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An unprecedented photochromism of dicyanovinylene-functionalised ferrocenes has been explored.
Photochromic systems (M1—-M3) have been developed by the Knoevenagel condensation of dicyanovinyl-
methyl ferrocene with various aromatic aldehydes. M1—-M3 exhibit strong donor—acceptor interactions
leading to intramolecular charge transfer in the ground state. As a result, the compounds exhibit intense
colours and strong visible light absorption (1aps1 = 362-485 nm, Aaps2 = 590-600 nm). The ferrocene
systems (M1-M3) exhibit photochromism in the solution state when irradiated with ultraviolet light, with a
high-contrast visual colour change from blue, yellow and green to yellow, purple and yellow, respectively.
The process is reversible and takes place either by chemical or electrochemical reduction. In addition, M2
exhibits turn-on fluorescence upon light irradiation, with a strong emission signal appearing in the red
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region (Amax = 675 nm). This transformation is rapid and turns on fluorescence within 200 s. The photo-
chromic behaviour of M1-M3 has been ascribed to an unprecedented light-induced oxidation of ferro-
cene to ferrocenium, supported by EPR, NMR and FT-IR studies. This study is highly novel, and ferrocene-
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Introduction

Photoresponsive materials that exhibit a change in their pro-
perties in response to photoirradiation are of paramount inter-
est and possess important technological applications.'™
Photochromism is one of the properties of photoresponsive
materials that studies molecules’ reversible colour change
behaviour upon light irradiation via reversible structural
transformation.”® Photochromic molecules have significant
applications, including sunglasses,® optical data storage,”®
optoelectronic devices,” multifunctional smart materials,'®™°
super-resolution microscopy,'® light-activated medicine,
etc. Various photochromic materials spanning inorganic'®
[BaMgsSiO,, Y;Al,Gaz05,, WOj;, TiO,, M0O;, AgCl, CaF,: Ce,
CaF,: Gd] and organic (azobenzene, stilbene, spiropyran, diary-
lethene, hydrazone, etc.)'"?°* have been explored (Chart 1).
Inorganic photochromic materials function via a change in the
metal ion oxidation state, while their organic counterparts rely
on structural transformation/isomerization. The inorganic
materials possess high thermal stability and long cycling life
but suffer from limited colour change and diversity; on the
other hand, their organic counterparts possess a large diversity
and high flexibility but have the limitations of poor thermal
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based systems have never been explored before for redox-switching-based photochromism.

stability, slow colouration, and complex synthetic procedures.
Thus, developing photochromic materials that possess the
benefits of both organic and inorganic systems is key.

Ferrocene [Fe(CsH;s),=Fc] is a well-known organometallic
compound for its outstanding redox properties and chemical
stability.>*>® Relying on the stable redox states of Fc, a library
of Fc derivatives has been developed and explored for various
applications, including catalysis, sensors, redox-active supra-
molecular switches, drug delivery, photonics, etc.”® Despite the
vast utility, Fc-based systems have never been explored for
photochromic applications. Although a few examples of Fc-inte-
grated photoresponsive azobenzene (AB), spiropyran (SP), diary-
lethene (DAE), etc., have been studied for photochromism,>”*®
these systems function through the structural transformation
of the latter units. So far, no examples demonstrate the photo-
chromic properties of Fc-based systems solely based on the
redox-switching properties of Fc. Photochromic studies based
on such transformation will be highly novel and open a new
direction in this field, where the advantages of both organic
and inorganic systems can be availed. Notably, Fc systems have
previously been demonstrated as photosensitizers in solar
cells® and photo-initiators for polymerization reactions,*
where Fc will oxidize to ferrocenium (Fc') under light
irradiation. This study provided an impetus for us to develop
ferrocene-based photochromic systems.

Here, we report a novel class of Fe-based aryl dicyanoviny-
lenes (M;-M;) that exhibit photochromic behaviour. The
strong D-A interactions in M;-M; render intense colour and
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Chart 1 Reported organic and inorganic photochromic materials.

strong visible light absorption. M;-M3, upon exposure to UV
light, undergo Fc — Fc¢' transformation, leading to high-con-
trast visual colour changes from blue, yellow and green to
yellow, purple and yellow, respectively. Moreover, M, also exhi-
bits a turn-on fluorescence upon photoirradiation. The trans-
formation is reversible via chemical/electrochemical reduction.

