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a  b  s  t  r  a  c  t

A  series  of azobenzene-substituted  porphyrin  derivatives,  MPAn (M =  H2, Zn;  n  = 1,  2,  4),  has  been  pre-
pared.  These  compounds  were  characterized  by  spectral  and  electrochemical  methods.  The  Soret  and  Q
bands of  ZnPAn were  red-shifted  along  with  the  increase  of Q-band  intensity  ratio  (ε˛/εˇ) as  the  sub-
stitution  of  azobenzene  increased.  Addition  of imidazole  towards  ZnPAn caused  a  significant  increase
in  Q  band  intensity  ratio.  A noteworthy  characteristic  is that  the Q band  intensity  ratio  was  reversed
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(>1.0)  by  imidazole  ligation  for ZnPA4. Additionally,  cyclic  voltammetry  of H2PAn exhibited  anodic  shift
of  the  first  oxidation  potential  but cathodic  shift  for the  second  oxidation  potential  for  porphyrin  free
bases  as  azobenzene  number  increased.  According  to  DFT  calculation,  the  unusual  features  in UV–vis
spectra  and  redox  potentials  arised  mainly  due  to the  intramolecular  �-conjugation  between  porphyrin
and  azobenzene.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

The design and synthesis of molecular devices have been the
oci of intense research in recent years. Porphyrins and metallopor-
hyrins are commonly chosen as a basic component in electronic
aterials because their outstanding electrochemical and spectral

roperties have an amazing range for modulation via the alter-
tion of the central metal and the peripheral substituents [1–4].
oreover, the interaction between porphyrin and substituents

nfluences the efficiency of energy or electron transfer so that the
election of substituents has become an important issue. A great
eal of recent research has been devoted to the investigation of
hromophore-linked metalloporphyrin dyads [5–8] with the hope

or the construction of artificial redox and photosynthetic systems.

ith this objective, porphyrins are commonly functionalized with
 number of redox-active chromophores, such as fullerenes [5],
uinones [6],  ferrocenes [7],  and other porphyrins [8].

∗ Corresponding author. Tel.: +886 49 2910960x4150.
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013-4686/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
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Azobenzene, one of the most important dyes, behaves in theory
as an electron-withdrawing group [9] but there is no investigation
using this group as an electron acceptor in molecular electronics
since the original feature of azobenzene can be changed by the
intramolecular electronic communication between azo group and
adjacent chromophores. In contrast, azobenzenes are widely used
as photoresponsive linkers [10,11] between chromophores since
the E/Z photoisomerization of azobenzenes has been shown to
be a useful way to regulate molecular motion in numerous pho-
toswitchable devices [12,13]. To our knowledge, there are some
reports on the physical properties of the azobenzene-substituted
porphyrins [9,14,15], in which the fluorescence quenching have
been observed, whereas other fundamental characteristics for
these compounds have not been thoroughly studied.

We report herein the characterization of a new class of modi-
fied porphyrins, the azobenzene-linked free base porphyrins and
the corresponding zinc complexes (Fig. 1). Azobenzene is cova-
lently connected to the meso-positions of the porphine ring to
form mono-, di- and tetra-substituted porphyrins. The spectral
and electrochemical characteristics of the azobenzene–porphyrins
have been studied using UV–vis absorption and cyclic voltammetry

(CV). These results are expected to provide more comprehensive
information on their chemical properties. The chemical structure
of the porphyrin complexes and their abbreviations are shown in
Fig. 1.

dx.doi.org/10.1016/j.electacta.2011.11.061
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:tfyang@ncnu.edu.tw
mailto:ichao@chem.sinica.edu.tw
mailto:yosu@ncnu.edu.tw
dx.doi.org/10.1016/j.electacta.2011.11.061
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152.2, 147.1, 144.1, 139.4, 138.3, 137.8, 135.3, 127.8, 125.0, 120.8,
ig. 1. Chemical structure of metalloporphyrins containing azobenzene and
zobenzene derivative; M = H2, Zn.

. Experimental

.1. Synthesis

In order to aid the solubility of porphyrins, the long-chain
lkoxyl moiety was used on the end of the azobenzene substituent.
orphyrin free bases were prepared following Lindsey’s meth-
ds [16,17].  Metallation was achieved by heating the porphyrin
ree base with excess zinc acetate in DMF  for 2 h under nitro-
en [18]. Completion of the reaction was checked by the shift of
he Q bands spectrophotometrically. The solution was evaporated
nd further purified by column chromatography on silica gel with
H2Cl2. 4-Methoxylazobenzene (CH3OAz) was prepared according
o a literature method [19]. All the porphyrins were characterized
y UV–vis, FAB+–HRMS, 1H and 13C NMR  spectroscopy and ele-
ental analysis. The formation constant of five-coordinated zinc

orphyrins were calculated by plot of log [(Ai − Aobs)/(Aobs − Af)] vs.
og [HIm]. Azobenzene exists possibly in E and Z forms. The E iso-

er  is more stable and can be switched to Z form by exciting with
 UV light source [14]. In order to minimize the change, the synthe-
is and electrochemical experiments were performed in the dark.

e presumed that all of our azobenzene–porphyrins were in the E
orm. Even if small amount of Z-azobenzene moiety was generated
uring our experiments, it would thermally relax to the E form via

somerization.

.1.1. 4-(4-Hexyloxyphenylazo)benzaldehyde [20]
4-Aminobenzoaldehyde (50.0 mmol) was added to fluoroboric

cid (50 wt% in H2O, 50 mL)  and then sodium nitrite (60.0 mmol)
as added slowly at 0 ◦C. The resulting mixture was  kept at 0 ◦C

nd stirred for 1 h; the precipitated diazonium salt was  filtered off
nd dried.

