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INTRODUCTION

Dye-sensitized solar cells (DSSC) have drawn much 
attention because of the relatively high efficiencies, 
simple device design, and lower production cost [1–3]. 
Overall efficiencies (h) greater than 11% have been 
demonstrated with ruthenium dyes [4–6]. In recent 
years, other types of sensitizers have also been intensely 
studied. Among the dyes under investigation, porphyrins 
are considered as one of the more efficient sensitizers for 
DSSC applications because of the vital roles of porphyrin 
derivatives in photosynthesis, the strong UV-visible light 
absorption, and the ease of modifying their chemical 
structures [7–19]. In the development of porphyrin dyes, 
Officer and co-workers reported the overall efficiency 
of porphyrin-sensitized solar cells (PSSC) above 7% 
by using a side-anchoring, fully conjugated dye [10]. 
With the use of cobalt-based electrolyte and an organic 
co-sensitizer, the PCE of the PSSC device reached 12% 
recently [11a]. Independently, our systematic studies 
have yielded several highly efficient porphyrin dyes in the 

past [14–19], three of which showed overall efficiencies 
greater than 10% with the use of classic DSSC setup. 
It is worth noting that 4-carboxy-phenylethyne is often 
used as the anchoring group for the porphyrin dyes [8a, 
11, 13–19], including many highly efficient ones [11, 
17, 18]. However, only very basic electrochemistry of 
these porphyrins, such as the redox potentials, has been 
reported.

In this work, we aim to reveal more detailed 
electrochemical properties of zinc porphyrins modified 
with a 4-carboxy-phenylethynyl anchoring group. The 
porphyrins under investigation are denoted as PE1, 
PE1-OR6, and PE1-OR4 and their structures are shown in 
Chart 1. As shown in the chart, these porphyrins employ 
zinc biphenylporphine (ZnBPP) as the core chromophore 
and a 4-carboxy-phenylethyne as the anchoring 
substituent for DSSC applications. The differences in 
the structures of these porphyrins are the substituents 
on the 10,20-phenyl rings. For PE1, the phenyl groups 
are not further modified. For PE1-OR6, six dodecoxyl 
chains are added to the para- and meta-positions of the 
two phenyl rings. For PE1-OR4, four dodecoxyl chains 
are attached to the ortho-positions of the two phenyl 
groups. The dodecoxyl chains are introduced to increase 
the solubility of the porphyrin in the organic solvents. 
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As we have recently reported, the positions of these long 
alkoxyl groups play a significant role in improving the 
photovoltaic performance of the PSSC [17]. Likewise, the 
positions of the long alkoxyl groups were also observed 
to significantly affect the electrochemical behaviors of 
the porphyrins.

EXPERIMENTAL

Materials

Air-sensitive solids were handled in an MBraun Uni-
lab glove box. A vacuum line and standard Schlenk 
techniques were employed to process air-sensitive 
solutions. Tetrahydrofuran (THF) was obtained from 
Merck (Darmstadt, Germany). Other chemicals were 
ordered from Acros Organics (New Jersey, U.S.A.). 
THF and tetrabutylammonium perchlorate (TBAP) 
were were purified according to the literature methods 
[20]. The synthesis of PE1, PE1-OR6 and PE1-OR4 has 
been previously reported [14, 17]. Free-base PE1-OR4 
was prepared by demetallating PE1-OR4 in CHCl3 with 
HCl(aq). 100 mg PE1-OR4 was usually dissolved in 100 
mL of CHCl3 for the process. After adding 10 mL of 12 M 
HCl(aq), the solution was stirred at room temperature for 
4 hours. The completion of the reaction was monitored 
by UV-visible spectrscopy and TLC techniques. Upon 
completion, the organic solution was first neutralized 
by three washes of K2CO3(aq) followed by three washes 
of NH4Cl(aq). After chromatographic separation on 
silica gel (with CH2Cl2/MeOH = 9/1) and crystalization 
from CH2Cl2/MeOH, 71% of free-base PE1-OR4 was 
collected. Characterization data: 1H NMR (300 MHz 
CDCl3 at 7.26 ppm): δ, ppm 10.02 (s, 1H), 9.69 (d, J = 
4.5 Hz, 2H), 9.16 (d, J = 4.8Hz, 2H), 8.92 (d, J = 4.5 Hz, 
2H), 8.86 (d, J = 4.5 Hz, 2H), 8.30 (d, J = 8.0 Hz, 2H), 
8.11 (d, J = 8.0, 2H), 7.71 (t, J = 8.4 Hz, 2H), 7.01 (d, J = 
8.4 Hz, 4H), 3.85 (t, J = 6.5 Hz, 8H), 1.30–0.75 (m, 64H), 
0.75–0.35 (m, 34H), -2.43 (s, 2H). Elemental analysis: 
C89H122N4O6, calcd. C 79.54%, H 9.15%, N 4.17%; 

