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Ferrocenylazobenzene was synthesized by condensing an aminoazobenzene dye with
ferrocenecarboxylic acid previously treated with oxalyl chloride. The compound dis-
played an anticipated chemically reversible one-electron oxidation process and gave a
formal potential, E° = 0.65 V. In the UV-Vis region, the azo w-n* and n-m* transitions
appeared at 355 and 460 nm respectively. On oxidation of the ferrocenyl moiety, the
azo w-n* band was blue-shifted to 348 nm with an increase in intensity, while a new
broad, lower energy absorption band assigned to the ligand-to-metal charge transfer
appeared at 622 nm. The growth of this new band was concurrent with the bleaching of
the metal-to-ligand charge transfer band which was largely obscured by the azo n-m*
band at 460 nm. The compound in the form of thin film gave an average electrical
conductivity of 0.239 & 0.001 Scm™" and a non-linear I-V curve with knee voltage at
2.3 Vin dark condition.
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1. Introduction

Azobenzene is a diazene (NH=NH) compound, where both hydrogens are substituted by
phenyl groups. Its versatility, chemical stability and facile color tuning makes it one of the
important dyes in the broad class of aromatic azo compounds [1-3]. In theory, azobenzene
is a w-conjugated molecule with an electron-withdrawing effect [4], but there is no in-
vestigation using azobenzene as an electron acceptor in molecular electronics because the
intramolecular electronic communication between azobenzene and adjacent chromophore
can alter its original feature [5]. In contrast, azobenzene is mostly employed as a photo
responsive linker between chromophores since its readily induced and reversible isomer-
ization about the azo bond between the trans and cis geometric isomers proved useful in
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regulating molecular motion for photo switchable devices [6,7]. However, we are inter-
ested in employing azobenzene as an acceptor by conjugating it to a redox active (electron
donating) chromophore like ferrocene in a donor-acceptor array. There are a few reports
on azobenzenes functionalized with ferrocenes [8—13], and they are limited to the study
of photoisomerization behaviors of azobenzenes on switching the oxidation state of the
ferrocenyl moieties. In this paper, we report the preparation of a new ferrocenylazobenzene
(FcAzoben) and its spectroscopic, electrochemical and spectroelectrochemical properties.
The electrical conductance studies were carried out in dark condition to omit any photo
response of the azo moiety.

2. Experimental

a. Synthesis of Ferrocenylazobenzene (FcAzoben)

All chemicals were purchased and used without further purifications except for triethy-
lamine which was distilled prior to use. All reactions were carried out under nitrogen atmo-
sphere. Ferrocenoyl chloride was prepared by a modified literature method [14]. Preparation
of ferrocenylazobenzene (FcAzoben): Ferrocenoyl chloride (0.43 g, 1.73 mmol) was dis-
solved in 30 mL of dry CH,Cl,, and 2.5 mL of distilled NEt; was added to the solution. After
being stirred for 30 min at room temperature, 4-aminoazobenzene (0.11 g, 0.57 mmol) in
30 mL of dry CH,Cl, was added dropwise within 1 h. The reaction mixture was stirred for
48 h at room temperature, and then heated to reflux for 2 h. Solvent was removed in vacuo
and the residue purified by column chromatography (SiO,, CH,Cl,) gave yellow solid of
FcAzoben (0.16 g, 70%). Anal. Calcd. for Cy3HoFeN3O: C, 67.50; H, 4.68; N, 10.27.
Found: C, 67.32; H, 4.64; N, 9.97. EI-MS: (M + Na)*, m/z = 432.07. "H NMR (CDCl5),
8 (ppm): 4.31 (s, 5SH, CsHs); 4.49 (s, 2H, B-CsHa); 4.84 (s, 2H, «-CsHy); 7.48-7.56 (m,
4H, C¢H4 + NH); 7.80 (d, Jun = 9 Hz, 2H, C¢Ha); 7.94 (d, Jun = 7 Hz, 2H, C¢Ha); 8.00
(d, Jyu = 9 Hz, 2H, CgHy). '*C NMR (CDCl3), § (ppm): 68.34 (-CsHy); 69.98 (CsHs);
71.19 (B-CsHy); 75.87 (C,—C—C=0); 119.61, 122.74, 124.18, 129.08, 130.72, 140.71,
148.84, 152.75 (C¢H4 + CgHs); 168.80 (C=0).

b. Deposition of FcAzoben on ITO Substrate

FcAzoben was deposited on the ITO substrate by electrochemical method using the Elec-
trochemical Impedance Spectroscopy (ELS) PGSTAT302. The experimental set-up consists
of an electrochemical cell, a potentiostat/galvanostat, and a General Purpose Electrochem-
ical System (GPES). Using the GPES software, cyclic voltammetry (Staircase) method
was set to be in Normal method. The cyclic process was set for 20 cycles. Deposition was
completed in acetonitrile (ACN) with the following conditions; scan rate of 0.05 Vs~!,
potential range of 0-1.5 V, solution of ~10~* M in electroactive material and 0.1 M in
lithium tetrafluroborate (LiBFy) as supporting electrolyte.

