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a b s t r a c t

A new type of donor–acceptor molecule DiFc-B combined ferrocene and BODIPY unit has been syn-
thesized, and the NMR spectra, photophysical property, and electrochemical property were studied. The
in situ spectro-electrochemical experiment was carried out, a notable absorption change had been ob-
served under oxidative potential, and a recovery could happen under reductive potential and this process
could repeat for several times. Such a phenomenon also happened when oxidative metal ion was added
into the solution of DiFc-B. In order to study the mechanism of the electrochromism, the theoretical
calculation was performed, and the result shows a D (ferrocene)–p–A (BODIPY) system. The energy gap
between the HOMO and LUMO had a good consistence with the electrochemical experiment and UV–vis
data. The calculation of the frontier orbital belonging to the cation state of DiFc-B shows the directional
change of the D–p–A system, which supplied a theoretical basis of the electrochromism.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Organic electrochromic materials are a class of interesting
molecules not only from the structural point of view, but also from
the perspective of their novel electronic, optical, biological and
chemical properties. At this stage, significant progress has been
made in the synthesis of the electrochromic molecule materials.1

However, most of the molecule materials are based on the conju-
gated molecules with heterocycles such as polythiophene, poly-
pyrrole, polyanilines, viologen, etc.2–5 The conjugated materials
have a common character that the input part (or modulator) and
the chromophore usually are shared, which leads to negative effect
on their durability. Therefore, how to rationally design modulator–
chromophore molecules that can avoid the problem above is very
interesting. We prefer to design a D–A molecule system in which
the charge transfer process can be switched by the modulator. The
principles to such designs are lying in whether these molecules can
occur the intramolecular charge transfer (ICT), which results in the
appearance of the absorption band in the visible-light range,6–8 and
whether the reversible redox reactions of the modulator can switch
the charge transfer process.
x: þ86 10 82616576.
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As we know, BODIPY derivatives, which have been widely
employed as useful fluorescence probes and laser dyes, have many
attractive characteristics.9–11 In the previous works, the ICT process
in the conjugated linked BODIPY derivatives has been investigated
and showed application potential on the ‘naked eye’ sensors and
switches.12,13 And some reports have also indicated the advantage
of the electrochemical reversibility of ferrocene moiety in the
molecular systems.14 However, the studies on the direct modula-
tion of the ferrocene unit for electrochromism in a molecular sys-
tem are still rare.15–17 Herein, we designed and synthesized a new
type of D–p–A molecule system, which combined physical and
chemical properties of electron donor ferrocene unit and electron
acceptor BODIPY. The electrochemical reversibility of ferrocene was
exploited for modulating the oxidative state of ferrocene to change
the electron density distribution on the BODIPY, which leads to
a change of ICT absorption property resulting in the
electrochromism.
2. Results and discussion

2.1. Synthesis of DiFc-B

Synthesis of DiFc-B is depicted in Scheme 1. Compound 2 was
synthesized by condensation of compound 1 and dimethylpyrrole
rights reserved.
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catalyzed by acid. Direct condensation of 3 and 2 affords the novel
compound of DiFc-B in the presence of piperidine and glacial
acetic acid with a total yield of 15%.
Scheme 1. Synthesis of DiFc-B.
2.2. Photophysical properties

Figure 1 shows photophysical properties of DiFc-B and nude
BODIPY in dichloromethane (DCM). DiFc-B has an absorption
band in the range of 300–350 nm, which could be ascribed to the
dz

2/dxy and dx
2
�y
2 /dxz transition of the ferrocene moiety. The

absorption band of BODIPY moiety in DiFc-B at about 500–
550 nm has a slight red-shift compared with that of the
individual BODIPY molecule, which is due to the extended con-
jugation. The absorption at 700 nm is assigned to the intra-
molecular charge transfer (ICT) band, and the strong charge
transfer results in deep colour of the solution which plays a im-
portant role in our work. As we know, BODIPY dye is usually
applied as fluorescent probes. But this compound is not emissive
in its neutral state, which could be attributed to the strong charge
transfer in the system. The strong charge transfer always induces
the large red-shift of fluorescence, with an obvious quench
simultaneously.
Figure 1. UV–vis absorption of compound 2 (a) and DiFc-B (b), concentration is
5�10�6 M.
2.3. Electrochemical properties