found C 79.23%, H 9.31%, N 3.82%. Mass [MH]+ calcd. 
1342.94, found 1343.83.

Instrumentation

Absorption spectra were recorded on an Agilent 8453 
UV-visible spectrophotometry system. A CH Instruments 
Electrochemical Workstation 611A was used to performed 
cyclic voltammograms and thin-layer electrolysis. 
Cyclic voltammetry was carried out with a standard 
three-electrode cell. The reference electrode (SCE) was 
isolated from the main compartment by a junction tipped 
with a platinum wire. Spectroelectrochemical results 
were measured with an air-tight, optically transparent 
thin-layer electrochemical (OTTLE) cell [21]. The cell 
is made of quartz with 1-mm in light path. The working 
electrode, constructed with a 100 mesh platinum gauze, 
was placed inside the cell, while the reference and 
counter electrodes were individually separated from 
the main compartment by a layer of fine glass frit. The 
electrochemical cells were all assembled in a glovebox 
equipped with a drytrain to exclude moisture and oxygen.

Molecular simulation

The molecular dynamics (MD) simulations of the 
porphyrins were carried out with the use of Materials 
Studio software package. Details of the simulation 
procedure have been previously published [17b]. To 
simplify the calculation, free-base porphyrins were used 
in these simulations.

RESULTS AND DISCUSSION

Figure 1 collects the cyclic voltammograms (CVs) of 
PE1 porphyrin, ZnBPP, 4-carboxy-phenylethyne (PE), 
and the blank solution (THF/0.1 M TBAP) under the same 
experimental conditions. The redox potentials are listed 
in Table 1. First of all, the reduction reaction of ZnBPP 
occurs at -1.40 V vs SCE as a quasi-reversible reaction 
(Fig. 1b). This potential is consistent with the formation 
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Chart 1. Structural diagram of the PE1 porphyrins under investigation
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of a zinc porphyrin anion radical [22]. For PE1 porphyrin, 
two waves of reversible reductions were observed at 
-0.86 and -1.24 V vs SCE (Fig. 1a). Bulk electrolysis 
indicates that there are two electrons involved in these 
reduction reactions. In other words, there are two one-
electron reduction reactions observed for PE1 porphyrin. 
Coulometric titration with the use of an OTTLE cell [21] 
agrees well with this suggestion (titration curves shown 
as insets in Fig. 2a and 2b). The first reduction of PE1 
porphyrin is an ill-shaped, quasi-reversible reaction. 
Interestingly, the potential of this reaction is susceptible 
to the presence of H2O in the system. As shown in 
Fig. 1a and Table 1, the redox potential of PE1’s first 
reduction reaction is positively shifted from -0.86 V to 
-0.78 V vs SCE by increasing water content in the THF 
solution to 7.5% (v/v). A nearly identical phenomenon 
was also observed for the anchoring substituent, 

4-carboxy-phenylethyne, under the same 
conditions (Fig. 1c). In contrast, the second 
reduction potential of PE1 porphyrin is not 
sensitive to the introduction of H2O. Half-
wave potential of ZnPE1’s second reduction 
was observed at -1.24 V vs SCE. This value is 
consistent with the formation of a porphyrin 
anion radical. This potential is positively 
shifted from that of ZnBPP (-1.40 V) 
due to the more extended p-conjugation 
system of PE1 porphyrin [14]. As such, by 
comparing the CVs of PE1 with those of 
ZnBPP and 4-carboxy-phenylethyne, Fig. 1 
indicates that the first reduction reaction 
of PE1 porphyrin should localize at the 
anchoring 4-carboxy-phenylethynyl group 
and the second reduction should occur at the 
porphine ring.