Results and discussion

The synthesis of the target compounds (M;-Mj;) has been
achieved by Knoevenagel condensation of dicyanovinylmethyl

Ar-CHO
NC._CN
‘ Ethanol, Piperidine,
ﬂ Reflux Overnight
b

o) H
Fc-d %
H ¢}

Scheme 1 Synthesis of Fc-based aryl dicyanovinylenes (M;—Ms).

10344 | Dalton Trans., 2025, 54, 10343-10350

Fc (Fe-d) with respective aromatic aldehydes in the presence of
piperidine in ethanol solvent under reflux conditions for
12 hours in moderate to good yields (Scheme 1). The synthesis
of M; and M, was reported earlier,*! while M; was synthesized
as part of this study.

To understand the structural and electronic properties of
M;-M;, geometry optimization has been performed using
density functional theory (DFT) (B3LYP/6-31G(d)). The mole-
cules present non-planar structural features, with the dihedral
angle between the ferrocene and the dicyanovinylene (dcv)
unit being approximately 30-40°.*" The HOMOs of M, and M,
are in the Fc moiety, while the LUMOs are distributed in the
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dcv moiety, indicating strong D-A interactions between the Fc
and dcv unit. However, for M,, the HOMO is located on the tri-
phenylamine (TPA) unit, and the LUMO is localized on the dev
unit. The HOMO/LUMO energies of M;-M; are —5.68/—2.73,
—5.30/-2.56 and —5.86/—3.34 eV, with bandgaps of 2.95, 2.74
and 2.62 eV, respectively. The low LUMO and the lower
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bandgap of M; vs. M; and M, are rationalized by the increased
electron-accepting strength of dev (Fig. 1a).

Electrochemical properties of M;-M; have been studied
using cyclic voltammetry, with a glassy carbon disk as a
working electrode, a Pt wire auxiliary electrode, and an Ag/
AgCl reference electrode in a 0.1 M TBAP electrolyte. M;-M;

b4

0) _M1
—M,
_M3

1.0 05 0.0 0.5 1.0 1.5
V(V) vs Ag/AgCI

Fig. 1

400 500 600 700 800

Wavelength (nm)

300

(a) DFT optimized frontier molecular orbitals and HOMO and LUMO energy diagrams of M;—Ms. (b) Cyclic voltammograms of M;—Ms

recorded in 0.1 M TBAP dichloromethane solution at a scan rate of 50 mV s™*. (c) Absorption spectra of M;—Mz recorded in CH,Cl, (1 x 107> M).
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exhibited one reversible oxidation wave in the ~0.8 V (vs. Ag/
AgCl) range, corresponding to Fc oxidation, and M, exhibited
an additional oxidation wave at 1.1 V, corresponding to TPA
oxidation. On the other hand, all the compounds showed one
reversible reduction wave in the range of —0.8 to —1.0 V, corres-
ponding to dcv reduction (Fig. 1b & Fig. S1t). M; shows an
easier reduction by 0.3 V than M, and M, due to its electron-
deficient nature. The HOMO/LUMO and bandgaps of M;-M;
have been evaluated to be —5.0/—3.1, —5.1/-3.2, and —5.2/-3.6
and 1.9/1.9/1.6, matching well with the DFT deduced data
(Fig. 1a and b).

The absorption properties of M;-M; have been studied in
dilute dichloromethane solution. The compounds showed two
absorption bands: a high energy transition in the range of
362-485 nm (& = 66 000, 95 500, 54 400 M~' em ™", respectively),
corresponding to the n-n* transition and a low energy tran-
sition around 590-600 nm (¢ = 6500, 12 350, 6650 M~ cm™,
respectively), corresponding to intramolecular charge transfer
(ICT) from Fc to the dcv unit (Fig. 1c). However, for M,, the
ICT band was submerged in the strong n-n* transition and
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appears as a weak shoulder band. M, and M; vs. M; exhibit a
128 and 45 nm redshift in the n-xn* transition due to increased
D-A interactions and extended n-delocalization.

