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ABSTRACT: The electronic features of Zn(II) and Ru(II)
phthalocyanines (Pcs) have been modulated by direct
peripheral attachment of up to eight ferrocenes. The presence
of peripheral ferrocenes noticeably impacts the electronic
properties of the corresponding ZnPc and RuPc complexes 7,
12 and 9, 15, respectively—a notion that is supported by
optical spectroscopy with bathochromic shifts of up to 8—10
nm per ferrocene unit. Cyclic voltammetry and optical
spectroscopy reveal long-distance (10—11 bonds) electronic
interaction between ferrocene units. The ZnPc and RuPc
complexes have been integrated into a series of orthogonal,
supramolecular bis(phthalocyanine)—perylenediimide electron
donor—acceptor conjugates, 2a,b and 3a,b. In these cart-

wheel-shaped arrays, coordination of ditopic perylenediimide 16, containing two pyridyl substituents at its imido positions,
enabled selective interactions with the metal centers of phthalocyanines 7, 12, 9, and 15. The presence of ferrocenes in, for
example, Zn complexes 2a and 3a triggers a fast energy transfer from the excited-state PDI to ZnPc. In the RuPc-PDI conjugates,
substitution with ferrocenes produces a slight acceleration of the charge separation upon photoexcitation of the PDI
chromophore. However, charge recombination is accelerated by 2 orders of magnitude in ferrocene-containing conjugates when

compared to that in the analogous tert-butyl-substituted array 1b.

B INTRODUCTION

The Sun is the main energy supplier for terrestrial existence. In
this context, photosynthesis is the method evolved in nature to
capture solar energy and store it in the form of fuel based on
energy-rich carbohydrates. Most of the energy consumed by
living organisms comes from the on demand metabolism of
these carbohydrates, generating high-energy molecules to be
used by the cell. At the end, oxygen is reduced to water, which,
in turn transports the energetic electrons involved in this
process. In this perfect and intricate mechanism, both
photosynthesis and respiration are complementary, namely,
each process uses the ashes—water, oxygen, and carbon
dioxide—produced in the other one. Therefore, it is hardly
surprising that mimicking nature by harvesting and converting
sunlight, as a method to provide clean, reliable, and affordable
energy, lI;as become an attractive goal in the field of renewable
energy.’

Chemical strategies to undertake the design and study of
photosynthetic systems are based on a modular approach, with
individual components for light absorption, energy transfer,
electron transfer, redox catalysis, etc. These are typically
investigated separately, optimized in performance, and
assembled with suitable architectures into single devices.
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Although complexity is inevitable due to multifunctional
requisites, this strategy offers the benefits of simple iterations
by means of chemical synthesis, followed by the study of
individual components independently.’

Designing electron donors and acceptors has become crucial
in the fields of solar photochemistry and solar energy
conversion. Such systems assist in mimicking the basics of at
least one of the photosynthetic key steps, namely photoinduced
charge separation.*”® Electron donor—acceptor systems are
also of interest in the area of molecular photovoltaics,7 which
convert the energy gathered in the photogenerated radical ion
pair states into electrical power. The excited-state energy of the
electron donor is essential, as it should be reductive enough to
transfer one electron to the electron-accepting counterpart. In
this context, besides nature-inspired porphyrin—quinone arrays,”
other electroactive units and/or chromophores have been
explored.”*” Among the latter, phthalocyanines (Pcs)'® stand
out for applications in solar technologies. First, they display
strong absorptions in the visible region, with a maximum
around 700 nm, where the maximum of the solar photon flux
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occurs.'! Second, their large, conjugated 7-systems are suitable
for efficient electron-transfer processes.'> Third, Pcs can be
endowed with a range of redox potentials by simple
introduction of different central metals and/or functionalization
at the periphery."’ Taking the aforementioned in concert, they
can be designed to act as electron donors or acceptors,
depending on the selected counterpart. Despite such functional
duality, these macrocycles are usually designed to behave as
electron donors."*

In the context of electron acceptors, fullerenes have often
been preferred as Pc complement' in either covalently linked
phthalocyanine—fullerene conjugates'®'” or supramolecularly
assembled phthalocyanine—fullerene hybrids."”"” Some of
these architectures also exhibit promising performance as
constituents in photovoltaic devices.'*>">7#*°

