3 and C-5), 128.98 (C-2 and 
C-6), 138.32 (C-1), 145.17 (q, 2JC-F =30 Hz), 154.62 (N-CH), 196.14 
(C=O) ppm; 19F NMR (376 MHz, CDCl3): δF ‒62.2; FT-IR (KBr disk): 
3236 (w) ν(N–H), 3091 (w) ν(C–H arom), 2915 (w), ν(C–H aliph), 1666 
(s) ν(C=O), 1571 (s) ν(C−O) or ν(C−C), 1448 (m) ν(C−N), 1299 (s) 
ν(C=C), 1143 (s) ν(C−F), 1082 (m) ν(C=C Fc), 752 (s) ν(C–H arom)  cm–

1; UV/Vis (CH3CN): λmax= 276, 326, 484 nm; Fluorescence (CH3CN): λex= 
375 nm; λem= 434 nm; HR-MS (ESI) calcd for m/z: 399.0533; found: 
399.0554. 

(Z)-4,4,4-trifluoro-3-((4-methoxyphenyl)imino)-1-ferrocenylbutan-1-

one (L2) 

According to the general procedure, ketoimine L2 was isolated as a dark 
red solid: 594 mg, yield 66%; m.p. 88.6-90.3°C; 1H NMR (400 MHz, 
CDCl3): δH 3.74 (s, 3H, OCH3), 4.15 (s, 5H, C5H5), 4.45 (d, 
J = 1.6 Hz, 2H, Hβ C5H4), 4.74 (d, J = 1.2 Hz, 2H, Hα C5H4), 5.86 (s, 1H, 
CH), 6.78 (d, J = 8.8 Hz, 2H, C6H4), 7.08 (d, J = 8.8 Hz, 2H, C6H4), 11.63 
(s, 1H, NH); 13C NMR (100 MHz, CDCl3): δC 55.43 (OCH3), 68.92 (Cα 
C5H4), 70.10 (C5H5), 72.12 (Cβ C5H4), 81.10 (Cipso C5H4), 93.15 (CH=C), 
114.05 (C-3 and C-5), 118.91 (C–F), 121.61 (q, 1JC-F =270 Hz)  127.59, 
(C-2 and C-6), 130.91 (C-1), 146.70 (q, 2JC-F =31 Hz), 149.10 (N-CH), 
158.37 (C–O), 195.48 (C=O) ppm; 19F NMR (376 MHz, CDCl3): δF ‒63.2; 
FT-IR (KBr disk): 3212 (w) ν(N–H), 3137, 3031 (w) ν(C–H arom), 2925 
(w), ν(C–H aliph), 1610 (s) ν(C=O), 1504 (s) ν(C−O) or ν(C−C), 1408 (m) 
ν(C−N), 1254 (s) ν(C=C), 1125 (s) ν(C−F), 1027 (m) ν(C=C Fc), 754 (s) 
ν(C–H arom) cm–1; UV/Vis (CH3CN): λmax= 269, 324, 517 nm; 



Fluorescence (CH3CN): λex= 375 nm; λem= 449 nm; HR-MS (ESI) calcd 
for m/z: 429.0639; found: 429.0662. 

Z)-4-((1,1,1-trifluoro-4-oxo-4-ferrocenylbutan-2-ylidene)amino) 

benzonitrile (L3) 

According to the general procedure, ketoimine L3 was isolated as a dark 
red solid: 681 mg, yield 77%; m.p. 113.7-115°C; 1H NMR (400 MHz, 
CDCl3): δH 4.15 (s, 5H, C5H5), 4.56 (d, J = 1.6 Hz, 2H, Hβ C5H4), 4.68 (d, 
J = 2.1 Hz, 2H, Hα C5H4), 6.01 (s, 1H, CH), 7.17 (d, J = 6.8 Hz, 2H, C6H4), 
7.56 (d, J = 8.4 Hz, 2H, C6H4), 11.97 (s, 1H, NH); 13C NMR (100 MHz, 
CDCl3): δC 69.17 (Cα C5H4), 70.31 (C5H5), 72.96 (Cβ C5H4), 81.39 (Cipso 
C5H4), 97.68 (CH=C), 108.63 (C-4), 118.52 (C≡N), 123.56 (q, 1JC-F =280 
Hz), 123.60 (C–F), 123.62, (C-2 and C-6), 133.25 (C-3 and C-5), 142.91 
(C-1),143.27 (q, 2JC-F =36 Hz), 154.18 (N-CH), 196.04 (C=O) ppm; 19F 
NMR (376 MHz, CDCl3): δF ‒62.4; FT-IR (KBr disk): 3321 (w) ν(N–H), 
3085 (w) ν(C–H arom), 2922 (w), ν(C–H aliph), 2221 (w) ν(C≡N), 1628 
(s) ν(C=O), 1578 (s) ν(C−O) or ν(C−C), 1470 (m) ν(C−N), 1299 (s) 
ν(C=C), 1143 (s) ν(C−F), 1001 (m) ν(C=C Fc), 756 (s) ν(C–H arom) cm–1; 
UV/Vis (CH3CN): λmax= 271, 327, 514 nm; Fluorescence (CH3CN): λex= 
375 nm; λem= 415nm; HR-MS (ESI) calcd for m/z: 424.0486; found: 
424.0506. 

