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Abstract: Two unsymmetric meso-tetraferrocenyl-containing
porphyrins of general formula Fc3(FcCOR)Por (Fc = ferrocenyl,
R = CH3 or (CH2)5Br, Por = porphyrin) were prepared and
characterized by a variety of spectroscopic methods, where-
as their redox properties were investigated using cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV) ap-
proaches. The mixed-valence [Fc3(FcCOR)Por]n + (n = 1,3)
were investigated using spectroelectrochemical as well as
chemical oxidation methods and corroborated with density
functional theory (DFT) calculations. Inter-valence charge-

transfer (IVCT) transitions in [Fc3(FcCOR)Por]+ were analyzed,
and the resulting data matched closely previously reported
complexes and were assigned as Robin–Day class II mixed-
valence compounds. Self-assembled monolayers (SAMs) of
a thioacetyl derivative (Fc3(FcCO(CH2)5SCOCH3)Por) were also
prepared and characterized. Photoelectrochemical properties
of SAMs in different electrolyte systems were investigated
by electrochemical techniques and photocurrent generation
experiments, showing that the choice of electrolyte is critical
for efficiency of redox-active SAMs.

Introduction

Because of well-established electron-donor properties, ferro-
cene-containing donor–acceptor dyads, with strong absorption
of the solar spectrum and tunable electron-transfer and redox
properties, have been intensively studied over the last decades
as prominent light-harvesting blocks for organic photovoltaics
(OPVs) and dye-sensitized solar cells (DSSCs).[1] Furthermore,
such systems were suggested as potentially useful compo-
nents for redox-driven fluorescence, molecular electronics, ion-
recognition, and optical limiting devices.[2] Tetraazaporphyr-
ins,[3] phthalocyanines,[4] corroles,[5] porphyrins,[6–10] and (aza)-
BODIPYs[11] substituted with one or several ferrocenyl groups
are of great interest because of their rich redox chemistry and
redox-switchable spectroscopic versatility. Potential use of fer-
rocene-containing porphyrins and other organic compounds in
DSSCs, OPVs, molecular electronics, and photocatalysis require
their surface immobilization,[12] and in particularly simple syn-
thetic routes, for formation of well-defined self-assembled

monolayers (SAMs). Porphyrin-based SAMs were intensively in-
vestigated recently by numerous research groups because of
their remarkable electrochemical, electrocatalytic, and photo-
physical properties.[13] Despite significant progress in prepara-
tion and characterization of porphyrin-containing SAMs, re-
ports on surface immobilization of redox-active ferrocenyl-con-
taining porphyrins and their analogues are rare.[14] Moreover,
recently we communicated the first example of ferrocenyl-con-
taining porphyrin, which was linked to SAM by porphyrin–fer-
rocene–linker–Au covalent bond,[15] whereas all other SAMs
were prepared using porphyrin-linker-Au bonding or axial co-
ordination to Au surface.[14] Preliminary photocurrent genera-
tion experiments showed that the covalently bound metal-free
TFcPs are able to catalytically reduce dioxygen under photosti-
mulation.[14] However, despite this uncommon and promising
feature, the light-into-current conversion efficiency is much
lower than that of other porphyrin-supported gold electro-
des.[16]

Thus, herein we provide complete characterization of the
unsymmetric tetraferrocenyl-containing porphyrins of general
formula Fc3(FcCOR)Por, where R = CH3 (1), (CH2)5Br (2), and
(CH2)5SCOCH3 (3), as well as an investigation on the kinetics of
the electron transfer at the SAM/electrode interface in view of
photocatalytic applications.
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Results and Discussion

Synthesis and characterization of Fc3(FcCOR)Por

Classical Friedel–Crafts conditions for ferrocene provided inad-
equate yields for the functionalization of ferrocenecarboxyalde-
hyde (around 10 %). This is likely due to two simultaneous ef-
fects: 1) FcCHO is deactivated toward acylation because of the
CHO electron-withdrawing group; 2) the aldehyde competes
for the coordination of AlCl3, thus preventing the formation of
the acylium ion. Indeed, as soon as aluminum chloride was
added, the solution turned from orange into violet, which
stems from the formation of a Lewis complex. To overcome
these inconveniences, the acylium carbocation was prepared
in a separate flask, while an FcCHO—AlCl3 complex was
formed in a second flask. Two equivalents of the acyl chloride
were necessary to force the reaction to completion. With these
modifications, the conversion was improved (up to 60–70 %
yields) using different acylating agents. The reaction is highly
regioselective: among possible isomers, the only product ob-
served was the 1,1’-disubstituted compound. Apparently, the
introduction of a keto group at the 1’ position deactivates the
product, thus making a second substitution disfavored on
both rings.

Mono-functionalized tetraferrocenylporphyrins 1 and 2 were
prepared by a mixed condensation of FcCHO and functional-
ized FcCHO in 5:1 ratio using the standard statistical condensa-
tion method under the Lindsey cyclization conditions
(Scheme 1). The stoichiometric ratio (3:1) was not adopted to
avoid the formation of multisubstituted porphyrins, which

would have complicated the isolation of the product. As
a matter of fact, only traces of di-substituted isomers were iso-
lated as by-products from the synthesis of 5-[1’-acetyl)ferrocen-
yl]-10,15,20-triferrocenylporphyrin. On the other hand, a ratio
higher than 5:1 would have promoted the formation of an
excess of H2TFcP. Another issue responsible for the observed
moderate yields is the scarce stability of the functionalized al-
dehydes in the reaction conditions employed.