To further our understanding to the 
reduction reactions of PE1 porphyrin, 
spectroelectrochemical measurements were 
carried out with the use of an OTTLE cell 
in THF/TBAP under N2. Figure 2 collects 
the UV-visible spectrum changes of PE1 
porphyrin upon (a) the first reduction at 
-1.10 V vs SCE, (b) the second reduction 

at -1.40 V vs SCE, and (c) the acid-
base titration by TBAOH. Coulometric 
titration (Fig. 2a and 2b insets) indicates 
that two reductions of PE1 are both 
one-electron transfer reactions. Upon 
the first reduction, the absorption bands 
of PE1 are slightly red-shifted and the 
absorption bands remain relatively sharp 
(Fig. 2a). Isosbestic points observed in 
this figure suggest that no intermediates 
were observed during the electrolysis. 
Intriguingly, these spectral changes are 
nearly identical to those of PE1 being 

titrated by TBAOH (Fig. 2c). Therefore, this figure 
strongly suggests that the first reduction of PE1 in 
THF/TBAP should involve deprotonation reaction of 
the 4-carboxy-phenylethynyl substituent, generating a 
localized anion at the anchoring group. This phenomenon 
is similar to changing a substituent at the porphyrin meso-
position and observing slightly shifted sharp absorption 
bands. Upon the second reduction, the absorption bands 
of PE1 became very broadened and largely red-shifted 
at -1.40 V vs SCE (Fig. 2b). These spectrum changes 
are consistent with the formation of a porphyrin anion 
radical, i.e. a one-electron reduction at the porphine core 
[22].

It has been reported that benzoic acid undergoes one-
electron reduction reaction in solutions, generating benzoate 
anion and hydrogen [23]. Based on this mechanism, we 
suggest that the carboxylic substituent of PE1 porphyrin 
loses one proton upon the first one-electron reduction 

Table 1. Reduction potentials of PE1, ZnBPP, and 4-carboxy-phenylethyne (PE)a

Entry THF/0.1 M TBAP Added H2O (2.5%) Added H2O (7.5%)

PE1 (Red 1) -0.86 V (450 mV) -0.83 V (390 mV) -0.78 V (300 mV)

PE1 (Red 2) -1.24 V (160 mV) -1.24 V (140 mV) -1.24 V (130 mV)

ZnBPP -1.40 V (190 mV) -1.39 V (170 mV) -1.40 V (200 mV)

PE -0.91 V (570 mV) -0.84 V (36 mV) -0.78 V (250 mV)

a Reaction conditions: 1.0 mM of the compound in 8 mL THF/0.1 M TBAP; Pt 
working and counter electrodes; SCE reference electrode; scan rate = 100 mV/s. 
For Fc+/0 in the same condition, E1/2 = +0.49 V vs SCE. Peak-to-peak separations 
(mV) are put in the parentheses for the quasi-reversible reactions.

Fig. 1. Cyclic voltammograms of 1.0 mM (a) PE1, (b) ZnBPP, (c) 4-carboxy-
phenylethyne (PE) in 8 mL THF/0.1 M TBAP solutions, and (d) the blank 
solutions (THF/0.1 M TBAP). The dotted lines represent the dried solutions, 
thin solid lines: added 0.02 mL H2O (2.5%), and bold lines: added 0.06 mL 
H2O (7.5%). This figure qualitatively demonstrates the effect of H2O on the 
potential of PE1’s first reduction reaction
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around -0.86 V vs SCE, yielding a carboxylate group and 
hydrogen. At -1.24 V vs SCE, the porphine core receives 
an additional electron and becomes a porphyrin anion 
radical. Scheme 1 illustrates this proposed mechanism. It 
is worth mentioning that it would be of great interests if the 
first reduction reaction of PE1 porphyrin were catalytical. 
That would translate to a possibility of continuous H2 
generation. Unfortunately, we did not observe catalytical 
generation of hydrogen at this time.