Recently, we”' and others” have established perylene-
diimides (PDIs) as effective oxidizing components in Pc-
based donor—acceptor hybrids. In particular, the two
chromophores, namely Pc and PDI, were attached through
different means through Pc axial/peripheral positions and PDI
imido/bay regions, using a variety of chemical connections such
as metal coordination or hydrogen bonds, as well as conjugated
and non-conjugated covalent linkages. One of our own
approaches involves an orthogonal, supramolecular bis-
(phthalocyanine)—perylenediimide electron donor—acceptor
conjugate.”’® This cart-wheel array was assembled by the
strong coordination of a perylene-(bis)imide dye [BPyPDI],
endowed with two pyridine groups at the imido positions, to
the central metals of two ruthenium(II) carbonyl phthalo-
cyanines, [Ru(CO)Pc] (see Chart 1, compound 1b). Here, the
presence of nodes at the imido nitrogens in the HOMO and
LUMO of PDIs disrupts the electronic communication

between the Pc and the PDL*’ The design offers several
advantages from a synthetic point of view.

First, the Pc—PDI hybrid is prepared through a convergent
strategy, where the last step consists in the assembly of the two
chromophores. As such, the physicochemical features of Pc and
PDI are individually tunable through chemical synthesis.
Second, A,-type Pcs are applicable, so a low-yielding, statistical
condensation is avoided. Third, PDI derivatives are symmetri-
cally substituted at the imido positions, and, in turn, tedious
synthetic protocols are not necessary. Fourth, the geometry and
stoichiometry of the array are easily controlled by using
Ru(II)Pcs bearing a strong carbonyl ligand at one of the two
ruthenium axial coordination sites. The latter prevents the
formation of mixtures by exclusively directing the PDI to the
other Pc axial position.”'>***

In this work, we aimed at optimizing the photophysical
response of [Ru(CO)Pc]-[BPyPDI]-[Ru(CO)Pc] (1b) by the
preparation of new cart-wheel-type hybrids from new modified
Pcs. Within this model, Pcs bearing different metal ions should
render electron donor—acceptor conjugates linked with differ-
ent strengths. Weaker electron donor—acceptor associations
could slow down the charge recombination process by
dissociation after electron transfer. In this respect, we expected
different behaviors for ZnPc and RuPc complexes, as
components of cart-wheel systems 1—3 based, on one hand,
on the different strength of the pyridyl-Ru and pyridyl—Zn
coordination bonds and, on the other hand, on their different
abilities to stabilize triplet excited states.

A potent strategy for the design of electron-donating Pcs
entails their peripheral functionalization with, for example,
metallocenes, such as ferrocene. Notable is the electrochemical
reversibility of the ferrocenium/ferrocene couple. Besides,
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Scheme 1. Synthesis of Tetraferrocenylphthalocyanines [ZnFc,Pc] (7) and [Ru(CO)Fc4Pc] 9)
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Scheme 2. Synthesis of Octaferrocenylphthalocyanines [ZnFcgPc] (12) and [Ru(CO)FcgPc] ( 15)
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ferrocenes interact with 7-conjugated systems both through the
cyclopentadienyl anion and through the metal orbltals, > and
this should enrich the Pc with further redox processes.”® The
role of these secondary electron donors is to reduce the
generated Pc radical cation through a subsequent electron shift
and, thus, to stabilize charge separation.“’27

We report herein the synthesis and photophysical character-
ization of Pcs bearing four and eight ferrocenes directly
attached to the periphery of Ru(Il)Pcs and Zn(II)Pcs. In a
second stage, these Pcs are assembled into the corresponding
cart-wheel Pc-PDI-Pc hybrids 1—3 (Chart 1) of different nature
and compared in terms of their abilities to generate long-lived
charge-separated states.