No traces of these compounds were recovered after column
chromatography, whereas a considerable amount of FcCHO
was ubiquitous at the end of the reactions. Such evidence sug-
gests that the decomposition of the 1’-substituted ferrocene-
carboxyaldehydes is the main drawback in mono-substituted
tetraferrocenylporphyrin synthesis.

After separation of 1 and 2 from side-reaction products,
using conventional chromatography approach, complex 2 was
transformed into thioacetyl derivative 3. This derivative under-
goes in situ cleavage upon exposure to the gold surface to
form Fc3(FcCOR)Por (R = (CH2)5SH, 4) containing SAMs, thus
avoiding handling unstable free-thiol porphyrin compounds.

The UV/Vis–NIR and MCD spectra of Fc3(FcCOR)Por deriva-
tives 1 and 2 are presented in Figure 1. As expected from the
similarity of electronic effects of COCH3 and CO(CH2)5Br groups,
both spectra are very close to each other and consist of an in-
tense Soret band located at 434 nm, a shoulder at 490–495 nm
range, and two prominent Q-bands observed at about 660 and
725 nm. In both cases, the Soret band located at 437 nm is
represented by Faraday pseudo A term in their corresponding
MCD spectra, while Q-bands are represented by negative
(lower energy) and positive (higher energy) Faraday B terms

with energies close to the corre-
sponding absorption bands. Fur-
thermore, another Fadaray
pseudo A term was most likely
observed at 499 nm, which cor-
responds to a broad shoulder in
the absorption spectrum of
1 and 2.

The consistency of MCD spec-
tra of porphyrins 1 and 2 corre-
lates well with the low symme-
tries of these compounds. Over-
all, UV/Vis and MCD spectra of
1 and 2 are very close to the re-
ported earlier spectra of sym-
metric H2TFcP and unsymmetric
FcnPh(4�n)Por derivatives.[17]

Similar to the described earlier
metal-free and transition-metal
tetraferrocenyl porphyrins,[6h, m,p,q]

the redox properties of
Fc3(FcCOR)Por derivatives were
initially evaluated using cyclic
voltammetry (CV) and differential
pulse voltammetry (DPV) ap-
proaches. To minimize solute–
electrolyte ion-pairing and thusScheme 1. Synthetic pathways for preparation of the Fc3(FcCOR)Por derivatives and related SAMs.
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improve the resolution between redox processes, all electro-
chemical and spectroelectrochemical experiments on
Fc3(FcCOR)Por porphyrins were conducted using CH2Cl2 as
a solvent and, as suggested by Geiger and co-workers as well
as other research groups,[18] tetrabutylammonium tetrakis(per-
fluorophenyl)borate (TFAB) as the electrolyte.

CV and DPV results for Fc3(FcCOR)Por compounds are shown
in Figure 2, while redox potentials are listed in Table 1.

In agreement with redox data reported previously on
H2TFcP and MTFcP complexes,[6h, m,p,q] redox processes in

Fc3(FcCOR)Por could be associated with oxidation of ferrocene
substituents and oxidation/reduction of the porphyrin core. All
reductions are porphyrin-centered, reversible, and observed
between �1.82 and �2.1 V, but because of the presence of an
electron-withdrawing group, the porphyrin-centered oxidation
process was not observed within the solvent window. It could
be expected that an introduction of one ferrocene substituent
with an electron-withdrawing group would result in: 1) a shift
of redox potentials to a more positive region; and 2) a better
separation between the ferrocene-centered redox waves be-
cause of its higher oxidation potential. Indeed, the oxidation
potential of acetylferrocene was reported to be about 270 mV
more positive compared to that of the parent ferrocene.[19]

Moreover, an influence of the electron-withdrawing acyl ferro-
cene on the adjacent and the opposite unsubstituted ferro-
cene groups should also be slightly different, thus resulting in
a better separation between redox waves. Not surprisingly, CV
and DPV data on Fc3(FcCOR)Por compounds support expected
trends. In particular, the first and second, as well as the third
and fourth oxidation waves, are very well separated, whereas
separation between the second and the third oxidation waves
is much smaller.

It is interesting to note that the total span for all four oxida-
tion processes in Fc3(FcCOR)Por compounds is still close to
that observed in the parent H2TFcPor, although the first oxida-
tion potential in Fc3(FcCOR)Por compounds is about 80 mV
more positive because of the electron coupling of the three
unsubstituted ferrocene groups with electro-accepting acyl fer-
rocene fragment (Table 1).

Extracted from the electrochemical data, the comproportio-
nation constants (Kc)

[20] for all possible mixed-valence states in
Fc3(FcCOR)Por compounds are presented in Table 2. Based on
CV and DPV data, it is expected that the Kc for the following
equilibria:

Figure 1. UV/Vis–NIR and MCD spectra of 1 (top) and 2 (bottom) in CH2Cl2.

Figure 2. Electrochemical data (CV, 50 mV s�1 and DPV) of compounds
1 (top) and 2 (bottom) in CH2Cl2/0.05 m TFAB system in the oxidation region
of the ferrocene substituents.

Table 1. Redox properties of metal-free tetraferrocenyl porphyrins in
CH2Cl2/0.05 m TBAF system at room temperature determined using CV
and DPV data.[a]

Porphyrin Ox4 Ox3 Ox2 Ox1 Red1 Red2

H2TFcP[b] 0.35 0.21 0.11 �0.15 �1.90 �2.18
Fc3(FcCOMe)Por 0.46 0.21 0.15 �0.07 �1.84 �2.10
Fc3(FcCO(CH2)5Br)Por 0.44 0.20 0.12 �0.07 �1.82 �2.03

[a] All potentials are versus FcH/FcH+ couple. [b] Reference [6o].