Phenol (10 mmol) in aqueous potassium hydroxide (KOH:
.62 g, H2O: 5 mL)  was added to the salt (11.0 mmol) in
tOH, the solution was stirred for 3 h at room temperature.

ydrochloric acid (10%, 50 mL)  was added and the solid was
ltered off and chromatographed on silica gel to give 4-(4-
ydoxyphenylazo)benzaldehyde.
 Acta 62 (2012) 51– 62

In a sealed tube with potassium carbonate (1.0 mmol), 4-
(4-hydoxyphenylazo)-benzaldehyde (1.0 mmol), DMF  (6 mL)  and
1-bromohexane (1.2 mmol) were added subsequently. The mix-
ture was  stirred for 20 h at 110–120 ◦C, aqueous sodium hydroxide
solution (NaOH: 0.10 g, H2O: 50 mL)  was added. The mix-
ture was extracted with CH2Cl2. The combined extracts were
dried (MgSO4), the solvent was  removed at reduced pressure.
The residue was  chromatographed on silica gel to give 4-(4-
hexyloxyphenylazo)benzaldehyde (yield = 53%).

2.1.2. H2PA1
A solution of 4-(4-hexyloxyphenylazo)benzaldehyde

(0.5 mmol), mesitylaldehyde (1.5 mmol) and pyrrole (2 mmol)
in 200 mL  CHCl3 (7.5% EtOH) was  purged with N2 for 10 min, then
BF3

•OEt2 (24 mmol) was  then added. The solution was stirred for
1 h at room temperature then DDQ (1.6 mmol) was added. The
mixture was  stirred for an addition 1 h and then the solvent was
removed. Column chromatography afforded the porphyrin as the
second moving band (yield = 13%). UV/vis (CH2Cl2) �max/nm: 352,
420, 516, 551, 592, 648; HRMS (FAB+): m/z 945.5226 (M+); 1H NMR
(CDCl3/ppm): ı 8.815 (2H, d), 8.677 (2H, d), 8.616 (4H, s), 8.313 (2H,
d), 8.223 (2H, d), 8.063 (2H, d), 7.256 (6H, s), 7.078 (2H, d), 2.603
(13H, s), 1.835 (27H, d), −2.571 (2H, s). 13C NMR(CDCl3/ppm):
161.9, 152.2, 147.1, 144.2, 139.4, 138.3, 138.1, 137.7, 135.2, 127.7,
125.0, 120.8, 118.3, 118.17, 117.9, 114.8, 68.4, 31.6, 29.7, 29.2, 25.7,
22.6, 21.8, 21.7, 21.5, 14.1. Anal. Calc’d for C65H64N6O:C, 82.59; H,
6.82; N, 8.89; O, 1.69. Found:C, 82.55; H, 6.82; N, 8.88; O, 1.65.

2.1.3. ZnPA1
ZnPA1 was obtained by metallation of H2PA1 with excess zinc

acetate under nitrogen in DMF  for 2 h at 150 ◦C. Completion of
the reaction was checked by the shift of the Q bands spectropho-
tometrically. The solution was evaporated and further purified
by column chromatography on silica gel with CH2Cl2. yield = 88%.
UV/vis (CH2Cl2) �max/nm: 352, 421, 550, 589; HRMS (FAB+): m/z
1007.4373 (M+); 1H NMR(CDCl3/ppm): ı 8.896 (2H, d), 8.751 (2H,
d), 8.688 (4H, s), 8.335 (2H, d), 8.225 (2H, d), 8.063 (2H, d), 7.254
(6H, s), 7.079 (2H, d), 2.606 (13H, s), 1.838 (27H, d).

2.1.4. H2PA2
Pyrrole (250 mmol) and mesitaldehyde (10 mmol) were added

to a dry 250-mL round-bottomed flask and degassed with a
stream of N2 for 10 min. BF3

•OEt2 (1 mmol) was  then added,
and the solution was  stirred under N2 at room temperature for
1 h. CH2Cl2 (50 mL)  was  then added, and the organic phase was
washed with diluted water (500 mL)  and dried (Na2SO4). The sol-
vent was removed under vacuum to give a black oil and then
cyclohexanes (100 mL)  were added to precipitate a yellow solid
that was filtered giving 5-mesityldipyrromethane (yield = 45%). A
solution of 4-(4-hexyloxyphenylazo)benzaldehyde (4 mmol) and
5-mesityldipyrromethane (4 mmol) in 1000 mL CHCl3 (7.5% EtOH)
was purged with N2 for 20 min, then BF3

•OEt2 (100 �L) was then
added. The solution was stirred for 1 h at room temperature then
DDQ (6 mmol) was  added. The mixture was stirred for an addition
1 h and then the solvent was removed. The solid was washed by
methanol and give H2PA2 (yield = 30%). UV/vis (CH2Cl2) �max/nm:
352, 422, 517, 554, 593, 649; HRMS (FAB+): m/z  1107.6010 (M+);
1H NMR  (CDCl3/ppm): ı 8.846 (4H, d), 8.704 (4H, d), 8.346 (4H, d),
8.237 (4H, d), 8.066 (4H, d), 7.256 (4H, d), 7.081 (4H, d), 2.609 (18H,
s), 1.833 (26H, d), −2.606 (2H, s). 13C NMR  (CDCl3/ppm): 162.0,
118.6, 114.8, 68.4, 31.6, 29.7, 29.2, 25.7, 22.6, 21.6, 21.5, 14.1. Anal.
Calc’d for C74H74N8O2: C, 80.26; H, 6.74; N, 10.12; O, 2.89. Found:
C, 80.27; H, 6.73; N, 10.12; O, 2.79.
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Table 1
Absorption data and molar extinction coefficients ε (104 M−1 cm−1) in parentheses of azobenzene-substituted porphyrins in CH2Cl2.