Figure 3 collects the CVs of PE1, PE1-OR6, and 
PE1-OR4 in THF/TBAP. The redox potentials are listed 
in Table 2. As shown in the figure and table, PE1 and 
PE1-OR6 behaves very similarly. The first porphine ring 
reductions are both quasi-reversible for PE1 (-1.24 V 
vs SCE) and PE1-OR6 (-1.27 V vs SCE). However, the 
first porphine ring oxidations appear to be irreversible 
reactions for PE1 (+1.04 V vs SCE) and PE1-OR6 (+1.08 
V vs SCE). As for PE1-OR4, the first porphine ring 
reduction was observed at -1.47 V vs SCE as a quasi-
reversible reaction. Interestingly, the first oxidation of 
PE1-OR4 was observed as a quasi-reversible reaction 
at +0.85 V vs SCE, in sharp contrast to the irreversible 
oxidation waves of PE1 and PE1-OR6 under the same 
condition. This phenomenon strongly suggests that six 
alkoxyl chains at the meta- and para-positions of the 
phenyl groups should have very limited influence to the 
porphyrin redox behaviors. On the contrary, four alkoxyl 
chains at the ortho-positions of the phenyl groups have 
a significant impact to the potentials as well as the 
reversibility of the redox reactions. These differences 
may be attributed to two possibilities. (a) The four 
alkoxyl chains at the ortho-positions of the PE1-OR4 
phenyl groups are in the positions to have more electron-
donating influence than are the six alkoxyl chains at the 
meta- and para-positions of the PE1-OR6 phenyl rings. 
(b) The spacial arrangement of PE1-OR4’s four alkoxyl 
chains are in a shape of wrapping around the porphyrin 
core structure in the solution whereas PE1-OR6’s six 
alkoxyl chains extend into the solution (see below).

In order to further our understanding to the differences 
in the electrochemical behaviors mentioned above, we 
performed molecular simulations on PE1-OR6 and 
PE1-OR4 by using Materials Studio software package 
[24]. Because of the long alkoxyl chains, obtaining 
crystal structures of the porphyrins is not feasible. More 
importantly, simulation results provide the opportunity of 
visualizing the alkoxyl chains in the solutions. To simplify 

Fig. 2. Absorption spectrum changes of PE1 porphyrin in 
THF/0.5 M TBAP upon (a) the first one-electron reduction, (b) 
the second one-electron reduction, and (c) TBAOH titration. 
The insets show the coulometric titration curves

Scheme 1. Proposed mechanism of PE1 porphyrin reduction reactions. This suggested mechanism is based on reference [23]
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the calculation, free-base porphyrins were used in these 
simulations. The results are compared in Scheme 2. As 
shown in the scheme, the phenyl groups at the macrocyclic 
meso-positions are fairly perpendicular to the porphyrin 
macrocylic planes due to the steric hindrance between 
the porphine ring and the phenyl rings. As for the alkoxyl 
chains, the four dodecoxyl chains of PE1-OR4 are simulated 
to wrap around the porphine core whereas the six alkoxyl 
chains of PE1-OR6 are simulated to extend into the bulk 

solution. As mentioned above, the redox potentials 
of the first porphine reduction and oxidation of 
PE1-OR4 are both negatively shifted from those of 
PE1 and PE1-OR6. In addition, the first oxidation 
of PE1-OR4 is much more reversible than those 
of PE1 and PE1-OR6. Therefore, in addition 
to the electro-donating influence of the alkoxyl 
groups, we suggest that PE1-OR4’s negatively 
shifted redox potentials as well as the reversible 
oxidation may also be attributed to the wrapping 
alkoxyl chains. This suggestion agrees well with 
the results observed for PE1-OR6. Because the 
PE1-OR6 simulation did not suggest the wrapping 
phenomenon, it is reasonable to observe that the 
electrochemical behaviors of PE1-OR6 remain 