(Z)-4,4,4-trifluoro-3-((4-nitrophenyl)imino)-1-ferrocenylbutan-1-one 

(L4) 

According to the general procedure, ketoimine L4 was isolated as a dark 
red solid; 801 mg, yield 82%; m.p. 169.2-170.8°C; 1H NMR (400 MHz, 
CDCl3): δH 4.10 (s, 5H, C5H5), 4.48 (d, J = 1.2 Hz, Hβ C5H4), 4.71 (d, J = 
1.2 Hz,  Hα C5H4), 5.96 (s, 1H, CH), 7.15 (d, J =  7.6 Hz, 2H, C6H4), 7.51 
(d, J = 8.8 Hz, 2H, C6H4), 11.93 (s, 1H, NH); 13C NMR (100 MHz, CDCl3): 
δC 68.08 (Cα C5H4), 69.22 (C5H5), 71.88 (Cβ C5H4), 79.30 (Cipso C5H4), 
96.60 (CH=C),115.36 (C–F), 117.44 (C-2 and C-6), 122.52 (C-3 and C-5), 
122.54 (q, 1JC-F = 290 Hz), 132.16 (C-4), 141.82 (C-1),141.82 (q, 2JC-F 

=31 Hz), 152.23 (N-CH), 194.96 (C=O) ppm; 19F NMR (376 MHz, CDCl3): 
δF ‒62.4; FT-IR (KBr disk): 3226 (w) ν(N–H), 3097 (w) ν(C–H arom), 
2919 (w), ν(C–H aliph), 1668 (s) ν(C=O), 1571 (s) ν(C−O) or ν(C−C), 
1533 (s) asym ν(N−O), 1303 (vs) sym ν(N−O), 1413 (m) ν(C−N), 1294 (s) 
ν(C=C), 1183 (s) ν(C−F), 1006 (m) ν(C=C Fc), 752 (s) ν(C–H arom)  cm–

1; UV/Vis (CH3CN): λmax= 268, 322, 515 nm; Fluorescence (CH3CN): λex= 
375 nm; λem= 414 nm; HR-MS (ESI) calcd for m/z: 444.0384; found: 
444.0407. 

General procedure for the synthesis of boron difluoride complexes 

(BF1-BF4) 

The suitable β-ketoimine L1-L4 (0.12 mmol) was dissolved in dry 
dichloromethane (20 mL) and triethylamine (600 mg, 5.92 mmol) was 
added to the solution. BF3·OEt2 (1020 mg, 7.2 mmol) was then added to 
the reaction mixture which was at room temperature for 6 h. The solvent 
was removed with a rotary evaporator, and the crude compound was 
purified by column chromatography using hexane:ethyl acetate (9:1) as 
eluent to afford the desired product. 