Azo Porphyrin

B band Q band

CH3OAzb 347 (2.7),433 (0.1)a

H2TMP  418 (40) 514 (1.5), 547 (0.4), 591 (0.6), 647 (0.3)
H2PA1 352 (3.2) 420 (34) 516 (1.9), 551 (0.8), 592 (0.6), 648 (0.6)
H2PA2 352 (4.7) 422 (29) 517 (1.9), 554 (1.4), 593 (0.7), 649 (1.1)
H2PA4 352 (7.9) 430 (30) 520 (2.2), 558 (1.7), 593 (0.7), 651 (0.8), 690 (0.5)
ZnTMP 421 (67) 550 (2.2), 587 (0.09)
ZnPA1 352 (2.1) 421 (31) 550 (1.7), 589 (0.3)
ZnPA2

b 352 (2.4) 423 (17) 550 (1.1), 592 (0.3)
ZnPA4 352 (7.6) 431 (32) 552 (2.7), 593 (1.2)
(HIm)ZnTMP 431 (69) 567 (2.0), 606 (0.9)
(HIm)ZnPA1 352 (2.4) 432 (36) 567 (2.5), 609 (1.4)
(HIm)ZnPA2 352 (2.8) 434 (18) 567 (1.8), 614 (1.3)
(HIm)ZnPA 352 (9.1) 441 (31) 570 (2.6), 614 (2.8)
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a Shoulder.
b ZnPA2 was  slightly soluble in CH2Cl2.

.1.5. ZnPA2
Yield = 90%. UV/vis (CH2Cl2) �max/nm: 352, 423, 550, 592; HRMS

FAB+): m/z 1169.5156 (M+); 1H NMR  (CDCl3/ppm): ı 8.934 (4H, d),
.787 (4H, d), 8.361 (4H, d), 8.237 (4H, d), 8.067 (4H, d), 7.257 (4H,
), 7.081 (4H, d), 2.612 (18H, s), 1.833 (26H, d).

.1.6. H2PA4
A solution of 4-(4-hexyloxyphenylazo)benzaldehyde (2 mmol)

nd pyrrole (2 mmol) in 200 mL  CHCl3 (7.5% EtOH) was  purged with
2 for 10 min, then BF3

•OEt2 (24 mmol) was then added. The solu-
ion was stirred for 1 h at room temperature then DDQ (1.6 mmol)
as added. The mixture was stirred for an addition 1hr and then

he solvent was removed. Column chromatography afforded the
orphyrin as the first moving band (yield = 40%). UV/Vis(CH2Cl2)
max/nm: 352, 430, 520, 558, 593, 651, 690; HRMS (FAB+): m/z
431.7605 (M+); 1H NMR  (CDCl3/ppm): ı 8.959 (8H, s), 8.376 (8H,
), 8.280 (8H, d), 8.079 (8H, d), 7.099 (8H, d), 4.103 (8H, t), 1.871
8H, m),  1.523, (36H, m)  −2.677 (2H, s). 13C NMR (CDCl3/ppm):
62.0, 152.3, 147.1, 144.1, 135.4, 125.0, 120.9, 119.7, 114.8, 68.4,
1.6, 29.2, 25.7, 22.6, 14.1. Anal. Calc’d for C92H94N12O4: C, 77.17;
, 6.62; N, 11.74; O, 4.47. Found: C, 77.20; H, 6.64; N, 11.77; O, 4.45.

.1.7. ZnPA4
Yield = 90%. UV/vis (CH2Cl2) �max/nm: 352, 433, 556, 599; HRMS

FAB+): m/z 1510.1109 (M+); 1H NMR  (CDCl3/ppm): ı 9.046 (8H, s),
.378 (8H, d), 8.273 (8H, d), 8.079 (8H, d), 7.090 (8H, d), 4.101 (8H,
), 1.551 (44H, m).

.1.8. CH3OAz [19]
Anal. Calc’d for C13H12N2O: C, 73.56; H, 5.70; N, 13.20; O, 7.54.

ound: C, 73.59; H, 5.70; N, 13.25; O, 7.45.

.2. Instrument

Electrochemistry was performed with a CHI Model 700 series
lectroanalytical workstation. Absorption spectra were measured
ith a HP-8453 UV/vis spectrophotometer. 1H NMR  spectra were

btained with a Varian Unity Inova 300 WB  spectrometer.

.3. Electrodes

Cyclic voltammetry was conducted with the use of a

hree-electrode cell in which a BAS glassy carbon electrode
area = 0.07 cm2) was used as working electrode. The glassy carbon
lectrode was polished with 0.05 �m alumina on Buehler felt pads
nd was ultrasonicated for 2 min  to remove the alumina residue.
The auxiliary electrode is a platinum wire and the reference elec-
trode is a homemade Ag/AgCl, KCl(sat’d) reference electrode. The
spectroelectrochemical cell was composed of a 1 mm cuvette, a
platinum gauze thin layer as working electrode, a platinum wire as
auxiliary electrode, and an Ag/AgCl, KCl(sat’d) reference electrode.

3. Theoretical calculations

All calculations have been carried out using density functional
theory (DFT) method in the Gaussian program [21]. The geomter-
ies were optimized using the B3LYP functional with 6-31G(d) basis
set for C, H, N, O atoms and LANL2DZ for Zn atom since this theory
level has been successfully applied in the electronic structures of
porphyrins and metalloporphyrins [22,23]. For the reason of com-
putational efficiency, we  compute a series of model compounds by
replacing the bulky OC6H13 group with the OCH3 group, labeled as
MPAn–OCH3 and (HIm)MPAn–OCH3. All fully optimized geometries
were confirmed to be local minima by frequency analysis. Molec-
ular orbitals (MO) of the optimized structures were obtained with
the program Gauss View (version 4.1.2) [24].

4. Results and discussion

4.1. Absorption spectra studies

The UV–vis absorption spectral data of azobenzene-containing
porphyrins (H2PAn; n = 1, 2, 4) and their zinc complexes (ZnPAn;
n = 1, 2, 4) are summarized in Table 1. The absorption spectra of
H2PAn and ZnPAn in CH2Cl2 are basically given by the superimposi-
tion of the spectra of the individual porphyrin and azobenzene. The
meso-azobenzenes do not markedly affect the absorption charac-
teristic of prophyrins; the Soret and Q bands of porphyrins are just
shifted bathochromically by a few nanometers upon the substitu-
tion of each azobenzene. In comparison with the UV–vis absorption
spectra of H2TMP  and ZnTMP, both the Soret and Q band regions are
shifted to longer wavelengths with the increasing substituent num-
ber of azobenzene. In particular, H2PA4 display a 12 nm red shift in
comparison with H2TMP  in the Soret band. A slight increase in the
relative intensity of the Q˛ band occurs as the number of azoben-
zene increases. The ratio of Q-band intensity (ε˛/εˇ) increases in
the order ZnPA1 < ZnPA2 < ZnPA4.