B RESULTS AND DISCUSSION

Synthesis of Phthalocyanines. Tetra-tert-butylphthalo-
cyanines containing Zn(1I) (4)*® and Ru(I1)(CO) (5) were
prepared using reported procedures.”’ The synthesis of Pcs is
usually carried out by cyclotetramerization reaction of
phthalonitrile derivatives. A synthetic method for the
preparation of 4-ferrocenylphthalonitrile 6 in 45% yield,
consisting in reacting ferrocenium chloride with 4-diazonium-

phthalonitrile bisulfate, has been reported previously by C. C.
Leznoff.”” We have prepared 6 by a different procedure,
1nvolv1ng a Suzuki cross-coupling reaction of 4- 10dophthalo—
nitrile®” with ferroceneboronic acid (Scheme 1). [ZnFc,Pc] (7)
was then obtained in 25% yield by template cyclotetrameriza-
tion of phthalonitrile 6 in the presence of zinc acetate (Scheme
1). The analogous [Ru(CO)Fc,Pc] (9) was achieved in 24%
overall yield through metalation of the corresponding phthalo-
cyanine free base with ruthenium dodecacarbonyl in boiling
phenol, following a reported procedure (Scheme 1).*'* Both
Pcs 7 and 9 were obtained and further used as a mixture of four
regioisomers arising from the unsymmetrical substitution of
phthalonitrile 6.

In order to work with single regioisomers and render their
characterization easier, octasubstituted Pcs were also prepared.
Hence 4,5S-bisferrocenylphthalonitrile 10 was synthesized by
Suzuki cross coupling of 4,5-diiodophthalonitrile32 with
ferroceneboronic acid (Scheme 2). However, 10 failed to
afford any Pc under either of the above-described cyclo-
tetramerization conditions. This is not surprising taking into
account the electron donating character of the ferrocene units,
which should reduce the reactivity of the phthalonitrile
derivatives toward Pc formation. A common strategy to obtain

12965 DOI: 10.1021/jacs.6b07432

J. Am. Chem. Soc. 2016, 138, 12963—-12974


http://dx.doi.org/10.1021/jacs.6b07432

Journal of the American Chemical Society

more reactive precursors consists in the preparation of the
corresponding diiminoisoindolines. Therefore, 10 was treated
with ammonia in methanol in the presence of sodium
methoxide, giving 11 in 72% yield. Cyclotetramerization of
11 to afford octaferrocenylphthalocyanines was best accom-
plished in the presence of hexamethyl disilazane (HMDS). This
reagent has been postulated to behave as nucleophilic reagent
and source of nitrogen, activating phthalonitriles, phthalimides,
or phthalic anhydrides by converting them into diiminoisoindo-
line derivatives, which, in turn, undergo intermolecular
condensation.” In our case, our starting material is already a
diiminoisoindoline. However, the use of other typical cyclo-
tetramerization conditions such as heating in lithium/
magnesium alcoholate, or in dimethylaminoethanol in the
presence of metal salts, or in pentanol/octanol in the presence
of DBU, either failed or rendered only marginal yields of Pcs.
Therefore, [ZnFcgPc] (12) was prepared in 20% yield by
cyclotetramerization of 11 in DMF, in the presence of zinc
acetate, HMDS, and p-toluensulfonic acid (Scheme 2).
Likewise, free base Pc 14 was achieved under the same
reaction conditions but using magnesium chloride as metal salt,
followed by demetalation with TFA. Metalation with
trisruthenium dodecacarbonyl in phenol afforded [Ru(CO)-
FcgPc] (15) (11% yield over three steps, Scheme 2).

Phthalocyanines 7, 9, 12, and 15 displayed in MS (MALDI-
TOF) their corresponding isotopic patterns for [M]* at m/z =
1312, 1368, 2050 and 2114, respectively. Moreover, carbon-
ylruthenium Pcs 9 and 15 exhibited in their IR spectra very
intense bands at 1962 and 1963 cm™', respectively, character-
istic of the carbonyl stretching,

Judging by their well resolved '"H NMR spectra, tetra- and
octaferrocenylphthalocyanines do not seem to aggregate
notably in solution. This reduced aggregation arises from
their peripheral substitution by means of bulky groups. Owing
to the regioisomeric mixture and their limited solubility,
tetrasubstituted Pcs 7 and 9 show broader signals. Specifically,
the aromatic isoindole protons appear at 9.2 and 8.2 ppm (Pc 7,
Figure S15) and 9.45, 9.30, and 8.83 ppm (Pc 9, Figure S21),
while signals at 4.6 and 4.2 ppm account for the ferrocene
subunits. Octasubstituted Pcs 12 and 15 are more soluble,
single regioisomers; hence, they show sharper and well-resolved
signals in '"H NMR. In particular, 12 and 15 display their
isoindole proton as a singlet at 9.94 and 9.86 ppm (Figures $26
and S33), respectively, together with the ferrocene protons
appearing at 4.6 and 4.4 ppm.