Table 2. Summary of comproportionation constants (Kc)
[a] in

Fc3(FcCOR)Por derivatives estimated from the DPV electrochemical data.

X0 + X2 +Q2 (X+) X1 + + X3 +Q2 (X2+) X2 + + X4 +Q2 (X3+)

Fc3(FcCOMe)Por (1):
3832 14 13 313
Fc3(FcCO(CH2)5Br)Por (2):
2056 19 11 393

[a] Comproportionation constants were calculated using Kc = exp[DE·F/RT]
formula, where F/RT = 38.92 V�1 at 298 K (see Ref. [17a]).
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½Fc3ðFcCORÞPor�0 þ ½Fc3ðFcCORÞPor�2þ Ð 2 ½Fc3ðFcCORÞPor�þ

½Fc3ðFcCORÞPor�2þ þ ½Fc3ðFcCORÞPor�4þ Ð 2 ½Fc3ðFcCORÞPor�3þ

indicate higher stability of [Fc3(FcCOR)Por]+ and
[Fc3(FcCOR)PorH2]3 + mixed-valence species in solution. Estimat-
ed values of Kc for the second and third oxidation process are
significantly smaller (Table 2), reflecting possible difficulties
with generation of spectroscopically pure [Fc3(FcCOR)Por]2 +

mixed-valence species. As usual, it should be noted that al-
though estimated values of Kc could be helpful in characteriza-
tion of the mixed-valence species generated under spectroe-
lectrochemical conditions, they should be treated with a great
caution because of the well-known fact that the electrochemi-
cal redox potentials of potentially mixed-valence compounds
are highly dependent on the solvent and the electrolyte.[19a,b]

To obtain spectroscopic signatures of [Fc3(FcCOR)Por]n + spe-
cies as well as to provide an accurate assignment of electro-
chemically observed redox processes, Fc3(FcCOR)Por deriva-
tives 1 and 2 were further investigated by spectroelectrochem-
ical approaches.

In both cases, during oxidation under the first oxidation po-
tential, the Soret band of 1 and 2 at about 435 nm was found
to decrease in intensity and undergo a redshift of 28 nm,
whereas the Q-band was found to decrease in intensity with-
out energy change. Furthermore, a very characteristic interva-
lence charge-transfer (IVCT) band appeared at about 905 nm
(Figure 3; Supporting Information, Figure S1). The IVCT band
energy and intensity are similar to those observed in the earli-
er described [TFcPor]+ and [MTFcPor]+ mixed-valence com-
plexes.[6h, m,p,q] Thus, the first transformation process could
be confidently assigned to a Fc3(FcCOR)Por!

[Fc3(FcCOR)Por]+ + e� transformation. Further oxidation of the
[Fc3(FcCOR)Por]+ species under spectroelectrochemical condi-
tions resulted in the Soret band intensity decrease, a drop in
intensity of the IVCT band, and the development of a new
broad IVCT band at about 1150–1200 nm (Figure 3; Supporting
Information, Figure S1). Taking into consideration the small dif-
ference between second and third oxidation waves as ob-
served in electrochemical experiments and thus the relatively
small values of comproportionation constants for
[Fc3(FcCOR)Por]+ + [Fc3(FcCOR)Por]3 +Q2 [Fc3(FcCOR)Por]2 + pro-
cess, we did not attempt to obtain spectroscopic signature for
[Fc3(FcCOR)Por]2+ mixed-valence complex, but rather convert
it into more stable [Fc3(FcCOR)Por]3 + compound (Figure 3).
The resulting spectra of the mixed-valence [Fc3(FcCOR)Por]3 +

species characterized by the presence of a very broad NIR IVCT
band. Further oxidation of the previously generated mixed-va-
lence species results in gradual disappearance of the entire
spectrum, which can be attributed to the decrease in solubility
of highly charged [Fc3(FcCOR)Por]4 + species in low polarity sol-
vent (CH2Cl2). Such behavior was observed earlier with H2TFcP
and MTFcP complexes.[6h, m,p,q]

Spectroelectrochemical data were further supported by
chemical oxidation of Fc3(FcCOR)Por 1 and 2. In particular,
chemical oxidation of Fc3(FcCOR)Por derivatives by a controlled
amount of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), I2, Br2,
or [NO]BF4 results in transformation of initial compounds 1 and
2 into mixed-valence [Fc3(FcCOR)Por]+ cations (Figure 4; Sup-
porting Information, Figures S2 and S3). During these oxida-
tions, Soret band shifts to the circa 460 nm region, Q-bands
decrease in intensity, and a new, counterion-dependent IVCT
band at about 900 nm appears in the UV/Vis–NIR spectra of
[Fc3(FcCOR)Por]+ cations. Such transformation is in excellent
agreement with the spectroelectrochemical data. Further oxi-
dative titrations of the mixed-valence [Fc3(FcCOR)Por]+ com-

Figure 3. Spectroelectrochemical oxidation of the Fc3(FcCOMe)Por (1) at first
(top; 1!1+) and second-third (bottom; 1+!13 +) oxidation potentials in
DCM/0.15 m TFAB system Figure 4. Stepwise chemical oxidation of derivative 2 by [NO]BF4 in CH2Cl2.
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pounds result in the rise of a second broad IVCT band at
about 1150 nm and decrease of the Soret band intensity, again
in agreement with the spectroelectrochemical data (Figure 4;
Supporting Information, Figures S2 and S3).