In order to investigate electrochemical properties of DiFc-B,
the cyclic voltammogram (CV) measurements were carried out in
deoxygenated DCM containing 0.1 M TBAPF6, and the results of
electrochemical properties of DiFc-B are illustrated in Figure 2.
The results indicate the redox peaks didn’t move with the
increasing of the scan rate, which shows the outstanding elec-
trochemical reversibility of DiFc-B.18,19 Two pairs of reversible
one-electron redox peaks can be observed at about 1.0 V and
�1.0 V, respectively, which could be ascribed to the BODIPY
moiety.20 The result indicates the BODIPY moiety has a push–pull
system due to the electron transfer from N to B atom. The peak of
the two-electron oxidation of ferrocene moieties locates at about
0.5 V, and splits into two peaks at lower scan rate. Differential
pulse voltammogram (DPV) experiment gives a clear result, as
shown in Figure 2a. When one of the ferrocene moieties was
oxidized by an appropriate potential, the frontier orbital energy
and the location of HOMO orbit were changed notably leading to
influence the oxidative potential of the other ferrocene moiety.
The oxidative potential of the ferrocene moieties in DiFc-B has
an anodic shift compared with that of nude ferrocene in DCM
(0.3 V) as shown in Figure 2b, indicating ferrocene moiety in
DiFc-B bearing an electron-pulling effect from the BODIPY
moiety.
Figure 2. (a) The cyclic voltammogram of DiFc-B, scan rate from 50 mV/s (the inner
line) to 800 mV/s (the outer line); differential pulse voltammogram (DPV) of DiFc-B
(small image), scan from 0.1 V to 0.6 V. (b) the cyclic voltammogram of ferrocene (solid
line) and BODIPY (dash line), scan rate: 200 mV/s. All measurements were carried out
in deoxygenated DCM containing 0.1 M TBAPF6, glassy carbon electrode as working
electrode, platinum wire as counter electrode and silver wire as reference electrode.
The concentration of them was 0.002 M.
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The cyclic voltammetry and spectral results are shown in Table
1. The spectral result has a slight blue shift compared with the CV
result, which can be attributed to the hydrogen bond interaction
between CH2Cl2 and the solute.21
Table 1
Electrochemical and photophysical data of DiFc-B

EP
1a/V Epc

1 b/V HOMOc/eV LUMOd/eV Band
gap(cv)e/eV

Band gap
(UV–vis)f/eV

0.55 1.13 �5.13 �3.45 1.68 1.77

a Peak potential of first oxidation wave determined by cyclic voltammetry: 0.1 M
TBAPF6 as a supporting electroyte in DCM, glassy carbon electrode as working
electrode and Pt as counter electrode, scan rate in 50 mV/s.

b Peak potential of first reduction wave.
c Calculated according to EHOMO¼�e(Eox)þ4.58 as the potential of Ag electrode is

4.58 V below vacuum level.22,23

d Calculated according to ELUMO¼�e(�Eredþ4.58).
e Calculated from Egap¼EHOMO�ELUMO(from CV).
f Band gap obtained from UV absorption onset value, calculated as Egap¼hv¼hc/

lonset¼1240/lonset.

Figure 3. Spectro electrochemistry of DiFc-B. (a) Spectra change under 0.7 V versus
Ag/Agþ (from neutral state to oxidative state), (b) spectro change under 0 V versus Ag/
Agþ (from oxidative state to neutral state), (c) cycles of electrochemical modulation.
The concentration of DiFc-B is 5�10�6 M.
2.4. Electrochromic experiment

The in situ spectrochemical experiments were carried out in
DCM with 0.1 M of TBAPF6 as supporting electrolyte, and using
light transparent platinum guaze (100 mesh, 0.07 mm diameter)
as a working electrode. For the oxidative potential of the ferro-
cene is at about 0.5 V (vs Ag wire) and the BODIPY moiety is at
about 1.0 V (vs Ag wire), an oxidative potential of 0.7 V (vs Ag
wire) was applied. The time-depending UV spectra are shown in
Figure 3a. Under the oxidative potential, the intensity of ICT
absorption band at 700 nm reduces gradually. At the same time,
a new absorption peak at about 600 nm were observed, resulting
in a colour change from deep blue to red. The absorption band of
BODIPY core at 550 nm was unchanged in the process. When
a reductive potential (0 V vs Ag wire) was applied, an opposite
transformation could be observed as shown in Figure 3b. In the
first cycle, both of the ICT absorption band at 700 nm and the
ferrocene moieties absorption band at 350 nm have a recovery of
80%, and the colour is also recovered. The 20% of loss might be
due to the adherence of solute on the Pt-grid electrode. The
oxidation and reduction process were carried out for several
cycles without any fatigue as shown in Figure 3c, which indicates
good reversibility.