2,2-difluoro-6-ferrocenyl-3-phenyl-4-(trifluoromethyl)-2H-

oxazaborinine (BF1) 

According to the general procedure, BF1 was isolated as a purple solid; 
859 mg, yield 52%; m.p. 175.4-177.1°C; 1H NMR (400 MHz, CDCl3): δH 
4.23 (s, 5H, C5H5), 4.55 (d, J = 1.2 Hz, 2H, Hβ C5H4), 4.83 (d, J = 1.2 Hz, 
2H, Hα C5H4), 5.98 (s, 1H, CH), 7.28 (t, J = 9.4 Hz, 3H, C6H5), 7.38 (t, J = 
7.6 Hz, 2H, C6H5);

 13C NMR (100 MHz, CDCl3): δC 69.30 (Cα C5H4), 69.72 
(C5H5), 69.97 (Cβ C5H4), 79.29 (Cipso C5H4), 92.36 (CH=C), 115.9 (C–F),  
118.51 (q, 1JC-F =280 Hz), 118.57 (C-2 and C-6), 123.18 (C-4), 129.34 
(C-3 and C-5), 145.57 (q, 2JC-F =30 Hz), 146.49 (C-1), 162.43 (C=N), 
173.65 (C–O) ppm;19F NMR (376 MHz, CDCl3): δF ‒62.8, ‒135.6; 11B 
NMR (128 MHz, CDCl3): δB ‒31.8; FT-IR (KBr disk): 3099 (w) ν(C–H 

arom), 2921 (w), ν(C–H aliph), 1578 (s) ν(C=N), 1531 (s) ν(C−O) or 
ν(C−C), 1421 (m) ν(C−N), 1252 (m) ν(C=C), 1177 (s) ν(B–O), 1136 (s) 
ν(C−F), 1096 (s) ν(B–N), 1028 (m) ν(C=C Fc), 939 (w) ν(B–F), 689 (s) 
ν(C–H arom)  cm–1; UV/Vis (CH3CN): λmax= 272, 325, 486 nm; 
Fluorescence (CH3CN): λex= 375 nm; λem= 449 nm; HR-MS (ESI) calcd 
for m/z: 447.0516; found: 447.0541.  

2,2-difluoro-3-(4-methoxyphenyl)-6-ferrocenyl-4-(trifluoromethyl)-

2H-oxazaborinine (BF2)  

According to the general procedure, BF2 was isolated as a purple solid: 
920 mg, yield 55%; m.p. 163.2-165.7°C; 1H NMR (400 MHz, CDCl3): δH 
3.83 (s, 3H, OCH3), 4.33 (s, 5H, C5H5), 4.79 (d, J =  1.2 Hz, 2H, Hβ C5H4), 
5.00 (d, J =  1.6 Hz, 2H Hα C5H4), 6.09 (s, 1H, CH), 6.90 (d, J = 6 Hz, 2H, 
C6H4), 7.20 (d, J = 6.8 Hz, 2H, C6H4);

 13C NMR (100 MHz, CDCl3): δC 

55.43 (OCH3), 68.92 (Cα C5H4), 70.11 (C5H5), 72.14 (Cβ C5H4), 81.09 
(Cipso C5H4), 93.05 (CH=C), 114.04 (C-3 and C-5), 116.40 (C–F), 121.72 
(q, 1JC-F =270 Hz) 130.89, (C-2 and C-6), 147.28 (C-4),146.13 (q, 2JC-F 

=30 Hz), 158.36 (C–O), 164.41 (C=N), 175.11.48 (C–O) ppm; 19F NMR 
(376 MHz, CDCl3): δF ‒62.3, ‒137.0; 11B NMR (128 MHz, CDCl3): δB ‒
31.7; FT-IR (KBr disk): 3094 (w) ν(C–H arom), 2926 (w), ν(C–H aliph), 
1577 (s) ν(C=N), 1521 (s) ν(C−O) or ν(C−C), 1440 (m) ν(C−N), 1299 (m) 
ν(C=C), 1171 (s) ν(B–O), 1134 (s) ν(C−F), 1103 (s) ν(B–N), 1024 (m) 
ν(C=C Fc), 934 (w) ν(B–F), 666 (s) ν(C–H arom)  cm–1; UV/Vis (CH3CN): 
λmax= 267, 328, 514 nm; Fluorescence (CH3CN): λex= 375 nm; λem= 462 
nm;  HR-MS (ESI) calcd for m/z: 477.0622; found: 477.0648.  