The Hush method[21] is typically used for the initial analysis
of experimental data in mixed-valence compounds. In the case
of Fc3(FcCOR)Por compounds, such analysis could be applied
to the spectroelectrochemically or chemically generated
mixed-valence [Fc3(FcCOR)Por]+ only because of the presence
of a better-defined IVCT band in the NIR region of their UV/
Vis–NIR spectra. The two key parameters that are estimated
using the Hush model are: the electronic coupling matrix ele-
ment (Hab) and the degree of delocalization (a2). These param-
eters can be estimated using equations (1) and (2), with the
Fe�Fe distances extracted from the corresponding DFT pre-
dicted geometry of neutral Fc3(FcCOMe)Por compound:

Hab ¼ 2:05� 10�2½ðnmax emax Dn1=2Þ1=2=rab� ð1Þ

a2 ¼ 4:24� 10�4½ðemax Dn1=2Þ=ðrab
2 nmaxÞ� ð2Þ

The energy of the IVCT at band maximum in cm�1 is nmax,
Dn1/2 is the width at the band maximum in cm�1, emax is the
molar extinction coefficient of the IVCT, and rab is the distance
between redox centers in �. Table 3 displays the parameters
obtained from the IVCT band fits. These parameters should be
considered with caution because of the relatively broad nature
of the IVCT band in 1+ and 2+ , the uncertainty factor in band
deconvolution analysis, and the possibility of protonation con-
tribute into absorption in IVCT region. Thus, values listed in
Table 3 are rough estimates that add support to the other
spectroscopic data discussed above. In all cases, the Hab and
a values closely match the values obtained for the previously
reported polyferrocenyl porphyrins,[6h, m,p,q] and are in the range
of class II (Robin and Day classification) mixed-valence com-
pounds.[22]

Electronic structures of Fc3(FcCOR)Por

Density functional theory (DFT) calculations were performed to
acquire insight into nature of the electronic structure, spectros-
copy, and redox properties of Fc3(FcCOR)Por derivatives. Be-

cause of the great similarities in properties of 1 and 2, the elec-
tronic structure and excited state energies of only complex
1 were calculated. Similar to the reported earlier H2TFcP,[17] the
compound Fc3(FcCOMe)Por is predicted to be highly non-
planar and adopt the most stable a,b,a,b-conformation. The
molecular orbital energy diagram, molecular orbital composi-
tions, and representative shapes of important molecular orbi-
tals predicted using the BP86 exchange-correlation functional
and 6-311G(d) basis set are shown in Figure 5 and 6.

The electronic structure of Fc3(FcCOMe)Por 1 has many simi-
larities with the previously reported electronic structure of the
parent H2TFcP.[17] In particular : 1) the LUMO and LUMO + 1 are
predominantly porphyrin-centered p* orbitals that resemble
Gouterman’s[23] classic eg-symmetry MO pair ; these orbitals are
well-separated from the LUMO + 2, which has large contribu-
tion from acyl ferrocene group; 2) similar to all previously de-
scribed MTFcP and H2TFcP compounds,[6h, m,p,q] predominantly
ferrocene-containing MOs have higher energies in comparison
with the porphyrin-centered occupied p-orbitals; 3) the HOMO
with predominant equatorial ferrocene group character has
circa 25 % porphyrin p-system character mostly located at
meso-carbon and nitrogen atoms; 4) the a2u-type (with most

electron density located at the
meso-carbon and nitrogen
atoms) porphyrin-centered p-or-
bital (HOMO) has a higher
energy than the a1u-type (with
most electron density located at
the a- and b-carbon atoms) por-
phyrin-centered p-orbital
(HOMO�12). Introduction of
electron-withdrawing group in
one of the ferrocene substitu-
ents results in large energy stabi-
lization of the MOs associated
with acyl ferrocene.

Table 3. Estimated Hab and a2 values for mixed-valence states of ferrocenyl-containing porphyrins generated
under chemical and electrochemical conditions.

Compound/Oxidant[a] nmax

[cm�1]
emax

[L mol�1 cm�1]
Dn1/2

[cm�1]
Rab

[�][b]

Hab

[cm�1]
a2 � 103

1+/Br2 11 023 23 383 1518 9.755 1315 14.21
1+/DDQ 11 024 24 670 1724 9.755 1439 17.03
1+/SEC 11 004 12 947 1560 9.755 1008 8.10
2+/I2 10 650 20 500 2001 9.755 1389 17.00
2+/Br2 11 023 25 583 1588 9.755 1406 16.27
2+/NO+ 10 688 25 129 1655 9.755 1401 17.17
2+/SEC 11 000 15 000 1660 9.755 1100 9.99

[a] SEC = spectroelectrochemistry. [b] The shortest Fe�Fe distance from DFT calculations on Fc3(FcCOMe)Por. All
data are based on band deconvolution analysis of the IVCT region.

Figure 5. Molecular orbital diagram of Fc3(FcCOMe)Por (1) calculated at the
BP86 DFT level.

Chem. Eur. J. 2015, 21, 269 – 279 www.chemeurj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim273

Full Paper

http://www.chemeurj.org


Although, acyl ferrocene group contributes about 8 % into
HOMO, predominantly acyl ferrocene-centered MOs are locat-
ed between HOMO�9 and HOMO�11. On the other hand, the
three more electron-rich unsubstituted ferrocene groups left
behind dominate in HOMO to HOMO�8 region. Interestingly,
DFT predicts that the contribution from adjacent and opposite
to acyl ferrocene group ferrocene substituents contribute
nearly equally, which makes it difficult to clearly associate the
first oxidation process with specific ferrocene substituents.