The UV–vis spectra for ZnPA1, ZnPA2, and ZnPA4 are also
changed upon addition of imidazole [25]. The original Q bands

decreased in absorbance and new bands appeared at longer wave-
length. In addition, the intensity ratio of Q˛ and Qˇ band (�˛/�ˇ)
is dramatically enhanced from 0.18–0.44 for four-coordinate
ZnPAn to 0.56–1.07 for five-coordinate (HIm)ZnPAn (Table 2).
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Table 2
The ratio of Q-band intensity (ε˛/εˇ) for zinc porphyrins, and the formation con-
stants (Kf) for imidazole ligation to zinc porphyrins.

Compound ε˛/εˇ
a Kf ε˛/εˇ

b

ZnTMP 0.13 1.9 × 104 0.48
ZnPA1 0.18 1.1 × 105 0.56
ZnPA2 0.27 2.0 × 105 0.75
ZnPA4 0.44 3.2 × 105 1.07
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a Four-coordinate zinc porphyrin.
b Four-coordinate zinc porphyrin.

he Q-band intensity ratios for imidazole ligation increase in the
rder (HIm)ZnPA1 < (HIm)ZnPA2 < (HIm)ZnPA4. The most notewor-
hy feature is that the absorbance ratio of Q˛ at 614 nm and Qˇ

t 570 nm bands is larger than 1 for (HIm)ZnPA4 (Fig. 2). To our
nowledge, such intensity inversion of the Q bands is unusual in
eso-substituted porphyrins since the Q-bands usually follow the

rder of relative intensities Qˇ > Q˛.
It has been reported that the intensity of Qˇ bands is mainly

erived from vibronic coupling with the intense Soret band, so
he Qˇ intensity is not easily affected by peripheral substituents
nd ligands [26]. This indicates that the variation in Q-band inten-
ity ratios mainly resulted from the intensity of Q˛ band. A larger
-band ratio originates from a larger Q˛ band. Based on the Gouter-
an  four-orbital model, the intensity of Q˛ band is dependent on

he energy gap between porphyrin a1u and a2u orbitals [26,27]. If
he two porphyrin orbitals, a2u and a1u, are nearly degenerative,
he Q˛ band will be small, and vice versa. It is also the reason why
our-coordinate porphyrins usually exhibit very small Q-band ratio.
herefore, the energy gap between HOMO and HOMO-1 can be
sed to reflect the Q band intensity ratio. The orbital energies of
OMO and HOMO-1 of the model compounds, ZnPAn–OCH3 and

HIm)ZnPAn–OCH3, are displayed in Fig. 3. As can be seen, the
OMO and HOMO-1 are a2u and a1u-like MO,  respectively, and the

rend of energy gap between HOMO and HOMO-1 is in agreement
ith experimental trend for the Q band intensity ratio.

We first scrutinize the MOs  of ZnPAn–OCH3 to comprehend
he influence of meso-azobenzene substituents. As the number of
zobenzene increases, the energy level of HOMO-1 shifts slightly
o a more negative value from −5.15 eV to −5.17 eV. Conversely,
he a2u-like HOMO shifts positively from −4.95 eV to −4.89 eV. The

everse behavior seen for a2u-like HOMO can be understood from
he inspection of the MO  patterns in Fig. 3. Although the HOMO
nd HOMO-1, respectively, remain as a2u and a1u-like orbitals
ith the increasing number of azobenzene, a2u-like HOMO shows
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ig. 2. Absorption spectral change of ZnPA4 (4 × 10−5 M)  in CH2Cl2 in the presence
f  various concentration of imidazole.
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some �-electron on meso-azobenzene, which expands the extent
of �-conjugation of HOMO (Fig. 3). Because more extended �-
conjugation will raise the energy of HOMO, the energy-stabilization
effect of electron-withdrawing azobenzene on HOMO is canceled.
Consequently, the energy of HOMO increases with increasing
number of azobenzene. In contrast to the HOMO, the extent of
�-conjugation of HOMO-1 always remains unchanged so that
the energy of HOMO-1 follows the stabilizing effect of electron-
withdrawing azobenzene. Because the two opposite behaviors of
HOMO and HOMO-1 cause the increased energy gap and Q˛ inten-
sity, it can be found in Table 2 that the Q-band intensity ratio slightly
increases as the extent of substitution of azobenzene increases.

In the presence of axial imidazole, both the HOMO and HOMO-1
of (HIm)ZnPAn–OCH3 are greatly destabilized by electron donated
from imidazole to porphyrin ring through central Zn and the con-
formational distortion of porphyrin ring. For (HIm)ZnPA1–OCH3,
the HOMO are raised from −4.95 eV to −4.57 eV, and the HOMO-
1 are increased from −5.15 eV to −4.85 eV in comparison with
ZnPA1–OCH3. On the a2u-like HOMO, there is �-electron dis-
tributed on the central N atoms, but this is not the case for the
a1u-like HOMO-1 (Fig. 3). Therefore, the electron-donating effect
of imidazole is more prominent in HOMO than in HOMO-1 and
an increase in the energy gap between HOMO and HOMO-1 is
observed for (HIm)ZnPAn–OCH3 when compared to ZnPAn–OCH3
in Fig. 3. For ZnPA1–OCH3 and (HIm)ZnPA1–OCH3, the energy gap
increases from 0.20 eV to 0.28 eV. Similar changes in the energy
gap of HOMO and HOMO-1 are also observed for ZnPA2–OCH3
and (HIm)ZnPA2–OCH3 (0.22 → 0.30 eV), and ZnPA4–OCH3 and
(HIm)ZnPA4–OCH3 (0.28 → 0.33 eV).