Assembly of Cart-Wheel Ru(ll) Complexes 1b, 2b, and
3b. The central PDI unit was endowed with bulky tert-
butylphenoxy-groups at the four positions of the bay region to
ensure solubility and prevent aggregation.”* N,N'-Di(4-
pyridyl)-1,6,7,12-tetrakis(4'-tert-butylphenoxy)perylene-
3,4:9,10-tetracarboxylic acid bisimide [BPyPDI] (16) was
prepared following reported procedures and used as the PDI-
based oxidizing moiety.*

RuPcs form stable and rigid architectures through metal
coordination of o-donor, m-acceptor ligands such as pyridi-
ne.”'***3° As aforementioned, the strongly ligating carbonyl
ligand, occupying one of the two axial Ru(II) coordination sites,
ensures exclusive coordination of the perylenediimide—
bispyridyl ligand [ ZPDI to the opposite Pc axial
coordination site.”'>"”"*

Ruthenium complexes 1b, 2b, and 3b were prepared in 78,
58 and 68% yield, respectively, by treating [BPyPDI] (16) with
an excess of the corresponding ruthenium carbonyl phthalo-

cyanine §, 9, or 15, in chloroform at room temperature. The
reactions were monitored by '"H NMR until neither starting
PDI nor 1:1 Pc-PDI complexes were observed. Owing to the
strength of the ruthenium—pyridyl coordination bond, 1b, 2b,
and 3b could be isolated by size exclusion chromatography and
chemically characterized with standard techniques, namely 'H
and ®C NMR, IR, and UV/vis spectroscopies.

"H NMR spectra of 1b, 2b, and 3b provide unequivocal
evidence for the formation of the [Ru(CO)Pc]-[BPyPDI]-
[Ru(CO)Pc] assemblies. Specifically, [BPyPDI] is located
orthogonal to and between the two [Ru(CO)Pc] rings, so
that it is influenced by the [Ru(CO)Pc] diamagnetic ring
currents, falling in the shielding cone. As a matter of fact, all
[BPyPDI] signals are shifted upfield and the extent of this effect
depends on the distance between a given proton and the Pc
core.

Figures 1, SS51, and S52 represent comparative 'H NMR
spectra of non-coordinated and coordinated [BPyPDI]. The
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Figure 1. Comparative '"H NMR spectra (CDCl;) of [BPyPDI] (16)
and [Ru(CO)FcgPc]-[BPyPDI]-[Ru(CO)FcsPc] (3b), showing the
upfield shifts of PDI protons upon coordination.

shielding effect is particularly pronounced for the pyridyl
substituents. Hereby, the H*” and H*” pyridyl protons display
the strongest upfield shift appearing at 6 = 2.08, 2.28, and 2.58
ppm for 1b, 2b, and 3b, respectively, followed by H?” and H®,
with values of 5.20, 5.31, and 5.54 ppm for 1b, 2b, and 3b,
respectively.

The most significant features of [Ru(CO)Pc]—[BPyPDI]—
[Ru(CO)Pc] in IR spectroscopy are metal—carbonyl stretching
bands at 1961, 1979, and 1967 cm™, in addition to two bands
at 1710, 1681 (1b), 1712, 1683 (2b), and 1711, 1680 cm™!
(3b) corresponding to the PDI imido functions.

Assembly of Cart-Wheel Zn (Il) Complexes 1a, 2a, and
3a. 'TH NMR Studies. The assembly of 2:1 ZnPc-PDI
complexes 1la, 2a, and 3a was investigated through titrations
of [BPyPDI] (16) with ZnPcs 4, 7, and 12.

In addition, 1:1 ZnPc-PDI model complexes were assembled
using the monodentate [PyPDI] (17), which was prepared
following a reported procedure,"* and used for coordination
with ZnPcs 4, 7, and 12. The Pc-PDI binding was monitored by
"H NMR using a 6 X 10~ M solution of 16 or 17 in CDCl, at
20 °C, and slowly adding the corresponding ZnPc. Titration
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Figure 2. "H NMR titrations (300 MHz, 298 K) of [BPyPDI] (16) (6.0 mM) with [ZnFcgPc] (12) showing the change in chemical shifts (AS) for

[BPyPDI] in CDCL,

experiments under these conditions resulted in upfield shifts for
the resonances of the PDI protons. As for the ruthenium
complexes, this is due to the coordination of the pyridyl
substituents of 16 and 17 (Chart S1 and Figures 2 and 3),
resulting in an orthogonal disposition of the two chromo-
phores, with the consequent shielding of the PDI protons by
the Pc diatropic ring current.