In contrast, a large stabilization of acyl ferrocene MOs clearly
suggests that the fourth oxidation process in Fc3(FcCOR)Por
derivatives 1 and 2 should be centered on substituted ferro-
cene group. Unlike in the parent H2TFcP,[17] the HOMO is well-
separated (ca. 0.22 eV) from the HOMO�1. Similar to calcula-
tions on parent TFcPor,[17] TDDFT predicts a large number of
predominantly metal-to-ligand charge transfer (MLCT) bands in
Q-band region of 1 heavily mixed into the porphyrin-centered
p–p* transitions (Figure 7; Supporting Information, Figure S4
and Table S1).

In agreement with its electronic structure, the majority of
unsubstituted ferrocene-to-porphyrin MLCT transitions were
predicted in 700–900 nm region,
whereas those that originated
from acyl ferrocene were calcu-
lated in the circa 600 nm region.

Electrolyte-tunable photocata-
lytic efficiency of the mixed
monolayer

In a previous work, we have
shown that TFcPs are able to
form stable and well-packed self-
assembled monolayers.[15] In par-
ticular, a mixed SAM of 1-buta-
nethiol and 5-[1’-(6-thioacetyl-
hexanoyl)ferrocenyl]-10,15,20-tri-
ferrocenylporphyrin (Figure 8 A)
exhibited an interesting electro-
chemical behavior in which

a “3 + 1” oxidation pattern in acetonitrile/TBAP system was de-
tected. The same film is able to reduce the atmospheric dioxy-
gen dissolved in water under photo-stimulation in the visible
region of the spectrum, using Na2SO4 as the supporting elec-
trolyte at 0.0 V applied potential. The reason for this lies in the
strong donating character of the porphyrin in the excited state
(E*1/2 =�2.68 V versus Ag/AgCl), which makes it able to pump
electrons into the sacrificial acceptor.

The porphyrin is then reduced back to its neutral state by
an electron transfer from the gold surface, which closes the
photoelectrochemical circuit. However, in principle, three elec-
trons are available for O2 reduction in such a polar environ-
ment. Moreover, as just described in the electrochemical sec-
tion, mono-functionalized H2TFcPs undergo four individual
single-electron oxidations using a non-coordinating electrolyte
in a non-polar solvent. Therefore, a water soluble precursor of
TFAB, namely Li[B(C6F5)4] , is supposed to reduce the photo-cat-
alytic activity of the porphyrin, because it is expected to sepa-
rate the oxidation processes making the second and third pro-
cess less favorable at applied 0.0 V.

In spite of expectations, the resulting action spectrum (black
line with light gray circles in Figure 9) is a noisy, ill-defined plot
with a maximum in correspondence of the Soret band, where
an 80 % loss of intensity was detected with respect to the con-
trol experiment carried out using Na2SO4 (dark gray line with

Figure 6. Molecular orbital compositions of Fc3(FcCOMe)Por (1) calculated at
the BP86 DFT level.

Figure 7. Experimental (top) and TDDFT predicted (bottom) UV/Vis spectra
of 1 calculated at the BP86 DFT level.

Figure 8. A) Representation of 4. B) The cathodic photocurrent generation mechanism using dioxygen as the sac-
rificial electron acceptor.
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black circles in Figure 9). Such a remarkable decrease can be
explained with a poorer permeability of the bulky tetrakis(pen-
tafluorophenyl)borate anion into the monolayer. This prevent-
ed the association with the redox center, thus increasing the
activation energy for the oxidation of the porphyrin.[24] Thus,
the photocatalytic reduction of O2 was kinetically hindered by
the encumbrance of the supporting electrolyte. On the other
hand, this simple experiment demonstrated that the photoca-
talytic activity of the porphyrin can be easily tuned by the use
of different electrolytes, opening the way for new switchable
materials.

Electrochemistry of the mixed SAM in aqueous media

To confirm the kinetic control over the photocatalytic activity
of the mixed SAM exerted by the electrolytes, CV and DPV ex-
periments were performed using the same solutions employed
in photocurrent generation (PG) experiments. In contrast to
the above reported well-resolved four individual single elec-
tron oxidation processes, the electrochemical profiles of the
modified electrodes resemble those reported in acetonitrile/
TBAP system,[15] consisting of two redox waves (see the DPV in
Figure 10) in which a “3 + 1” mechanism of electron transfer
can be recognized. Moreover, the first process was found to
occur at a lower potential using tetrakis(pentafluorophenyl)bo-
rate anion, as suggested by the half-wave potentials in Table 4.

This is reasonable, as an organic anion is expected to associ-
ate more strongly to a cationic porphyrin than sulfate anions.
Although it makes the first process more favorable, Li[B(C6F5)4]
is not effective in the resolution of the first three-electron pro-
cess and the reduction in the photocatalytic efficiency cannot
be attributed to this effect.

Conversely, the kinetics of electron transfer play a significant
role inasmuch as the association with the bulky counterion is
too slow to occur during the short lifetime of the excited spe-
cies. Indeed, CV at different scan rates underlined a quick
broadening of the peaks and large values of the overpotential
at low scan rates (see Figure 11). Instead, for an ideal electro-

chemical behavior of adsorbed species, the separation be-
tween the peaks (DEp = Epa�Epc) is required to be zero at low
scan rates because diffusion does not take place.[25] The large
size of B(C6F5)4

� makes the approach and the removal to the
redox sites hard, as the monolayer has to reorganize to accom-
modate and release the anions. As a consequence, peaks
move in the opposite directions; that is, oxidation and reduc-
tion processes are more difficult as the scan rate increases. In
particular, the most hindered site is the substituted ferrocenyl
group, which lies embedded within the monolayer.