In the above discussion, we have presented that the relative
energies of HOMO and HOMO-1 of azobenzene-substituted por-
phyrins can be increased with the substitution of azobenzene
and ligation of imidazole and are associated with the increase in
Q-band intensity ratio. Since (HIm)ZnPA4–OCH3 has four meso-
azobenzenes and one axial imidazole, the energy of HOMO is much
more destabilized than HOMO-1. Not surprisingly, the unusual high
ratio in the Q band (ε˛/εˇ > 1) is then observed.

4.2. Electrochemical studies of 4-methoxylazobenzene

CH3OAz (4-methoxylazobenzene) exhibited one redox couple
at Epc = −1.52 V (Fig. 4(a)) in CH2Cl2. The reduction potential for
CH3OAz was  not affected by 1-methylimidazole (MeIm), indicating
no specific interaction between CH3OAz and MeIm.  On the other
hand, the current of the original redox couple for CH3OAz gradually
decreased and a new reduction wave at Epc = −1.38 V appeared as
the original peak when imidazole (HIm) was  added to the solution
(Fig. 4). Therefore, we presume that CH3OAz−•

would quickly form
hydrogen bonding with HIm after CH3OAz was reduced [28].

4.3. Electrochemcial and spectroelectrochemical studies of
free-base porphyrins

4.3.1. Cyclic voltammetry
Fig. 5(a) shows the cyclic voltammogram of H2PA1 in CH2Cl2. In

the oxidation part, two reversible redox couples could be observed
at E1/2 = +1.05 and +1.43 V. In the reduction part, an overlap-
ping wave at Epc = −1.38 V and one reversible redox couple at
E1/2 = −1.66 V could be observed.

Upon addition of HIm, an irreversible reduction wave split
away from the overlapping wave and the peak potential occurs at
Epc = −1.27 V, more anodically than the original reduction reaction

(Fig. 6A). The first irreversible reduction wave was  thus attributed
to the hydrogen bond formation of imidazole with the azobenzene
anion radical (Scheme 1) and the second and third redox cou-
ples were due to porphyrin ring reduction. Furthermore, the third
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Fig. 3. MO  diagrams of four-coordinate ZnPAn–OCH3 and five-coordinat

eduction potential started shifting anodically when more than 1.0
quivalent of HIm was added. The third reduction potential shifted
y about +0.1 V as [HIm] reaches two equivalents of [H2PA1], indi-
ating that the extra HIm forms hydrogen bonding with the doubly
educed state of porphyrin ring (Scheme 2) [28]. As the concentra-
ion of HIm increased, the current of the oxidation wave at ∼0 V
lso increased (Fig. 6(a)–(e)). It suggested that the reduced form
2PA1 would undergo chemical reaction with HIm to produce a
ew compound which was oxidized at ∼0 V.

To probe the solvent effect [29], the redox behaviors are mea-
ured for H2PA1 under the same experimental conditions in DMF
Fig. 6B). DMF  is a polar solvent and can stabilize the reduced por-
hyrin in the electrochemical experiment. In DMF, the reductions
f H2PA1 and azobenzene were resolved as compared with those in
H2Cl2. The reduction of H2PA1 exhibited three resolvable reduc-
ion waves, namely one irreversible reduction wave at Epc = −1.29 V
nd two redox couples at E1/2 = −0.99 and −1.51 V, respectively.
pon addition of HIm, the current of the second reduction wave
ecreased and the reduction peak potential moved to −1.06 V.
he first and third redox couples are thus assigned to porphyrin

ing and the second wave is azobenzene reduction. The effect of
midazole towards the third redox couple of H2PA1 is similar to
hat in CH2Cl2. When imidazole concentration was  higher than
ne equivalent of H2PA1, the third redox couple shifted potential
)ZnPAn–OCH3 calculated by a DFT method at the B3LYP/6-31G(d) level.

anodically (Scheme 3). However, the shift (about +0.07 V) in E1/2 for
the H2PA1

−2/−3 wave in the presence of HIm is smaller than that in
CH2Cl2 even though three reductions in DMF  are resolvable.

There are two special features in the redox chemistry of free
bases H2PA1, H2PA2, and H2PA4 in CH2Cl2 (Fig. 5). Firstly, the
azobenzene moieties were reduced at a potential close to that of the
porphyrin ring. The current ratio for azobenzene moieties versus
porphyrin reduction were about 2.0 and 4.0 for H2PA2 and H2PA4,
respectively. It appears that H2PA2 and H2PA4 could undergo mul-
tiple electron reduction in a step. Secondly, the potential of the
first oxidation wave is slightly more positive as the number of
meso-azobenzene increases, in line with the electron-withdrawing
nature of the azo group. The second oxidation, however, exhibits
a more negative potential as the number of meso-azobenzene
increases (Table 3). The difference in oxidation potential (�Eox)
thus becomes smaller concurrently.

In order to interpret these unusual tendencies, we continued
to seek help from DFT calculations. We  examined the MO for all
charge states, and found the patterns of the highest occupied MO
(HOMO) of the neutral state and �-HOMO of the cation radical

state to be very different (Fig. 7). For the neutral H2PAn–OCH3,
the dihedral angle between azobenzene and porphyrin ring (�1)
is in the range of 64.9–66.6◦ (Table 4). The two  phenyl rings of
meso-azobenzene is about coplanar (�2 ± �3 < 5◦) and the mesityl
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ig. 4. Cyclic voltammograms of 1.0 × 10 M CH3OAz in CH2Cl2 containing 0.1 M
BAP and various concentrations of HIm. [HIm] = (a) 0.00; (b) 0.50; (c) 1.00; (d) 1.50;
nd (e) 2.0 × 10−3 M.  Scan rate: 0.1 V/s.

roups are perpendicular to porphyrin ring (�4 ≈ 90◦). The HOMO
f the neutral state, which is related to the first oxidation, closely
esembles Gouterman’s a2u orbital and there is only a glimmer of
-electron delocalized on meso-azobenzene (Fig. 7). This situation
emains no matter how many meso-azobenzene are present. The
ihedral angle �1 decrease from 64.9◦ to 66.6◦ at neutral state to
4.1–58.5◦ at cation state. At the cation radical state, the dihedral
ngles �2, �3, and �4 are not significantly changed (Table 4). The

able 3
alf-wave potentials (V vs. Ag/AgCl) of free-base porphyrins in CH2Cl2/TBAP (Fc 0/+ = +0.5

Oxidationa

�Eox Eox
2 Eox

1 �E 

CH3OAz 

H2TMP  0.44 +1.48 +1.04 2.37
H2PA1 0.38 +1.43 +1.05 2.43
H2PA2

e 0.32 +1.40 +1.08 2.36
H2PA4

e 0.20 +1.29 +1.09 2.24

a �EOX = Eox
2 − Eox

1 (difference between the first and second oxidation potential), �E  =
b Peak potential.
c The reduction of azobenzene moiety.
d The overlapping wave.
e The E1/2 was  obtained from differential pulse voltammetry.