Figures 2 and S53 represent the changes in the 'H NMR
spectra of [BPyPDI] (16) upon addition of ZnPcs 12 and 7,
respectively. The fact that we do not observe a mixture of
signals corresponding to the non-coordinated, mono-coordi-
nated, and di-coordinated species indicates that the relative
exchange rate of the system at room temperature is fast at the
time scale of the NMR experiment. Moreover, progressive
exchange-broadening of pyridyl signals on the NMR time scale
is observed upon titration until saturation at 2.2 equiv of ZnPcs
(Figures 2 and S53). At the saturation point, the H*” and H®”
protons sharpen, showing their original multiplicity and the
highest upfield shift, appearing at § = 5.50 and 6.00 ppm for 2a
and 3a, respectively. The signals corresponding to the closest
H*" and H*” pyridyl protons broaden and disappear. COSY-
NMR of a 1:3 mixture of [BPyPDI] (16) and [ZnFcyPc] (12)
(Figure S54), allows to determine a chemical shift of 4.3 ppm
for these protons. There is a noticeable 1.7 ppm shielding of the
H*” and H” protons in the ruthenium complex 3b (Figure 1)
related to the corresponding signal in the zinc complex 3a
(Figure 2), reflecting the weaker and longer nature of the latter.

The titrations of the monodentate [PyPDI] (17) with ZnPcs
7 and 12 to afford complexes 18a and 19a are represented in
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Figure S55 and Figure 3, respectively. Now the saturation point
appears around 1.4 equiv of added ZnPc, and the PDI signals
undergo a slightly shorter upfield shift, when compared to the
corresponding 2:1 complexes. For example, the pyridyl H*” and
H®” protons (Figure S35, green dot) shift is AS ~ 1.3 ppm in
the 1:1 Pc-PDI complex 18a, while the 2:1 complex 2a displays
a shift of AS ~ 1.7 ppm upon coordination (Figure S53). This
difference arises from the different number of orthogonal Pcs in
the two complexes.

Next, the stoichiometry of the Zn complexes was
corroborated by the mole ratio method.”® Thus, inspection of
the '"H NMR data from the titration of [BPyPDI] (16) with
ZnPcs in CDCly by examination of the H*” and H® binding
isotherms show 1:2 equilibria (Figure 4), while the binding
isotherms of H* and H® corresponding to the titration of
[PyPDI] (17) with ZnPcs confirmed the expected 1:1 ZnPc-
PDI ratio.

Finally, we used the data from the 'H NMR titrations to
calculate the association constants. The fitting of the NMR data
was performed using two different software, namely fittingprog-
ram™** and HypNMR2008.” Tables 1 and 2 summarize the
results obtained after fitting the titration data of [PyPDIs] 16
and 17 with ZnPcs 7 and 12, using the chemical shifts of H?,
H'! protons of PDI, in addition to H*” of the pyridine and the
two HY protons corresponding to the two magnetically
different tert-butylphenoxy groups. The o values in
HypNMR2008 show that the fitting is quite good. Besides,
fittingprogram shows reasonable values of uncertainty by

applying the global fitting (Table 1).*
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Figure 3. 'H NMR titration (300 MHz, 298 K) of [PyPDI] (17) (6.0
mM) with [ZnFcgPc] (12) monitoring the formation of the 1:1
[PyPDI]:[ZnFcgPc] complex 19a.
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Figure 4. Plots of 'H NMR titrations of [PyPDI] (17) and [BPyPDI]
(16) with ZnPcs 7 and 12, showing the changes in the chemical shifts
of the H* and H® PDI protons (top left and bottom left), and the H*”
and H®” pyridyl protons (top right and bottom right). The apparently
linear portions at the beginning and the end of the curve are

extrapolated to find a break point, corresponding to the ZnPc/PDI
stoichiometric ratio.