In fact, the second redox wave, attributed to this ferrocenyl
group, drops to zero much faster than the first and is visible
only below the scan rate of 25 mV s�1 (Figure 11 A). A compari-
son between CV at variable scan rates reveals that peaks move
slower with the scan rate when Na2SO4 is used as supporting
electrolyte (Figure 11 B). Furthermore, the second process is
still visible at us>100 mV s�1, a clear indication that both the
first and the second process are faster using SO4

2� as a conse-
quence of its better permeability into the monolayer.

The rate constants for the electron transfer were calculated
through the Laviron method[26] and are presented in Table 4.
The calculated values are much lower than those reported for
other porphyrin-containing SAMs,[27] which is probably because

Figure 9. Overlapped action spectra of the mixed SAM obtained in an aque-
ous solution of Na2SO4 0.1 m (dark gray line with black circles) or in an aque-
ous solution of Li[B(C6F5)4] 0.05 m (black line with light gray circles). Both
photocurrent generation experiments were carried out using O2 as the sacri-
ficial electron acceptor.

Figure 10. Representative DPV in the oxidative (bottom) and reductive (top)
directions of the mixed SAM in an aqueous 0.05 m solution of Li[B(C6F5)4] .

Table 4. Electron transfer rates and half-wave potentials for the first pro-
cess of mixed SAM in aqueous solutions of Na2SO4 and Li[B(C6F5)4] .

kET [s�1] E1/2 [mV]

Na2SO4 1.6·10�3 180
Li[B(C6F5)4] 2.5·10�5 125

Figure 11. Overlapped CV at different scan rates (5, 10, 25, 50, 100 mV s�1)
using the mixed SAM as working electrode in a 0.05 m solution of Li[B(C6F5)4]
(A) and a 0.1 m solution of Na2SO4 (B) in water.

Chem. Eur. J. 2015, 21, 269 – 279 www.chemeurj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim275

Full Paper

http://www.chemeurj.org


of the approximations introduced in the model (see the Experi-
mental section), which are likely to underestimate the value of
kET. However, it should be emphasized that those values refer
to the association of a single anion to the core of the macrocy-
cle.

Instead, regarding to the first process of the TFcP-containing
SAM, it requires the simultaneous arrival and accommodation
of three anions in a well-packed monolayer (Figure 12). Thus, it

should not be surprising that the experimental values are
lower than those expected for aryl porphyrins. However, kET

were all obtained under the same assumptions that are not af-
fected by different electrolytes. Therefore, albeit not complete-
ly reliable in absolute, these values can be efficiently com-
pared. A significant decrease of two orders of magnitude in
the rate of the electron transfer was found switching from
Na2SO4 to Li[B(C6F5)4] solutions (Table 4). This difference strong-
ly supports the idea that quenching of the photocatalytic ac-
tivity of the porphyrin is kinetically hampered by the exclusion
of bulky anions from the monolayer, which prevents the asso-
ciation with the redox site. Under these circumstances, the
electron delivery is slower than the excited state lifetime of the
porphyrin and reduction of O2 does not take place.

Conclusions

Three new unsymmetric metal-free tetraferrocenyl-containing
porphyrins of general formula Fc3(FcCOR)Por have been pre-
pared and characterized by variety of spectroscopic methods.
The redox properties of all of the new compounds were also
examined by electrochemical methods, while the nature of
mixed-valence species of general formula [Fc3(FcCOR)Por]n +

was probed by spectroelectrochemical and chemical oxidation
approaches. The electronic structure and nature of the excited

states in target compounds were modeled by DFT and TDDFT
calculations. It was suggested that the fourth oxidation process
is associated with the substituted ferrocenyl group, while it re-
mains ambiguous if the first oxidation process is centered at
adjacent or opposite unsubstituted ferrocenyl moiety.

Stable and well-packed monolayers were formed on gold
surface and the photoelectrochemical and electrochemical
properties of the resulting modified electrodes were evaluated.
Interestingly, a cathodic photocurrent was generated at zero
applied bias potential using O2 as the sacrificial electron ac-
ceptor. Such a photocatalytic activity toward dioxygen can be
tuned by the supporting electrolyte. Indeed, it was found to
be quenched using a bulky anion like tetrakis(pentafluorophe-
nyl)borate, as a consequence of its low ability to penetrate
into the monolayer and associate to the oxidized porphyrin.
Thus, the electron transfer rate at the gold-monolayer interface
is slower than the porphyrin excited-state lifetime, and reduc-
tion of O2 does not take place. In particular, the results of this
study offered elucidation for the electron transfer kinetic on
TFcP SAM that should be taken into consideration in the devel-
opment of application of these active molecules. The clarifica-
tion of the fate of dioxygen and the eventual formation of par-
tially reduced oxygen species is currently underway.