Photochromism

The photochromic behaviour of M;-Mj; has been studied in di-
chloromethane at room temperature. Upon irradiation with UV
light (254 nm), the colours of M;-M; have been changed from
blue, yellow, and green to yellow, purple, and yellow, which is
associated with apparent changes in the absorption spectra.
The ICT band (~590-600 nm) has disappeared for all three
compounds, and new bands at 450 nm for M, 606 nm for M,
and 480 nm for M; appeared. Defined isosbestic points at
498 nm for My, 540 nm for M, and 520 nm for M; imply a
clean photo-transformation. Thus, M; and M; show negative
photochromism (where the absorption shifts toward the blue
region) while M, shows positive photochromism (where the
absorption shifts toward the red region). This indicates that
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Fig. 2 UV/vis spectral changes of (a) My, (b) M, and (c) M3, upon irradiation with 254 nm UV light in CH,Cl,. (d) Chemical reversibility of M,.
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the electronic properties of the substituents play a crucial role
in tuning the photochromic properties of these compounds.
M; and Mj;, having neutral phenyl substituents, exhibited a
negative photochromism with a blue shift in the absorption by
quenching the ICT band (ferrocene — DCV). On the other
hand, M, with a strong electron-donating TPA substituent trig-
gers new charge transfer interactions with DCV after the photo-
oxidation of ferrocene. The transformation was found to be
quick and completed within 150 s (Fig. 2a-c).

A similar observation was made when M;-Mj; were sub-
jected to electrochemical oxidation with a potential of 1 V or
chemical oxidation with iron perchlorate (Fig. S27).

The colour and absorption spectral changes have also been
the same as the photoinduced transformations. Thus, we
speculated that the photo-transformation of M;-M; is due to
the oxidation of Fc (Fe**) to Fc' (Fe*"). In the presence of UV
light, a photoinduced electron transfer from Fc to CH,CI,
(electron-accepting solvent) may occur, forming Fc* (Fe**) and
dichloromethyl anions (CH,Cl,”) (Scheme 2).**** To test our
hypothesis, we also tested the photochromism of M, in CCl,
(electron-accepting) and toluene (electron-non-accepting) sol-
vents. The CCl, solutions exhibited a colour change like the
CH,ClI, solution, while no change was observed in the toluene
solution (Fig. S371), indicating that the solvent accepts the elec-
trons from the Fc unit. To further establish that the Fc is oxi-
dizing to Fc', nuclear magnetic resonance spectroscopy
(NMR), electron paramagnetic resonance spectroscopy (EPR),
and Fourier transformation infrared spectroscopy (FT-IR)
studies have been carried out on the photo-irradiated system.
The NMR spectra of M; exhibited a broadening of all the aro-

2F¢ + CH,Cl, — 2Fc" + [ CH,ClL,> —= CH,CI" —CH, + CI" |
+Cl-

Scheme 2 The electron transfer mechanism between Fc and CH,Cl,.
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matic proton signals upon light irradiation, indicating the
paramagnetic nature of the light-irradiated
(Fig. 3a).>4%

In EPR, the photo-transformed product shows a strong EPR
signal with a g-value of 4.5597, further confirming that the
photo-transformed product is paramagnetic and corresponds
to the formation of ferricenium ions. On the other hand, no
signal was observed for the pristine sample. Moreover, the
chemically oxidized sample also showed a similar EPR signal
with a matching g-value of 4.9490 (Fig. 3b). It is important to
note that the g-values in the range of 4.5 clearly demonstrate
the presence of a metal-based electron, not the organic
radical, providing evidence for oxidizing Fe(u) in ferrocene to
Fe(ur). The FT-IR analysis revealed that the C-C stretching fre-
quency of Fc after light irradiation has shifted from 1440 cm™
to 1720 cm ™" due to the oxidation of Fe** to Fe*". On the other
hand, all the remaining signals corresponding to aryl dicyano-
vinylene remain unchanged (Fig. 3¢ & Fig. 54, S51).

The reversibility of the photo-transformation of M;-M; has
been achieved by chemical or electrochemical reduction.
Reducing the potential to —1 V or treating the solutions with
sodium thiosulphate restored their initial colours and the
absorption spectra (Fig. 2d & Fig. S671). Interestingly, M, exhi-
bits turn-on fluorescence upon light irradiation (Fig. 4a) and
chemical oxidation (Fig. 4b), with a strong emission signal
appearing in the red region (4. = 675 nm) and reaching its
maxima after 200 s. This is attributed to the quenching of the
intramolecular charge transfer from ferrocene to dicyanoviny-
lene, while the TPA to dicyanovinylene D-A interaction
becomes active.