¢. Characterizations

Elemental analysis was obtained using FLASH EA 1112 CHNS-O analyzer. Mass spectrum
was recorded on Shimadzu LCMS-QP8000 spectrometer. 'H and '*C NMR spectra were
recorded using Bruker Avance III 400 MHz spectrometer in CDCl; at 25°C. IR spectrum
was recorded via FTIR Perkin Elmer 100 spectrophotometer using potassium bromide
(KBr) pellet. UV-Vis spectrum was recorded on Shimadzu 1601 series in ACN using 1 cm
path length quartz cell. Cyclic voltammetry was performed in ACN using Electrochemical
Impedance Spectroscopy (EIS) PGSTAT302 with a three-electrode cell consisting of a pol-
ished Pt rod working electrode, Pt disc counter electrode and AgCl reference electrode. The
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solution was ~10~* M in electroactive material and 0.1 M in supporting electrolyte, lithium
tetrafluroborate (LiBF;). The scan rate employed was 0.05 Vs~!. All data were recorded
on the AutoLab software General Purpose Electrochemical System (GPES) manager. The
UV-Vis Optically Transparent Thin Film Electrode (OTTLE) spectra were obtained using
standard cells in ACN with platinum grid electrodes and Varian Carry 500 UV-Vis spec-
trophotometer. Electrical conductivity of the thin film was measured by four point probe sys-
tem consisting of Jandel Universal Probe that was combined with Jandel RM3 test unit. The
current—voltage characteristics an (I-V curve) measurement was performed by a two point
probe system, which was connected to SMU-4200 SCS Keithley Characterisation System.

3. Results and Discussion

a. Synthesis

FcAzoben has been synthesized by condensing an aminoazobenzene dye with ferrocenecar-
boxylic acid previously treated with oxalyl chloride. The synthesis route is illustrated in
Scheme 1. An additional base, such as triethylamine (NEt3) is usually required to trap the
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Scheme 1. Synthesis route for FcAzoben.
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Figure 1. 'H NMR spectrum for FcAzoben in CDCl;.

formed HClI and to avoid the conversion of the amine into its unreactive HCl salt. FcAzoben
is obtained in reasonable yield (70%) and is soluble in polar and semi polar solvents.

b. 'H and 3C NMR Spectroscopy

Assignments of 'H and '3C NMR resonances are done using homonuclear (COSY) and
heteronuclear (HSQC and HMBC) techniques. The three '"H NMR resonances of the fer-
rocenyl moiety, CsHs, Hg and H, appear as a singlet at 6y 4.31, 4.49 and 4.84 ppm. The
N—H signal cannot be observed due to the overlapped signals from the phenylene protons
in the range 8y 7.48—7.56 ppm. The rest of the phenylene protons are observed as a doublet
in the range 8y 7.80-8.00 ppm. Fig. 1 shows the "H NMR spectrum for FcAzoben. The
13C NMR resonances of the ferrocenyl moiety, CsHs, 8-CsHs and o-CsHy appear at 8¢
69.98, 71.19 and 68.34 ppm respectively. Signal for the carbonyl carbon atom is detected
at 6¢ 168.80 ppm and the adjacent carbon atom at 75.87 ppm. The carbon resonances of
the phenylene groups appear in the range §¢ 119.61- 152.75 ppm.

¢. IR Spectroscopy

The IR spectrum of FcAzoben as shown in Fig. 2 displays v(C =O) as a medium strong
band at 1648 cm~!. The decrease in the vibrational wavenumber of C =0 stretching mode
is possibly a result of the formation of an intermolecular hydrogen bond [15]. The hydrogen
bond formation also tends to broaden out the N—H stretching vibration of amide observed
at 3436 cm™!. The v(N—C =O0) band at 1243 cm™! is weaker than v(C =0O) band, probably
due to the mixed vibration of the N - H bending modes.
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Figure 2. IR spectrum of FcAzoben.

d. UV-Vis Spectroscopy

In theory, the UV-Vis spectrum of an unsubstituted azobenzene in trans conformation
consists of two well separated bands; the strong UV band at Ay.x = 320 nm (g, ~ 22000
L mol~' cm™!) can be attributed to symmetry allowed 77-7* transition and the weaker band
at Amax = 450 nm (eax ~ 400 L mol~' cm™") can be assigned to symmetry forbidden
n-7* transition [16—18]. Substitution of a ferrocenyl moiety on the azo ring in FcAzoben
shifts the w-7* (band A) and n-7* (band B) transitions to higher wavelengths with higher
extinction coefficients i.e. 355 nm (gmax ~ 27000 L mol~! cm™") and 460 nm (gmax ~ 2360
L mol~! cm™") respectively, compared to those of an unsubstituted azobenzene. The UV-Vis
spectrum of FcAzoben is shown in Fig. 3. This phenomenon can be attributed to the increase
in the 77 orbital (HOMO) energy and a decrease in the 7* orbital (LUMO) energy [19, 20].
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Figure 3. UV-Vis absorption spectrum of FcAzoben in ACN.
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Figure 4. Cyclic voltammogram of FcAzoben (1 x 10~*M in ACN, Pt, 0.1 M LiBF,, 0.05 Vs~ ).