Scheme 
Fig. 5. Cyclic voltammograms of 1.0 x 10−3 M (a) H2PA1; (b) H2PA2; (c) H2PA4 in
CH2Cl2 containing 0.1 M TBAP. Scan rate: 0.1 V/s.

reduction of dihedral angle �1 upon first oxidation afford stronger
�-conjugation between porphyrin and meso-azobenzenes. There-
fore, the �-HOMO of the cation radical state, which is related to the
second oxidation, shows �-electron delocalization over the whole
molecule. The extent of electron delocalization in �-HOMO is very
different as the number of azobenzene increases. As more extended
�-conjugation will raise the energy of HOMO, it is not surprising
that the orbital energies of �-HOMO of cation radical H2PA1–OCH3,
H2PA2–OCH3, and H2PA4–OCH3 are rising (Fig. 7), thus counter-
acting the energy-lowering effect of the electron-withdrawing azo
group and affording a more negative potential for second oxidation

as the number of meso-azobenzene increases. The lack of significant
change in the extent of �-electron delocalization among HOMOs
of neutral H2PAn–OCH3 explains why  the electron-withdrawing
effect of the azo group can still be observed for the first oxidation.

6 V).

Reductiona

Ered
1 Ered

2
c Ered

3 �Ered

−1.44
 −1.33 −1.68 0.35
 −1.38b,d −1.38b,d −1.60 0.22
 −1.28b −1.42b −1.64 0.36
 −1.15 −1.27 −1.57 0.42

 Eox
1 − Ered

1 , �Ered
1 = Ered

1 − Ered
3 .

1.
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Table 5
The LUMO and LUMO+1 energy levels of H2PAn.

Compound MO Energy (eV)

H2PA1 LUMO −2.26373
LUMO+1 −2.18074

H2PA2 LUMO −2.32251
LUMO+1 −2.18482
Scheme 3.

he LUMO and LUMO+1 energy levels of H2PAn were obtained by
he DFT calculation and the values were listed in Table 5. The energy
f the LUMO and LUMO+1 decreased with increasing number of
zobenzene moiety. It indicated that the azobenzene substituent
as an electron-withdrawing group.

.3.2. Spectroelectrochemistry
Fig. 8(a) shows the absorption spectra of H2TMP in CH2Cl2 at

arious applied potentials. When Eappl. = +0.85 to +1.21 V, the Soret
and (418 nm)  and three of Q bands (514, 547 and 591 nm)  of
2TMP  decreased. The corresponding H2TMP+•

exhibit a strong
bsorption peak at 437 nm and the other Q band (634 nm)  increased
n absorbance.

In the potential range of Eappl. = +0.00 to +1.15 V, the spec-
ra of H2PA1 under various potentials were obtained (Fig. 8(b)).
s the potential shifted anodically, the characteristic absorp-

ion of azobenzene substituent at 352 nm and the Soret band
420 nm)  gradually decreased while a new peak at 446 nm grew.
he absorbance at 516 nm gradually decreased and a new peak at
47 nm grew concurrently.

Fig. 8(c) was the spectroelectrochemical results of H2PA2 and
he pattern of spectral change was similar to H2PA1. In the potential
ange of Eappl. = +0.00 to +1.20 V, the equilibrium spectra of H2PA2
nder various potentials were obtained. As the potential shifted
nodically, the characteristic absorption of azobenzene substituent
t 352 nm and the Soret band (422 nm)  gradually decreased while
 new peak at 453 nm grew. The Q band absorbance at 517 and
54 nm gradually decreased and a new peak at 658 nm grew con-
urrently.

able 4
he dihedral angles (�) of optimized H2PAn–OCH3 (n = 0, 1, 2, 4) at the neutral and
ation radical state.

H2TMP  H2PA1–OCH3 H2PA2–OCH3 H2PA4–OCH3

Neutral state
�1 – 65.1◦ 64.9◦ 66.6◦

�2 – 0.1◦ 0.1◦ 1.1◦

�3 – 0.0◦ 0.1◦ 0.7◦

�4 90◦ 90◦ 89.0◦ –
Cation radical state

�1 – 54.1◦ 54.9◦ 58.5◦

�2 – 2.8◦ 2.6◦ 1.5◦

�3 – 1.0◦ 0.9◦ 0.6◦

�4 90◦ 88.7◦ 86.3◦ –
H2PA4 LUMO −2.32441
LUMO+1 −2.28686

Fig. 8(d) shows the absorption spectra of H2PA4 in CH2Cl2 at
various applied potentials. In the potential range of Eappl. = +0.00
to +1.18 V, the equilibrium spectra of H2PA4 under various poten-
tials were obtained. As the potential was moved anodically, the
characteristic absorption of azobenzene substituent at 352 nm,
and the Soret band (430 nm)  gradually decreased while a new
peak at 475 nm grew. The Q band absorbance at 520 nm gradually
decreased and a new peak at 689 nm grew concurrently.