The signal is broad and spans from 520 to 860 nm and thus
exhibits the fluorescence colour of light green instead of the
typical red of NIR-emissive systems. The fluorescence
quantum yields of the solution have been found to be 4%,
which is moderately high for the compounds that show near-
IR emission (Fig. 4).

system
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Fig. 3 (a) *H NMR spectra (400 MHz, CDCls) of M, upon UV light irradiation (top: pristine, middle and bottom: after light exposure); (b) EPR spectra
of M, before and after irradiation with UV light and chemical oxidation using Fe(ClO,4)s (1 eq.); and (c) FT-IR spectra of M; before and after irradiation

with UV light.
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Fig. 4 Emission traces of M, (a) after irradiation with a 254 nm lamp and (b) after chemical oxidation using Fe (ClO4)s measured in CH,Cl, (1 x

1074).

Conclusion

We developed ferrocene-aryldicyanovinylene systems via the
Knoevenagel condensation of methyl cyanovinylene ferrocene
with different aromatic aldehydes (M;-Mj;). The compounds
possess strong intramolecular charge transfer interactions,
leading to intense visible light absorption. The systems exhibit
photochromism by changing from blue, yellow, and green to
yellow, purple, and yellow when irradiated with ultraviolet
light, relying on ferrocene’s redox switching. In addition, M,
also shows photoinduced turn-on fluorescence. These systems
represent the first photochromic ferrocene compounds. The
work reported here could pave the way for developing func-
tional photochromic materials that can enjoy the benefits of
both organic and inorganic systems.

Experimental section

All the chemicals, including ferrocene (98%), p-tolualdehyde
(98), 4-(diphenylamino) benzaldehyde (96%), terephthalalde-
hyde (98%), aluminium chloride anhydrous (98%), acetyl
chloride (98%) and solvent, were purchased from Sigma-
Aldrich, SRL, Loba, TCI-India and used without further purifi-
cation. "H NMR (400 MHz), "*C NMR (101 MHz), structural
assignments were made with additional information from
gCOSY experiments spectra were recorded in deuterated
solvent, on a Jeol Resonance ECZ-400R spectrometer. J values
are expressed in Hz and quoted chemical shifts are in ppm
downfield from the tetramethylsilane (TMS) reference using
the residual protonated solvents as the internal standard. The
signals have been designated as follows: s (singlet), d
(doublet), t (triplet), and m (multiplet). Ultraviolet-visible
(UV-Vis) absorption spectra were recorded with an Agilent Cary
5000 UV-Vis-NIR spectrophotometer in a 1 cm quartz cell.
Fluorescence measurements were carried out on a
PerkinElmer FL6500 spectrometer in a 1 cm quartz cell.
Density functional theory calculations of the molecular struc-

10348 | Dalton Trans., 2025, 54,10343-10350

tures (in the gas phase) and the molecular orbital energies
were carried out at the B3LYP/6-31G(d) level as implemented
in Gaussian 16. The figures were generated with GaussView
6.0. Redox potentials were referenced to ferrocene (Fc/Fc').
HOMOs were calculated using the equation HOMO = —(4.8 +
oxd potential), and LUMOs were determined using LUMO =
—(4.8 + redn potential).

Cyclic voltammetry

Electrochemical studies were performed using Gamry
INTERFACE 1010 31184 in a three-electrode system by using a
Pt wire as a counter electrode, Ag/AgCl as a reference electrode
and a glassy carbon disk as a working electrode (3 mm, the
surface area of the electrode is 1 cm?), at room temperature.
HPLC grade dichloromethane was used as a solvent with (0.1
M) tetrabutylammonium perchlorate (TBAP) as a supporting
electrolyte, and the concentration of the redox species (M;-Mj)
used was ~1 M. Finally, the redox potentials were modified
with reference to the ferrocene (Fc/Fc'). The scan rate was
maintained at 50 mV s~ for all the measurements. All solu-
tions were purged with nitrogen gas using the balloon and
needle method before the measurement. In this cyclic voltam-
metry experiment, the initial potential was set to 0.0 V, and the
scan proceeded in the positive (oxidative) direction with a
switching potential of 1 V, followed by reversal in the negative
(reductive) direction with a switching potential of —1.1 V, and
finally back to 0.0 V. This setup allows observation of both oxi-
dation and reduction processes in the redox couple.