Experimental Section

Materials

All of the reactions were performed under a dry argon atmosphere
with flame-dried glassware. All solvents and reagents were pur-
chased from commercial sources and used without additional pu-
rification. Dry toluene was obtained by distillation over sodium, dry
CH2Cl2 was obtained by distillation over calcium hydride prior to
experiments, and dry THF was obtained by distillation over Na
with benzophenone. Silica gel (60 �, 63–100 mm) needed for
column chromatography was purchased from Dynamic Adsorb-
ents, while basic aluminum oxide (Activity I, 58 �, 150 mesh) was
purchased from Fischer Inc. The tetrabutylammonium tetrakis(pen-
tafluorophenyl)borate (TBAF) was used in anhydrous CH2Cl2 for
electrochemical studies, after preparation according to previously
reported procedures.[15]

Computational Aspects

All of the computations were performed using Gaussian 09 soft-
ware running under Windows or UNIX OS.[28] Molecular orbital con-
tributions were compiled from single point calculations using the
QMForge program.[29] In all single-point calculations and geometry
optimizations, Becke’s exchange functional and the Pedrew 86 cor-
relation functional (BP86)[30] was used because as it was shown
before, GGA-based exchange-correlation functionals provide
a good electronic structure description for ferrocene-containing
molecules,[31] including ferrocenylporphyrins.[17] Use of hybrid
B3LYP[32] or PBE1PBE[33] exchange-correlation functionals lead to
heavy infusion of porphyrin-centered p-electron density into the
HOMO region, which was not supported by the experimental data.
Wachters’ full-electron basis set was used for iron,[34] while for all
other atoms 6-311G(d) basis set[35] was employed. The first
120 states were predicted in TDDFT calculations.

Figure 12. Representation of the simultaneous slow arrival of three tetrakis-
(pentafluorophenyl)borate anions required for the occurrence of the first ox-
idation process.
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Instrumentation

A Bruker AMX 300 NMR instrument was used to obtain spectra at
300 MHz frequency for protons and a Bruker AMX 400 NMR at
100 MHz for carbons. Each spectrum was referenced to TMS as an
internal standard and chemical shifts were recorded in parts per
million. All UV/Vis data were obtained on a JASCO-720 spectropho-
tometer at room temperature. An OLIS DCM 17 CD spectropolarime-
ter with 1.4 T DeSa magnet was used to obtain all MCD data. Elec-
trochemical measurements were conducted using a CHI-620C elec-
trochemical analyzer utilizing the three-electrode scheme. Either
carbon or platinum working, auxiliary, and reference electrodes
were used in 0.05 m solution of TBAF in CH2Cl2 with redox poten-
tials corrected using an internal standard (decamethylferrocene) in
all cases. Spectroelectrochemical data were collected using
a custom-made 0.1 mm cell, a working electrode made of platinum
mesh, and a 0.15 m solution of TBAF in DCM. A PalmSense poten-
tiostat was employed in CV and DPV experiments of SAMs. Photo-
current generation experimetns were carried out using a PG-310
potentiostat (HEKA Elektronik, Lambrecht, Germany). The samples
were excited by a xenon lamp located in a Fluoromax-2 fluorime-
ter (Jobin Yvo, France).

Preparation of SAMs

The gold foils were electrochemically polished according to a well-
established procedure.[36] SAMs were prepared as previously de-
scribed,[15] that is by soaking the gold electrode in a 0.2 mm solu-
tion of the porphyrin in dichloromethane containing 5 equiv of 1-
butanethiol for 20 h. The gold foils were then thoroughly rinsed
with CH2Cl2 and dried with N2. Film formation was monitored by
cyclic voltammetry using K3[Fe(CN)6] as redox probe. SAMs resulted
well-packed and porphyrin density was estimated to be G= (8�
2) � 10�11 mol cm2, in excellent agreement with our previously re-
ported work.[15]

Photocurrent generation (PG) experiments

Photocurrent experiments were carried out either in a 0.1 m solu-
tion of Na2SO4 or in a 0.05 m solution of Li[B(C6F5)4] in double-dis-
tilled water using the atmospheric dioxygen dissolved in water as
the electron acceptor. A functionalized gold foil was used as the
working electrode, whereas an Ag/AgCl and a Pt wire were em-
ployed as reference and counter electrodes, respectively. Measure-
ments were undertaken alternating phases of 45 seconds of light
with 30 seconds of darkness at zero applied bias potential. The
whole visible spectrum was investigated and data were collected
every 10 nm. A step graph of the photocurrent intensity as a func-
tion of time was obtained in which every step is taken at different
wavelengths. The plot of the height of each step as a function of
the wavelength affords the action spectrum of the desired com-
pound. The height of a step is calculated as the difference be-
tween the average of the intensities on the step and the average
of the intensities of the adjacent phases of darkness. Each action
spectrum was normalized by the immersed area of the gold elec-
trode.

Electrochemistry of SAMs

CV and DPV experiments were carried out using a three-electrode
setup with SCE as the reference electrode and a platinum wire as
the counter electrode. The same modified gold surfaces employed
in PG experiments were used as working electrodes. A 0.1 m solu-
tion of Na2SO4 or a 0.05 m solution of Li[B(C6F5)4] in double-distilled

water were employed as the solvent-electrolyte couples. G was cal-
culated by the integral of the peak of the first oxidation process as
previously described.[15] kET values were determined performing
subsequent CV experiments at variable scan rates through the Lav-
iron method (see the next section).

Because of the complete insolubility of FcH+PF6
� in aqueous

Li[B(C6F5)4] solution, potentials were not referred to the redox
couple FcH+/FcH. However, in the case of Na2SO4/H2O, potentials
could be eventually adjusted by �0.180 V.