Although the ferrocenyl and azobenzene moieties are not fully 7 -conjugated, the presence
of metal-to-ligand charge transfer (MLCT) transition cannot be totally disregarded. The
MLCT band is obscured by the azo n-7* band B and evidence for its presence can be inferred
from the results of Optically Transparent Thin Layer Electrode (OTTLE) spectroscopy.
Upon oxidation of the ferrocenyl moiety, there is an observable bleaching under the broad
B envelope, vide infra. Undoubtedly, a stronger MLCT transition has been postulated for
similar ferrocenyl and azobenzene moieties that are fully m-conjugated [9].

e. Electrochemistry

The cyclic voltammogram for FcAzoben in Fig. 4 displays the anticipated chemically
reversible one-electron oxidation process of the ferrocenyl moiety. The anodic, Ep, and
cathodic, E, peak potentials at 0.60 and 0.69 V respectively, give formal potential, E° =
(Epa + Epe) /2 =0.65 V. Compared to that of an unsubstituted ferrocene (E° = 0.42 V),
this anodic shift is unsurprising, due to the decreased of electron density on the substituted
ferrocenyl system [21, 22].

f. Spectroelectrochemistry

On oxidation of the ferrocenyl moiety in FcAzoben, there are significant changes to the
absorption bands as shown in the Optically Transparent Thin Layer Electrode (OTTLE)
spectra in Fig. 5. Stability of the monocation FcAzoben™ is shown by consistent isobestic
points and complete reversibility upon application of the reverse potential. Complex changes
to the profiles and energies of the bands are observed in the UV-Vis spectra of the monocation
compared to the neutral molecule. Illustrating the complexity of these changes, the azo -
r* transition band A appears to undergo a small blue-shift and an increase in intensity,
while a new broad, lower energy absorption band C appears at 622 nm. The growth of
band C in the visible region is concomitant with the bleaching of band B (MLCT that is
obscured by azo n-7*) at 460 nm in Fig. 6. Band similar to C has been observed previously
in another ferrocenylazobenzene derivative and has been assigned to the ligand-to-metal
charge transfer (LMCT) transition [9].
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Figure 5. OTTLE spectra of FcAzoben™ in ACN, 0-0.8 V.
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Figure 6. The growth of band C is concomitant with the bleaching of band B in OTTLE spectra.

g. Electrical Conductivity

Electrical conductivity, o is a measure of the ability of a material to conduct an electric
current. The conductivity of FcAzoben is measured in the form of thin film using a four
point probe in dark condition, and the value can be obtained using Equation (1) and Equation

Table 1. Current, voltage and electrical conductivity data for FcAzoben

Voltage, V & 0.0001 (mV) Current, I £ 0.01 (mA) Conductivity, o & 0.0001 (Scm™")

1.4050 1.50 0.236
1.3762 1.50 0.241
1.3790 1.50 0.240
1.3794 1.50 0.240

Average 0.239




Downloaded by [University of Birmingham] at 23;18 09 January 2015

Synthesis and Characterization of FcAzoben [405]/149

1.00E-04

Current, [ (A)
5
o
e -]

5 6 7
-1.00E-04
Voltage, V (V)
Figure 7. I-V characteristics of FcAzoben.
(2) based on the values of current, I and voltage, V in Table 1.
R, =4.532x V/I (1)
o = 1/R @

R; is sheet resistance for wafers and films. The average electrical conductivity of FcAzoben
is 0.239 £ 0.001 Scm~!. Based on the range of electrical conductivity in solids [23],
FcAzoben can be identified as a semiconductor material.

h. Current-Voltage Characteristics

Figure 7 shows the I-V characteristics of FcAzoben. The optimum range of voltages applied
into the circuit is —7.0 £ 0.1 V to 4.0 & 0.1 V. In the forward region, the current gradually
increases from O to 1.9 V, and then it drastically increases to 4.0 V. In the backward region,
an abrupt breakdown behavior is observed, indicating the breakdown voltage at —7.0 V.
The voltage at which the current starts to increase rapidly is called the knee voltage, and it is
found at 2.3 V. The values of forward-bias voltage in FcAzoben are significantly different
to those of the schottky and pn junction diodes [24] because the type of materials used here
are very different. The materials for Schottky and pn junction diodes are silicon-based,
while FcAzoben is iron-based.

Conclusion

We have shown here the synthesis and characterization of FcAzoben. Bathochromic shifts
were observed for the azo w-7* and n-7r* transitions on substitution of an electron donating
ferrocenyl moiety on the electron accepting azobenzene unit. The presence of MLCT was
evident and on oxidation of the ferrocenyl moiety, LMCT occurred. In the context of donor-
acceptor array, the roles of ferrocene and azobenzene were reversed on oxidation. Ferrocene
went from being a net donor to a weak acceptor with the azobenzene adopting the donor
role. The electrical properties indicated FcAzoben as a semiconductor material with non-
linear I-V characteristics. All these results showed that azobenzene can be employed as an
electron acceptor in the donor-acceptor dyad for the development of molecular electronics.
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