2.5. Oxidative metal ion responding experiment

Except for the electrochromic experiment, we also found that
the compound could respond to the oxidative metal ion like Cu2þ.
Notable changes in the absorption spectra of DiFc-B were observed
upon addition of an increasing amount of Cu2þ ion. The absorption
maximum at 690 nm in the visible region decreased in intensity
and was accompanied by the increasing of the absorption band at
550 nm as shown in Figure 4. The latter band is characteristic of
absorption band of BODIPY core. The results are similar to that of
the electro oxidation at potential of 0.7 V (vs Ag wire).

2.6. Quantum chemical calculations

To investigate the mechanism of electrochromism, quantum
chemistry calculation was performed using density functional
theory (DFT) methods employing the Amsterdam-density-func-
tional (ADF 2006.01) program package. Geometric structures of the
complex have been investigated by BP86/TZ2P methods without
any constraint as shown in Figure 5a.24 As expected, the DiFc-B
with conjugated connection between two parts has planar
configuration, and the benzene ring linked with the meso position
of BODIPY has a dihedral angle of about 60�. The trans-conforma-
tion of the double bond between Fc moiety and BODIPY is consis-
tent with the NMR result (J¼16 Hz).

In order to study the ascription of UV–vis absorption of DiFc-B,
simulated UV–vis absorption of DiFc-B was calculated by using
TDDFT based on the optimized configuration,25 and the result was
shown in Figure 5b and Table 2. The result indicated that the lon-
gest wavelength of the absorption located on about 800 nm
(1.47 eV), which match up well to the experiment result (1.77 eV,
DE¼0.3 eV), and this absorption wave is mainly contributed by the
transition from HOMO to LUMO (57%).



Figure 4. UV–vis absorption spectra of DiFc-B in the presence of different amounts of
copper(II)perchlorate. Arrows indicate bands that change during the experiment. The
concentration of DiFc-B is 5�10�6 M.

Figure 5. (a) Calculated configuration of DiFc-B; (b) Simulated UV–vis absorption of
DiFc-B.

Table 2
Data of simulate UV–vis absorption of DiFc-B

State Energy (eV) fa Major contribution

3A 1.47 0.16 H->L(57%)
H-4->L(30%)
H-1->L(11%)

7A 2.05 0.64 H-4->L(41%)
H->L(28%)
H-6->L(22%)

9A 2.62 0.19 H-8->L(47%)
H->Lþ1(30%)

30A 3.05 0.20 H-4->Lþ1(20%)
H->Lþ1(11%)

57A 3.43 0.24 H->Lþ8(19%)
H-16->L(12%)

fa intensity factor.
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HOMO and LUMO of DiFc-B are also calculated through the ADF
calculation with TZP basis set as shown in Figure 6(left). HOMO and
LUMO of DiFc-B orbitals are localized on the ferrocene and BODIPY
moiety, respectively, which indicate that the ferrocene moiety is
donor and the BODIPY part is acceptor in the DiFc-B molecule.
Figure 6. Left: Calculated frontier orbitals (a) HOMO of DiFc-B, (b) LUMO of DiFc-B,
(c) HOMO of DiFc2D-B, (d) LUMO of DiFc2D-B. Right: sketch of redox process of D–p–A
system.
The calculation of the cation state of DiFc-B was also performed.
The HOMO and LUMO orbitals are mainly localized on BODIPY part
and ferrocene moiety, respectively, which means the direction of
D–p–A structure in the cation state is reversed to that of the neutral
state. The results indicate the transformation is able to change the
electron density distribution upon the molecular system leading to
the electrohromism. The sketch of the redox process of DiFc-B is
illustrated in Figure 6(right).

3. Conclusion

In conclusion, we demonstrated a new type of D–p–A system
combined with ferrocene and BODIPY. The electrochemical re-
versibility of ferrocene was exploited for modulating the oxidative
state of ferrocene for changing successfully the electron density
distribution on the BODIPY molecule, which result in an out-
standing switch of ICT absorption to achieve the aim of
electrochromism.

4. Experimental

4.1. Methods and materials

The ferrocenylaldehyde was purchased from the Tianjin
Pharmcn Co. Ltd., 2,4-dimethylpyrrole and copper (II) perchlorate
were purchased from Aldrich Co. Ltd. Tetra-n-butylammounium
hexfluorophostphate (TBAPF6) used as the supporting electrolyte
for the electrochemical measurement was obtained from Alfa-
Aesar Co. Ltd., recrystalized and dried in vacuo prior to use. All the
solvents used in electrochemical measurements and photophysical
measurements were of HPLC grade quality, purchased and used
without further purification unless otherwise noted. All the sol-
vents and reagents used in the synthesis such as trifluoro acetic
acid (TFA), triethyl ammounium (TEA), dichloromethane (DCM)
and piperidine were purchased and purified by standard methods.