4-(2,2-difluoro-6-ferrocenyl-4-(trifluoromethyl)-2H-oxazaborinin-3-

yl)benzonitrile (BF3) 

According to the general procedure, BF3 was isolated as a purple solid: 
886 mg, yield 53%; m.p. 116.6-118.3°C; 1H NMR (400 MHz, CDCl3): δH 
4.08 (s, 5H, C5H5), 4.14 (d, J = 1.2 Hz, Hβ C5H4), 4.25 (d, J = 1.6 Hz,  Hα 
C5H4), 6.75 (s, 1H, CH), 7.45 (d, J = 8.8 Hz, 2H, C6H4), 8.17 (d, J = 9.2 
Hz, 2H, C6H4);

 13C NMR (100 MHz, CDCl3): δC 69.53 (Cα C5H4), 69.81 
(C5H5), 70.72 (Cβ C5H4), 81.70 (Cipso C5H4), 93.74 (CH=C), 114.65 (C-4),  
117.01 (C≡N), 117.48 (C–F), 118.56 (q, 1JC-F =280 Hz), 122.33 (C-3 and 
C-5), 128.21 (C-1), 131.50 (C-2 and C-6), 147.31 (q, 2JC-F =30 Hz), 
158.97 (C=N), 176.19 (C–O) ppm; 19F NMR (376 MHz, CDCl3): δF ‒62.4, 
‒137.2; 11B NMR (128 MHz, CDCl3): δB ‒35.3; FT-IR (KBr disk): 3064 (w) 
ν(C–H arom), 2930 (w), ν(C–H aliph), 2225 (w) ν(C≡N), 1563 (s) ν(C=N), 
1517 (s) ν(C−O) or ν(C−C), 1464 (m) ν(C−N), 1296 (m) ν(C=C), 1190 (s) 
ν(B–O), 1138 (s) ν(C−F), 1097 (s) ν(B–N), 1028 (m) ν(C=C Fc), 941 (w) 
ν(B–F), 673 (s) ν(C–H arom)  cm–1; UV/Vis (CH3CN): λmax= 265, 323, 519 
nm; Fluorescence (CH3CN): λex= 375 nm; λem= 435 nm;  HR-MS (ESI) 
calcd for m/z: 472.0469; found: 472.0493. 

2,2-difluoro-6-ferrocenyl-3-(4-nitrophenyl)-4-(trifluoromethyl)-2H-

oxazaborinine (BF4) 

According to the general procedure, BF4 was isolated as a purple solid: 
942 mg, yield 56%; m.p. 187.2-188.7°C; 1H NMR (400 MHz, CDCl3): δH 
4.15 (s, 5H, C5H5), 4.18 (d, J = 1.2 Hz, 2H, Hβ C5H4), 4.28 (d, J = 3.2, Hz, 
2H, Hα C5H4), 6.79 (s, 1H, CH), 7.52 (d, J = 8.0 Hz, 2H, C6H4), 7.67 (d, J 
= 8.0 Hz, 2H, C6H4);

 13C NMR (100 MHz, CDCl3): δC 69.07 (Cα C5H4), 
69.29 (C5H5), 69.66 (Cβ C5H4), 81.25 (Cipso C5H4), 93.15 (CH=C), 122.72 
(q, 1JC-F =290 Hz), 123.45 (C–F), 127.59 (C-3 and C-5), 132.19 (C-2 and 
C-6), 138.45 (C-1), 143.86 (q, 2JC-F =31 Hz), 149.93 (C-4), 162.35 (C=N), 
176.23 (C–O) ppm; 19F NMR (376 MHz, CDCl3): δF ‒63.2, ‒136.7; 11B 
NMR (128 MHz, CDCl3): δB ‒35.6; FT-IR (KBr disk): 3091 (w) ν(C–H 
arom), 2930 (w), ν(C–H aliph), 1574 (s) ν(C=N), 1517 (s) asym ν(N−O), 
1306 (vs) sym ν(N−O), 1456 (m) ν(C−N), 1297 (m) ν(C=C), 1187 (s) ν(B–
O), 1142 (s) ν(C−F), 1098 (s) ν(B–N), 1014 (m) ν(C=C Fc), 942 (w) ν(B–
F), 671 (s) ν(C–H arom)  cm–1;UV/Vis (CH3CN): λmax= 257, 314, 533 nm; 
Fluorescence (CH3CN): λex= 375 nm; λem= 438 nm; HR-MS (US) calcd 
for m/z: 492.0367; found: 492.0392. 