Figure S shows the plots of '"H NMR titrations with the
changes in chemical shifts for each of the four protons of PDIs

12968

Table 1. Calculated Binding Constants K, for 18a and 19a
from 'H NMR Titration in CDCl, at 293 K of [PyPDI] (17)
with [ZnFc,Pc] (7) and [ZnFcgPc] (12)

K, /M1 e
[PyPDI]-[ZnFc,Pc] (18a) 852.5 0.0627 853 + 29%
[PyPDI]-[ZnFcgPc] (19a) 5960 0.0764 6759 + 40%

“Calculated with HypNMR2008, ¢ = standard deviation. bCalculated

with Fittingprogram with expanded uncertainties at the 95% confidence
intervals (%).

Ka/M—lb

Table 2. Calculated Binding Constants K, and K, for 2a and
3a from '"H NMR Titration in CDCl; at 293 K of [PyPDI]
(17) with [ZnFc,Pc] (7) and [ZnFc,Pc] (12)

K,/M™! Ky/M™! c
[BPyPDI]-[ZnFc,Pc], (2a) 1705 3969 0.07
[BPyPDI]-[ZnFcyPc], (3a) 11921 32097 0.0843

a) o H
[PyPDI]-[ZnPcFc,] 18a —H (calc)
9.0 1 s H2
—H2 (calc)
. H3"
e
8.5 1 . na‘ (calc)
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€ 8.0 q
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o
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w 7.5 1
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Figure 5. Plots of '"H NMR titrations showing the change in chemical
shifts after the addition of ZnPc,Pc 7 for each of the (a) [PyPDI] (17)
or (b) [BPyPDI] (16). The points represent the experimental changes

on the chemical shifts and the lines the calculated points by
HypNMR2008.

studied upon addition of ZnFc,Pc (7) as analyzed by
HypNMR2008. The calculated binding isotherms are in
sound agreement with those determined in the experiments.
Furthermore, comparison of the association constants for tetra-
and octaferrocenyl systems (Table 1) reveals a higher binding
constant (by 1 order of magnitude) for [PyPDI]-[ZnFcgPc]
(19a) relative to [PyPDI]-[ZnFc,Pc] (18a), with values of
~6.0 X 10° and 8.5 X 10> M, respectively.

With respect to the 1:2 systems—ie., coordination of
[BPyPDI]—the values for k, were calculated using
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Table 3. Redox Potentials (in V) vs FcH/FcH" of ZnPcs 4, 7, and 12, RuPcs 5, 9, and 15, PDI 16, and Cart-Wheel Complexes
2b and 3b in DCM (0.1 M TBAPF) at Room Temperature Using a Glassy Carbon Electrode

complex Ereis Eeas Eear Eear Eoq Eo Eos Eou
4 —1.47 0.10 0.83
7 -1.61¢ 0.02 0.44
12 -0.03 0.05 0.46" 0.94“
S -1.59 —1.33 —-0.36" 021 0.49“ 0.97
9 —1.56" —-0.78“ 0.04 0.59 1.06"
15 —0.09 0.00 0.61“
16 —-1.24 -1.07 0.94 1.07¢
2b —-191 —-1.51 -1.19 —1.06 0.03 0.54“
3b —2.00 -1.62 —-1.20 -1.07 0.00 0.12¢ 0.64“
“Irreversible.
HypNMR2008 and fixing k; to be the double the value found 0.001 -
for the 1:1 systems (Table 2). The determined binding
constants are in the range 10°~10* M. Again, octaferrocenyl 0.0008 |-
complex [BPyPDI]-[ZnFcgPc], (3a) exhibits 1 order of
magnitude higher binding affinity related to tetraferrocenyl 0.0006 |-
complex [BPyPDI]-[ZnFc,Pc], (2a). Fittingprogram was unable Currrent
to produce a good fit when calculating 1:2 systems. For 'R 00004 [
example, in the titration of [BPyPDI] (16) with [ZnFcsPc]
(12), values of k; = 3263 + 183% M ™" and k, = 54 742 + 132% 0.0002 |-
M™! were obtained.
Electrochemical Studies. Electrochemical experiments 0 ‘ )

were conducted to investigate the influence of the ferrocene
functionalization on the Pc units (Figures S56—S64). All of
them display adsorption processes, similarly to what had been
observed by Lever and Leznoff in related macrocycles.”” Table
3 shows the reduction and oxidation potentials of ZnPcs 4, 7,
and 12 and RuPcs §, 9, and 15, namely ferrocene- and fert-
butyl-substituted Pcs. When compared to tetra-tert-butyl-
phthalocyanines 4 and $, an additional oxidation, which is
observed at +0.02 and +0.04 V in 7 and 9, respectively,
correlates to the attached ferrocenes.