Spectroelectrochemical measurements

Spectroelectrochemical measurements were carried out in an
electrochemical workstation, Gamry INTERFACE 1010 31184.
The changes in the optical absorption in response to electric
potential were monitored in a custom-made cell, consisting of
a Pt 80 mesh as the working electrode, a 6 mm x 7 mm Pt wire
as the counter electrode and Ag/AgCl as the reference elec-
trode. A dichloromethane solution containing the compounds

This journal is © The Royal Society of Chemistry 2025
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M;-M; and 0.1 M TBAP as the supporting electrolyte was fed
into the spectroelectrochemical cell for the measurements.

General procedure of M;-M;

In a 25 mL round-bottom flask, compound Fe-d (0.36 mmol),
aromatic aldehyde (0.36 mmol) and catalytic amounts of piper-
idine were added and mixed with 10 mL of ethanol. The flask
was heated to reflux for 12 hours. At the end of the time, the
reaction mixture was brought to room temperature and poured
into water. The resultant solid was filtered and purified by
silica gel column chromatography with dichloromethane/pet-
roleum ether (1/1, v/v) as an eluent.
(E)-2-(1-Ferrocenyl-3-( p-tolyl)allylidene)malononitrile (M,).

NC
S oN
Fe -

<>

Blue solid (82%), HRMS (QTOF): m/z caled for C,3H;gFeN, ([M
+]): 378.0819; found m/z: 378.0795; "H NMR (400 MHz, CDCl;)
5 7.58 (d, *Jyu = 15.9 Hz, 1H), 7.47 (d, *Jyu = 7.9 Hz, 2H),
7.24 (d, *Jy-u = 8.0 Hz, 2H), 7.20 (d, */yy_yy = 15.9 Hz, 1H), 5.01
(t, *Jun, 2.0 Hz, 2H), 4.75 (t, *Jy_n, 2.0 Hz, 2H), 4.33 (s, 5H),
2.41 (s, 3H). {'"H}"*C NMR (101 MHz, CDCl3) 6 172.51, 144.55,
141.62, 132.18, 130.04, 128.24, 123.52, 115.98, 115.21, 74.97,
73.09, 71.93, 71.45, 21.67.
(E)-2-(3-(4-(Diphenylamino)phenyl)-1-ferrocenyl-allylidene)

malononitrile (M,).

NC
~/ CN
Fe
S
<>

O

Orange solid (81%), HRMS (QTOF): m/z calcd for Cs;4H,5FeN;
(IM + H]): 532.1471; found m/z: 532.1446; "H NMR (400 MHz,
CDCl3) 6 7.57 (d, -y = 15.8 Hz, 1H), 7.42 (d, /.y = 8.8 Hz,
2H), 7.34-7.29 (m, 4H), 7.16-7.10 (m, 7H), 7.02 (d, *Ju u = 8.8
Hz, 2H), 4.98 (t, *J_iz = 2.0 Hz, 2H), 4.72 (t, *Ji_g, 2.0 Hz, 2H),
4.31 (s, 5H). {"H}"*C NMR (101 MHz, CDCl;) § 172.09, 150.58,
146.59, 144.49, 129.63, 129.56, 127.57, 125.69, 124.51, 121.78,
121.36, 116.26, 115.50, 73.87, 72.64, 71.84, 71.28.

This journal is © The Royal Society of Chemistry 2025
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2,2'-((2E,2'E)-1,4-Phenylenebis(1-ferrocene-2-en-3-yl-1-
ylidene)dimalononitrile (Mj;).

Green solid (78%), "H NMR (400 MHz, CDCl;), HRMS (QTOF):

mjz caled for CjzgH,eFe,N, [(M+)]: 650.0856; found m/z:
650.0844; § 7.62 (s, 4H), 7.55 (d, J = 16.0 Hz, 2H), 7.30 (d, J =
16.0 Hz, 2H), 5.05-5.00 (m, 4H), 4.82-4.77 (m, 4H), 4.35 (s,
10H). ®C NMR (101 MHz, CDCl;) § 172.04, 142.70, 136.94,
128.82, 125.89, 115.72, 77.30, 73.44, 71.87, 71.52.
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