Single-crystal X-ray structure determination of chromophores L1, 

L2, L3 and BF1 

All crystals were obtained by slow evaporation of the corresponding 
solutions (ethyl acetate/hexane) at room temperature. Crystals were 
stored in paraffin-oil, mounted in a MiTeGen loop, and measured at 296 
K. The crystal approximate dimensions are 0.60 x 0.30 x 0.20 mm3 (for 
L1), 0.30 x 0.20 x 0.20 mm3 (for L2 and L3), and 0.35 x 0.35 x 0.30 mm3 
(for BF1). The X-ray diffraction data was collected on an Agilent 
SuperNova (Oxford Diffraction) diffractometer using Mo-Kα radiation (λ = 
0.71073 Å). The Apex2 package was used for cell refinements and data 
reductions. The structures were solved by direct methods using the 
Shelxs 97 or Superflip program77 with the Olex 2 graphical user 
interface.78 Structural refinements were carried out using Shelxl-97 or 
Shelxl-2014. The positions of all the atoms were obtained by direct 
methods and the crystallographic details were summarized in (Table S1). 

Procedure of ESIPT studies for ketoimine (L1)  

A stock solution of ketoimine L1 and boron trifluoride diethyl etherate 
(BF3·OEt2) were freshly prepared in CH3CN before testing each 
performance. To perform this experiment, we have prepared 10 mL of a 
2×10−5 M solution of ketoimine L1 by adding 40µL of a 1×10−3 M solution 
by the serial dilution method, and the 1×10−3 M stock solution was 
prepared by dissolving 4.21 mg of ketoimine L1 in 10 mL of CH3CN. 
Then, 143 µL of BF3·OEt2 was dissolved in 10 mL of CH3CN, which gave 
1×10−1 M concentration. Furthermore, increasing concentrations of 
BF3·OEt2 (0-270 µM) solution were directly used for L1, for the absorption 
and fluorescence experiments. The solution of BF3·OEt2 (1×10−1 M) was 
added dropwise to the solution of ketoimine L1 (2 mL of 20µM) by gently 
mixing until the disappearance of orange-red color, observed by the 
naked eye, suggesting the formation of the boron difluoride complex 
(BF1). The emission color changed from weak orange-red to strong violet 
blue at 413 nm. The fluorescence maxima of ketoimine L1 at 413 nm 
was observed with excitation emission wavelength at 375 nm. 

Determination of the quantum yields 

The fluorescence quantum yields (Φ) were determined by equation (4) 
concerning Quinine Sulphate (Φst = 0.50 in H2SO4).
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 Subscripts “x” and “st” stand for unknown and standard (quinine 
sulphate) sample respectively; “Φ” for quantum yield, “A” for 
absorbance, “η” for the refractive index of the solvents, “I” is the area 
under the fluorescence spectra on an energy scale. The fluorescence 
lifetime measurement was carried out using a single photon counting 
method. The fluorescence decay curve was measured by exciting the 
molecule at 290 nm, in <200 ps light using nano LED. 

Computational details 

The density functional theory (DFT) based calculations were performed 
using the Gaussian 16 Revision C.01 program.80 The selection of 
functional and combination of the basis set is based on the theory, 
defined bonding patterns, electronic charge, and molecular orbital energy 
distributions. The time-dependent DFT (TD-DFT) method was used to 
investigate the origin of electronic absorption spectra. The geometries of 
β-ketoimines and complexes in the solvent phase were optimized using 
Becke’s three-parameter81 and Lee–Yang–Parr functional (B3LYP); the 
B3LYP functional was combined with the 6-31+G** basis set for all the 
calculations.82 The two states, in the case of simple dipolar push-pull 
systems exhibiting a single dominant absorption band, are generally the 
ground and the first excited state (the so-called two-level model).74-75 The 

electronic geometries and frontier molecular orbital structures were 
defined using the Gauss View 6.1.1 molecular visualization program.83 

EFISH measurements 

The second-order nonlinear optical properties were determined by 
means of the electric field induced second harmonic generation (EFISH) 
technique in solution.71-73 The EFISH cell consisted of a stainless steel 
container with two quartz optical windows that form a wedge-shaped 
cavity within the cell and the electrode was connected to the high voltage 
supply. The cell was mounted on an electrically isolated translation stage. 
The whole-cell was then translated horizontally relative to the incident 
beam to produce fringes at the second harmonic wavelength. Every 
measurement was referenced separately to the fringes of the pure 
solvent (CHCl3), that was used to dissolve the chromophore, to consider 
laser power’s fluctuations. 
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