Fig. 9 was  the absorption spectra of H2TMP and H2PAn of which
the reduction potentials (Eappl.) were applied at their respective
onset potentials. When Eappl. = −1.33 V (Fig. 9(a)), the Soret band
(418 nm)  and one Q band (514 nm)  of H2TMP  decreased and the
other three Q band (547, 595 and 652 nm)  increased, correspond-
ing to the anion radical formation. The spectral changes of H2PAn

were similar to that of H2TMP. When each Eappl. was at onset reduc-
tion potential, the characteristic absorbance of azobenzene moiety
(352 nm), Soret band and first two Q bands decreased significantly,
and the other Q bands increased. Noteworthily, the azobenzene
peak and Soret band decreased concurrently. We  used the DFT cal-
culation results (Fig. 7) to explain the phenomena. In the cation
radical state, stronger �-conjugation was observed between por-
phyrin and meso-azobenzenes. Conjugation was also applied to in
the anion radical, and both the azobenzene peak and Soret band
decreased in absorbance at the same time indicated that the charge
delocalized between the porphyrin ring and azobenzene moiety.

4.4. Electrochemcial and spectroelectrochemical studies of zinc
porphyrins

4.4.1. Cyclic voltammetry
The electrochemical results of ZnPAn are similar to that of

H2PAn. Fig. 10(a) shows the cyclic voltammogram of ZnPA1
in CH2Cl2. Two  reversible redox couples could be observed at
E1/2 = +0.79 and +1.11 V in the oxidation part. An overlapping wave
at Epc = −1.43 V (a shoulder at Epc = −1.34 V) and one reversible
redox couples could be observed at E1/2 = −1.59 V in the reduction
part. The current ratios for azobenzene moieties versus zinc por-
phyrin reduction were also about 2.0 and 4.0 for ZnPA2 and ZnPA4,
respectively. The results were the similar to H2PAn. The peak cur-
rent of ZnPA2 was  not as clear as the others because of its low
solubility in CH2Cl2. The peak potentials of ZnPAn were summarized
in Table 6.

With the imidazole coordinating onto a zinc porphyrin, the first
oxidation wave shifts cathodically but the second one shifts anodi-
cally. The first reduction wave of zinc porphyrin shifts cathodically
[30]. The formation constant of imidazole with zinc porphyrin is
about 104–105. Upon addition of MeIm (Fig. 11), the first oxida-
tion wave shifted cathodically by +0.10 V. The second one, however,
shifted anodically and was  irreversible [30]. The first overlapping
irreversible reduction wave became a single wave (the shoulder
reduction wave shifted cathodically) and the reduction wave at

Epc = −1.43 V did not shift (the peak current increased). The second
reduction wave (E1/2 = −1.59 V) remained unchanged. The bind-
ing constant between the zinc porphyrin and MeIm is ∼104 M−1

[30,33]. MeIm coordinated to the anions of zinc porphyrin with
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Fig. 6. Cyclic voltammograms of 1.0 × 10−3 M H2PA1 in (A) CH2Cl2 and (B) DMF  containing 0.1 M TBAP and various concentrations of HIm. [HIm] = (a) 0.00; (b) 0.50; (c) 1.00;
(d)  1.50; and (e) 2.00 × 10−3 M.  Scan rate: 0.1 V/s.

Fig. 7. MO diagrams of the H2PAn–OMe (n = 0, 1, 2, 4) for neutral and cation radical states.

Table 6
Half-wave potentials (V vs. Ag/AgCl) of zinc porphyrins in CH2Cl2/TBAP (Fc 0/+ = +0.56 V).

Oxiadtiona Reductiona

�Eox Eox
2 Eox

1 �E Ered
1 Ered

2
c Ered

2 �Ered

CH3OAz −1.44
ZnTMP 0.32 +1.11 +0.79 2.27 −1.48
ZnPA1 0.33 +1.14 +0.81 2.24 −1.34b −1.43b −1.59 0.25
ZnPA2 0.31 +1.14 +0.83 2.14 −1.31b −1.42b −1.58 0.27
ZnPA4 0.29 +1.16 +0.87 2.11 −1.24b −1.35 −1.62 0.38

a �EOX = Eox
2 − Eox

1 (difference between the first and second oxidation potential), �E  = Eox
1 − Ered

1 , �Ered
1 = Ered

1 − Ered
3 .

b Peak potential.
c The reduction of azobenzene moiety.
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Fig. 8. Spectral changes of (a) H2TMP  5.0 × 10−5 M and (b) H2PA1 2.5 × 10−5 M; (c) H2PA2 2.5 × 10−5 M; (d) H2PA4 2.5 × 10−5 M in CH2Cl2 containing 0.1 M TBAP at various
applied potentials.
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Fig. 9. Spectral changes of 2.5 × 10−5 M (a) H2TMP; (b) H2PA1; (c) H2PA2; and (d) H2PA4 in CH2Cl2 containing 0.1 M TBAP at onset reduction potentials.
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Fig. 10. Cyclic voltammograms of (a) ZnPA1 1.0 × 10−3 M;  (b) ZnPA2 6.0 × 10−4 M;
(c)  ZnPA4 1.0 × 10−3 M in CH2Cl2 containing 0.1 M TBAP. Scan rate: 0.1 V/s.

Fig. 11. Cyclic voltammetry of 1.0 × 10−3 M ZnPA1 in the presence of MeIm in CH2Cl2
c
W

s
t
(
s
w
t
E
p

−3
ontaining 0.1 M TBAP. [MeIm] = (a)0.00; (b)0.50; (c)1.00; and (d)1.50 × 10−3 M.
orking electrode: glassy carbon. Scan rate:0.1 V/s.

maller formation constants (about 102–103 M−1) than the neu-
ral species [30]. It suggested that the MeIm was de-ligated from
MeIm)ZnPA1 (Scheme 4) [30]. According to the results, we  pre-
ume that the shoulder (Epc = −1.34 V) of the overlapping reduction
ave in Fig. 11(a) was attributed to the porphyrin ring reduc-

ion. The azobenzene moiety was reduced at Epc = −1.43 V, and

1/2 = −1.59 V corresponds to the second reduction potential of por-
hyrin ring.