In both cases, the first Pc-centered oxidation is shifted to
higher potentials, that is, to +0.44 and +0.59 V. For 12 and 18,
the ferrocene oxidation splits due to the spatial proximity of
two adjacent ferrocenes. The corresponding oxidations occur at
—0.03/+0.05 V and —0.09/0.00 V, respectively. In both cases,
the first Pc-related oxidation at either +0.46 or +0.61 V turns
out to be irreversible. When lowering the temperature to 273 K
for 7, the ferrocene oxidation broadens remarkably and a
multiple Gaussian fit reveals two subsequent oxidation
processes at +0.01 and +0.06 V. From the latter we derive
electronic communications of one ferrocene unit with another
across the Pc (Figure 6).

The first oxidation and reduction potentials of cart-wheel
complexes 2b and 3b show little variation with respect to those
of the corresponding molecular units 9, 15, and 16, reflecting
the little communication between the Pc and PDI chromo-
phores for this orthogonal conjugate in the ground state.

Photochemistry. Steady State. Absorption spectra of 16
and 17 in chlorobenzene show the typical PDI absorption
features spanning from 400 to 650 nm with the most
prominent maxima at 545 and 585 nm. Fluorescence maximizes
at 613 nm with a shoulder around 670 nm. [ZnBu,Pc] (4)
shows the typical ZnPc absorption features with a Q-band
maximizing at 680 nm and fluorescence spanning from 685 to
800 nm. In the ferrocene containing Pcs 7 and 12 all absorption
features are substantially red-shifted. The corresponding Q-
band maxima appear at either 720 or 750 nm. Specifically, there

-0.15 -0.1 -0.05 O 0.05 0.1 0.5 0.2 0.25
Potential / V vs Fc/Fc®

Figure 6. Square wave voltammogram of 7 (thick line) and
corresponding Gaussian fit (thin lines) in DCM (0.1 M TBAPF) at
273 K using a glassy carbon electrode. Scan direction from —0.1S to
+0.25 V. Potentials vs FcH/FcH™*.

is a 40 nm red shift of the Q-band on going from tetralkyl-
substituted 4 to the tetraferrocene 7.

Introduction of another four ferrocenes, to afford octasub-
stituted 12, results in a 30 nm red shift of the Q-band. This
observation suggests an 8—10 nm red shift of the Q-band for
each ferrocene unit.

Furthermore, for 7 and 12 broad absorption features in the
visible around 560 nm and weaker features at 860 and 910 nm,
respectively, are observed (Figures S65 and S66). We assign
these features to intervalent charge transfer (IVCT) between
the Pcs and the peripheral ferrocenes. Neither 7, nor 12 show
any fluorescence.

When [BPyPDI] (16) or [PyPDI] (17) is added to a
solution of [ZnBu,Pc] 4 in chlorobenzene (formation of
complexes la and 20, Charts 1 and SI, respectively), no
considerable ground-state interactions are observed. The
absorption spectra resemble the superimposition of the PDI
and ZnPc absorptions. Proof for complexation and electronic
interactions came from fluorescence titrations. Upon addition
of PDIs 16 or 17, the ZnPc fluorescence is strongly quenched
(Figure S70).

When [ZnFc,Pc] (7) and [ZnFcgPc] (12) are treated
similarly (formation of complexes 18a and 19a, respectively),
the absorption spectra show intense ground-state interactions.
Here, the ZnPc Soret band features are shifted bathochromi-
cally upon PDI addition. Additionally, the Q-band region is
shifted hypsochromically (Figures 7a and S71).