Data analysis

The Laviron method[26] was employed to estimate the electron-
transfer rate constant of the first redox process, whereas the
second process was too slow for kET determination with this ap-
proach. Such a method was applied under the assumption that
the first process involves the simultaneous removal of three elec-
trons, while redox centers were treated as non-interacting. Also, as
CV peaks were too broad at scan rates higher than 100 mV s�1,
a linear region in the graph of the overpotential (h= Ep�E1/2)
versus log(us) could not be reached, so that the transfer coefficient
a could not be experimentally determined. Therefore, kET was esti-
mated assuming the ideal situation in which a= 0.5, that is, sym-
metric energy barriers for the redox reactions were considered.[25]

Under these simplifications, the electron transfer rate constant was
determined as the intercept of the straight line obtained by the
plot of DEp vs log(us) according to the equation:[37]

DEp¼
�

2:3 RT
að1�aÞnF

��
a log ð1�aÞþð1�a log aþlog

nF
RT
�log kETþlogns

�

where n is number of electrons transferred during the process (n =
3 for the first process of the mixed SAM), DEp = Ea�Ec, T is the tem-
perature in K, R is the ideal gas constant in J K�1 mol�1, F is the
Faraday constant in C mol�1, and us is the scan rate in V s�1.

Syntheses

Synthesis of 1’-(6-bromohexanoyl)ferrocencarboxaldehyde, 5-[1’-(6-
bromohexanoyl)ferrocenyl]-10,15,20-triferrocenylporphyrin and its
thioacetyl derivative were previously described.[15]

1’-Acetylferrocencarboxaldehyde : Aluminum chloride (0.37 g,
1.2 equiv) was slowly added in portions to a solution of FcCHO
(0.5 g, 2.34 mmol) in anhydrous CH2Cl2 (15 mL) under a nitrogen
stream. In another flask, freshly distilled acetyl chloride (4.68 mmol,
334 mL; 2 equiv) was dissolved in anhydrous CH2Cl2 (15 mL) under
a nitrogen stream. 2.4 equivalents of AlCl3 (0.75 g) were slowly
added to this solution. The solution containing the acetyl chloride
was then added dropwise to that containing FcCHO in 20 min at
0 8C. After this period, the reaction was carried out at room tem-
perature and under a nitrogen atmosphere for 3 h. The reaction
was then quenched by the addition of ice (ca. 100 g) and NH4Cl
(5 g), and extracted with CH2Cl2. The crude product was chromato-
graphed on silica gel using a hexane/AcOEt mixture (3:2 v/v) as
the eluent. The solvent was removed under reduced pressure and
the product was dissolved in diethyl ether and filtered. The solvent
was evaporated again and the red solid was dissolved in the mini-
mum volume of CH2Cl2 and precipitate with hexane to obtain
455 mg of the pure product (76 % yield). 1H NMR (CDCl3): d= 9.96
(s, 1 H, CHO), 4.87 (t, 2 H, CH a), 4.83 (t, 2 H, CH a’), 4.63 (t, 2 H, CH
b’), 4.59 (t, 2 H, CH b), 2.39 ppm (s, 3 H, CH3); 13C NMR (CDCl3): d=
200.78 (CO acetyl), 192.63 (CO aldehyde), 80.21–79.79 (C1-C1’), 74.11
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(Cp b), 72.96 (Cp b’), 70.62, 70.46 (Cp a- Cp a’), 27.28 ppm (CH3);
MS (E.I.): m/z 256 (M+).

5-[(1’-acetyl)ferrocenyl]-10,15,20-triferrocenylporphyrin (1): 1’-
acetylferrocencarboxaldehyde (200 mg, 0.78 mmol) and FcCHO
(835 mg, 3.89 mmol) were mixed in dry CH2Cl2 (125 mL) together
with pyrrole (325 mL, 4.67 mmol). BF3·Et2O (10 %, 58 mL) was slowly
added to this solution. All additions were performed under a nitro-
gen stream. The reaction mixture was stirred for 20 h at room tem-
perature, in the dark and in a nitrogen atmosphere. After this
period, chloranil (480 mg) was added and the mixture was stirred
at room temperature for 30 min. The solution was concentrated
and filtered over neutral Al2O3 deactivated with 5 % of water using
chloroform as eluent. The crude product was then chromatograph-
ed over Al2O3 deactivated with 10 % of water, using the mixture
hexane/CHCl3 3:2 v/v as eluent. From the first fraction H2TFcP was
collected in 15 % yield. The second compound eluted was the un-
reacted FcCHO, while the third was the target mono-substituted
porphyrin. The solution containing the target porphyrin was
evaporated under reduced pressure and the green solid was dis-
solved in the minimum volume of toluene and precipitated with
hexane. The precipitate was then filtered to obtain a dark green
powder (63 mg, 7 % yield). 1H NMR (CDCl3): d= 9.66 (m, 6 H, H b-
pyrrolic), 9.67 (d, 2 H, H b-pyrrolic), 9.54 (d, 2 H, H b-pyrrolic), 5.39
(t, 2 H, Cp a’), 5.36 (t, 8 H, Cp a), 4.80 (t, 8 H, Cp b), 4.78 (t, 2 H, Cp
b’ 4.02 (s, 5 H, Cp trans) 4.00 (s, 10 H, Cp cis), 3.27 (t, 2 H, CH2Br),
2.54 (t, 2 H, CH2CO), �0.5 ppm (s, 2 H, internal NH). 13C NMR
(CDCl3): d= 202.03 (CO), 145.45 (broad, a-pyrr), 131.12, 130.90,
130.83 130.28 (b-pyrr), 118.05, 117.64, 114.39 (meso C), 90.94, 89.07,
79.37 (ipso C), 77.67 (C1’ on substituted Fc), 76.92, 76.87, 76.17,
71.27, 71.09, 69.10 (Cp a, a’, b, b’), 70.40 (Cp trans), 70.38 (Cp cis),
27.58 ppm (CH3); HRMS (ESI): m/z 1089.1311 (MH+) ; calcd for
C62H49Fe4N4O: 1089.1306.
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