similar to those of PE1 porphyrin.
Because of free-base porphyrins were used in the 

simulations, it is of interest to observe the effect of 
the cental metal. Figure 4 compares the CVs of (zinc) 
PE1-OR4 and free-base PE1-OR4. The redox potentials of 
free-base PE1-OR4 are listed in Table 2. As shown in the 
figure and the table, removing the central metal ion from 
PE1-OR4 seem only to shift the redox potential positively. 
For the first porphyrin-ring reductions, the reactions are 
qusai-reversible for the zinc and the free-base porphyrins. 
The potentials, however, shift from PE1-OR4’s -1.47 V to 
free-base PE1-OR4’s -1.22 V. For the first porphyrin-ring 
oxidations, the reaction is qusai-reversible for PE1-OR4. 
Unfortunately, reversibility of free-base PE1-OR4’s first 
oxidation is difficult to determine because the reaction is 
very close to the detection limit of the solvent system. 
Consequently, we determine the oxidation potential by 
differential pulse voltammetry. Nevertheless, a similar 
positive shift is also observed. The oxidation potentials 
shift from PE1-OR4’s +0.85 V to free-base PE1-OR4’s 
+1.11 V. This phenomenon is consistent with the literature 
reports [25]. As for the carboxylic acid reduction, the 
redox couples do not seem to be sensitive to the removal 
of the central metal ion.

Fig. 3. Cyclic voltammograms of 1.0 mM of PE1 (grey lines), PE1-OR4 (bold dotted lines), and PE1-OR6 (thin solid lines) in 
THF/0.1 M TBAP (thin dotted lines) solutions

Table 2. Redox potentials of PE1, PE1-OR6, and PE1-OR4 porphine 
ring reactionsa

PE1 PE1-OR6 PE1-OR4 H2PE1-OR4

Reduction -1.24 (100) -1.27 (140) -1.47 (130) -1.22 (140)

Oxidation +1.08 (Epa) +1.04 (Epa) +0.85 (150) +1.11b

a Reaction conditions: 1.0 mM of the porphyrin in THF/0.1 M TBAP; 
Pt working and counter electrodes; SCE reference electrode; scan rate = 
100 mV/s. For Fc+/0 in the same condition, E1/2 = +0.49 V vs SCE. Peak-
to-peak separations (mV) are put in the parentheses for quasi-reversible 
reactions. b This value is determined by differential pulse voltammetry 
because the reaction is too close to the detection limit to have a correct 
reading.

Scheme 2. Simulated molecular structures of (a) PE1-OR4 and 
(b) PE1-OR6 in solutions. The alkoxyl and alkyl chains are 
highlighted. Note that this scheme is to visualize the orientations 
of the long alkoxyl chains in the solutions
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Finally, it is worth mentioning that changing the 
lengths of the alkoxyl chains would not have a significant 
impact on the redox properties of alkoxyl-wrapped 
porphyrins. We have recently reported that shortening 
the alkoxyl groups from 12 carbons to 8 and to 4 carbons 
did not generate any sifnificant changes in the UV-visible 
absorptions, fluorescent emissions, and the redox 
behaviors of the LD14 porphyrins, a push-pull version of 
PE1-OR4 [17b]. Molecular simulations were carried out 
in the said report and the results suggested that, despite 
the alkoxyl chains becoming shorter, the tendency to 
wrap around the porphyrin core remained the same for 
all versions of the LD14 porphyrins.

CONCLUSION

We demonstrated that the first reduction reaction 
of PE1 porphyrins is actually the reduction of the 
anchoring carboxylic proton. We also showed that the 
electrochemical behaviors of a zinc porphyrin can be 
significantly affected by wrapping the porphine core 
structure with long alkyl chains.
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