4.2. Synthesis and characterization

4.2.1. 4,40-Difluoro-8-(4-iodo) phenyl-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacene (2)26. This compound was synthesized fol-
lowing literature method with some improvement. Under nitrogen
atmosphere, to 1 L dichloromethane was added 1.8 g 4-iodo-
benzaldehyde and the mixture was stirred for 20 min. Then, 1.47 g
2,4-dimethylpyrrole was added to that mixture. After 10 min,
a drop of trifluoro acetic acid was added, and the mixture was
stirred for 5–6 h in the dark. Then, a solution of dichloro dicyane
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benzoquinone (2 g) in dichloromethane was added dropwise to the
deep red mixture during 2 h period. After stirring for another
30 min, TEA (6 mL) and BF3$OET2 (6 mL) were added to the mix-
ture, stirred overnight. The reaction was quenched by adding water,
and the water layer was removed. The organic layer was concen-
trated on the rotary evaporator, and the residue was subjected to
column chromatography (silica gel, CH2Cl2/Hexane¼1:3) to afford
orange crystal (1.4 g, 40%).

4.2.2. 3,5-[20-(Ferrocenyl) ethenyl]-4,40-difluoro-8-(4-iodo) phenyl-
1,3,5,7-tetramethyl-4-bora-3a, 4a-diaza-s-indacene. To a solution of
4,4-Difluoro-1,3,5,7-tetramethyl-8-(4-iodo-phenyl)-4-bora (450 mg,
1 mmol) and ferrocenealdehyde (2.14 g, 10 mmol) in 40 mL of tolu-
ene were added glacial acetic acid (375 mL), piperidine (450 mL) and
small amount of Mg(ClO4)2. The resulting mixture was refluxed, and
the water formed during the reaction was removed azeotropically by
heating overnight in a Dean–Stark apparatus. The solvent was re-
moved under vacuum, and the residue was purified by silica gel
column chromatography (CH2Cl2 to CH2Cl2/MeOH¼100:2). The blue
fraction was collected to afford a dark blue solid (261 mg, 31%). 1H
NMR (400 MHz, CDCl3): d 1.46 (s, 6H), 4.20 (s, 10H), 4.46 (s, 4H), 4.66
(s, 4H), 6.52 (s, 2H), 7.07 (d, 2H, J¼16.1 Hz), 7.08 (d, 2H, J¼8.2 Hz), 7.26
(d, 2H, J¼16.1 Hz), 7.84 (d, 2H, J¼8.2 Hz). 13C NMR (100 MHz, CDCl3):
d 15.04, 68.31, 69.86, 70.67, 82.29, 94.68,117.66,130.71,132.84,135.37,
136.86, 138.30, 141.07, 152.73, 171.27. MALDI-TOF MS m/z 842.1
(C41H34BF2Fe2IN2 requires 842.05). Elemental analysis calcd (%) for
DiFc-B: C, 58.48; H, 4.07; N, 3.33. Found: C, 58.12; H, 3.98; N, 3.56.

4.3. Photo physical & electrochemical measurements

The UV–vis absorption spectrums were measured on a Hitachi
U-3010 spectrometer. Electrochemical measurements such as cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) were
carried out with a CHI660B electrochemical workstation using
a three-electrode arrangement in a single cell with a Pt wire counter
electrode, a glassy carbon working electrode, and an Ag wire ref-
erence electrode. The sample solutions contained the compound
DiFc-B (1.0�10�3 M) and 0.1 M TBAPF6 as the supporting electrolyte
in DCM. UV–vis spectro-electrochemical experiments were per-
formed with a spectro-electrochemical quartz cell (path-length of
0.5 mm) using a three-electrode arrangement: light transparent
platinum gauze (100 mesh, 0.07 mm diameter) as a working elec-
trode, a platinum wire counter electrode, and an Ag wire reference
electrode. Potentials were applied with a CHI660B electrochemical
workstation. The electrochemical reaction was monitored with
a Hitachi U-3010 spectrometer. All electrochemical measurements
were carried out under an atmospheric pressure of nitrogen.

4.4. Method of quantum chemical calculations

In order to get information about the optimized geometry
conformation and frontier orbital, quantum calculation with
Amsterdam-density-functional (ADF 2006.01) program package
have been carried out. The ground state geometry configuration of
DiFc-B was optimized by the gradient corrected BP functional. For
describing the geometry and orbital energy of the compound pre-
cisely, TZP basis set was used for all atoms in the calculations.
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