ZnPA1 ZnPA1

+ MeIm

+ e-

(MeIm)ZnPA1
+ e-

+ MeIm

(MeIm)ZnPA1

ZnPA1
2-

+ e-

+ e-, -M eIm

Scheme 4.
Fig. 12. Cyclic voltammetry of 1.0 x 10 M ZnPA1 in the presence of HIm in CH2Cl2
containing 0.1 M TBAP. [HIm] = (a) 0.00; (b) 0.50; (c) 1.00; (d) 1.50 × 10−3 M.  Working
electrode: glassy carbon. Scan rate:0.1 V/s.

When the additive was HIm (Fig. 12), it not only coordinated
with zinc porphyrin but also formed hydrogen bonding with
reduced azobezene moiety. As HIm was  added to the ZnPA1 solu-
tion stepwise, the first oxidation wave shifted cathodically and
the second one shifted anodically. There were two new waves at
Epc = −1.18 and −1.35 V in the reduction part. The anodic shift of
first zinc porphyrin ring reduction from −1.34 V to −1.18 V was due
to HIm coordinated on ZnPA1 and azobenzene moiety interacted
with HIm was Epc = −1.43 V to −1.35 V. The zinc porphyrin ring
reduction wave shifted cathodically (from E1/2 = −1.59 to −1.67 V).

4.4.2. Spectroelectrochemistry
Fig. 13 shows the spectroelectrochemical results of ZnTMP

and ZnPAn under various oxidation potentials. When the poten-
tial was moved anodically (Fig. 13(a)), the Soret band (421 nm)
of ZnTMP gradually decreased while a shoulder peak at 436 nm
grew. The Q band absorbance at 550 nm gradually decreased
and a broad band at 600–700 nm grew concurrently. As the
number of meso-azobenzene increases, the absorbance of azoben-
zene substituent at 352 nm increases and the Soret band of
ZnPAn is red-shifted (Table 1). In the first oxidation step of
each ZnPAn, the Soret band and Q band gradually decreased
while the peak at 352 nm and a broad band between 600
and 950 nm grew concurrently. The broad band was sug-
gested that the charge transfer between porohyrin ring and
azobenzene moiety [31–33].  The broad bands were intra-molecular
charge transfer bands. The results exhibited the typical metal por-
phyrin ring oxidized spectrum.

ZnTMP was used as model compound. When Eappl. = −1.48 V
(Fig. 14(a)), the Soret band (420 nm)  gradually decreased while a
new peak at 435 nm grew. The absorbance at 550 nm gradually
decreased and two  new peaks at 570 and 612 nm grew concur-
rently. The anion radical spectrum of ZnTMP was then obtained.
In order to further identify the reduction site on the ZnPAn, we
set the Eappl. at onset reduction potential and monitored the spec-
tral changes by spectroelectrochemical method. As E = −1.20 V was
applied (Fig. 14(b)), the Soret band (421 nm)  and Q band (550 nm)

of ZnPA1 decreased while a shoulder peak at 435 nm and two  new
peak between 600 and 700 nm increased in absorbance. But at this
potential, the characteristic peak (352 nm)  of azobenzene moiety
has no significant change. In order to understand this phenomenon,
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Fig. 13. Spectral changes of (a) ZnTMP 5.0 × 10−5 M;  (b) ZnPA1 1.88 × 10−5 M and (c) ZnPA2 2.5 × 10−5 M;  (d) ZnPA4 2.5 × 10−5 M in CH2Cl2 containing 0.1 M TBAP at various
applied  potentials.
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Fig. 14. Spectral changes of (a) ZnTMP 2.5 × 10−5 M;  (b) ZnPA1 2.5 × 10−5 M; (c) ZnPA2 1.5 × 10−5 M;  (d) ZnPA4 2.5 × 10−5 M in CH2Cl2 containing 0.1 M TBAP at onset reduction
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he results of the conjugation between porphyrin ring and azoben-
ene moiety in the oxidation was used. Compared with the �Eox of
2PAn (Table 3) and the �Eox of ZnPAn (Table 6), it was  observed

hat the �Eox of H2PAn decreased obviously with the increas-
ng number of azobenzene because of the stronger �-conjugation
etween porphyrin ring and meso-azobenzenes (Fig. 7). When
he onset reduction potentials were applied, Soret band and
zobenzene peak (352 nm)  decreased concurrently (Fig. 9). These
esults revealed that the electron delocalization between por-
hyrin ring and meso-azobenzenes also could be obtained in the
eduction part. But the �Eox of ZnPAn has slightly decreased as
zobenzene number increased. It indicated that only a glimmer
f �-electron delocalized between meso-azobenzene and porpyrin
ing. The azobenzene peak (352 nm)  was not significantly changed
t Eappl. = −1.20 V (Fig. 14).  With the results, we could further con-
rm that the first reduction wave of ZnPA1 at Epc = −1.34 V was  due
o the porphyrin ring reduction. When Eappl. was at onset reduc-
ion potential, the spectral change patterns of ZnPA2 and ZnPA4
ere similar, the soret and Q band decreasing and azobenzene peak
aving no change. According to the spectroelectrochemical results,

t is thus inferred that the first reduction sites of ZnPAn were at the
rophyrin ring.

. Conclusions

This work displays several idiosyncratic features of absorption
pectra and electrochemistry for the azobenzene-containing por-
hyrins. (1) The Q-band intensity ratios (ε�/εˇ) for ZnPAn slightly

ncrease with the increase number of meso-azobenzene. Upon addi-
ion of imidazole, the Q band ratio for (HIm)ZnPA4 is even larger
han 1. (2) The reduction of free base H2PAn to various charge
tates would create a specific interaction with imidazole. (3) The
zobenzene moieties were reduced at a potential close to that of
he porphyrin ring, and it was observed that the current for the first
verlapping wave dramatically increase with the increase number
f meso-azobenzene. (4) The potential of the first oxidation wave of
2PAn is slightly more positive but the second oxidation exhibits a

everse shift as the number of meso-azobenzene increases. (5) The
rst reduction wave of ZnPAn is at the zinc porphyrin ring reduction
nd spectroelectrochemistry also reveal this results. Based on MO
nalysis, points (1) and (4) have been rationalized. Further investi-
ations by replacing the azo group with imine or alkene links and
y variation of positions of the linkers will be undertaken in future
o see if those unusual features can also be observed.
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