When titrating the reverse direction, that is, adding Pcs 4, 7,
or 12 to solutions of PDIs 16 and 17, respectively, the
absorption features are subject to a slight red shift. Importantly,
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Figure 7. (a) Absorption spectrum of 12 (1.0 X 107> M) upon
addition of different concentrations of 16 (0, 1.2 X 1075, 2.3 x 1075,
45%107% 87 x 107% 1.6 X 1075, 2.8 X 1075, 3.9 X 1075, and 5.0 X
1075 M) in chlorobenzene. (b) Emission spectra (1, = 570 nm) of 16
(2.0 X 1077 M) upon addition of different concentrations of 12 (0, 2.8
%X 1077,5.7 % 1077, 1.1 X 1075, 2.1 X 107, 4.0 X 107, 7.0 X 107, 9.7
x 107% and 1.2 X 10™° M) in chlorobenzene.

the PDI fluorescence is strongly quenched in all cases (Figures
7b and S67—-S69).

Absorption spectra of Ru(II)Pcs S, 9, and 15 show the
typical Soret- and Q-band features. In ferrocene containing 9
and 15, these features are, again, dramatically red-shifted when
compared to $ lacking any ferrocene (Figures 8, $72, S75, and

150000 ~

100000 [ A

€

IM'em™
50000

PR P PR S S S T S ' PR
300 400 500 600 700 800
Wavelength / nm

Figure 8. UV/vis spectra of ZnFc,Pc 7 (black), 12 (gray), 9 (brown),
and 15 (pink) in chloroform.
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S76). Furthermore, the functionalization with ferrocene leads
to the formation of a broad absorption band in the visible
region from 350 to 600 nm, making both panchromatic light
absorbers from below 300 nm to above 850 nm.

When compared to the monomeric building blocks, RuPc-
PDI 2:1 complexes 1b (Figure $72), 2b (Figure S75), and 3b
(Figure S76) show the following changes in the absorption
spectra: (i) a red shift of the PDI-centered features and (ii) a
blue shift in the Pc Q-band region. These changes are
attributed to the strong coordinative binding and the resulting
ground-state interactions, i.e., a shift of electron density from
the electron-donating Pc to the electron-accepting PDL

Upon 650 nm photoexcitation, 5 shows typical fluorescence
which is dramatically quenched in 1b (Figure S74). Ferrocene-
containing Pcs 9 and 15 fail to show any appreciable
fluorescence. This finding is rationalized by the presence of
the ferrocenes. The PDI-centered fluorescence is dramatically
quenched in 1b, 2b, and 3b (Figures 9, S73, and S77). From
the aforementioned observations, we conclude that PDI and
RuPc strongly interact in 1b, 2b, and 3b in the ground as well
as in the excited state.

08 b i
!
M K
0.6 : -..
Emission : %
intensity : Y
/a.u. 4 :
0.2
0 /\u . I
550 600 650 700 750 800

Wavelength / nm

Figure 9. Emission spectra of 1.0 X 107° M solutions of 16 (black)
and 2b (gray) upon 570 nm photoexcitation in chlorobenzene.

Taking the changes in terms of fluorescence quenching into
account when titrating PDIs 16 and 17 with RuPcs 9 and 15
(formation of complexes 2b, 3b, 18b, and 19b, Charts 1 and S1,
respectively), nonlinear curve fitting allowed for determination
of the association constants for the 1:1 and 2:1 ruthenium
complexes using the ReactLab EQUILIBRIA software. The
corresponding constants are fairly high with K, values of around
1071077 M™! (Table 4).

Transient Absorption. To shed light onto the excited-state
interactions, transient absorption measurements were con-
ducted. [ZnBu,Pc] (4) shows after conclusion of the 150 fs
laser pulse (4, = 676 nm) the typical transient absorption
features of ZnPc in chlorobenzene (Figure $78). In particular,
transient maxima at 454, 599, 637, and 829 nm, which are

Table 4. Association Constants [M '] of RuPcs 9 and 15
with PDIs 16 and 17 Derived from Fluorescence Quenching
Titrations in Chlorobenzene

K,/M! Ky/M™!
[PyPDI]-[RuFc,Pc] (18b)  (4.11 + 0.04) X 10°
[PyPDI]-[RuFcgPc] (19b)  (3.40 + 0.03) x 10°
[PyPDI]-[RuFc,Pc], (2b) (191 + 0.03) X 10°  (1.47 + 0.03) X 10’
[

[PyPDI]-[RuFcePc], (3b)  (7.23 + 0.11) X 10°  (2.58 + 0.05) X 107
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accompanied by ground-state bleaching around 616, 633, and
684 nm corroborate the formation of the ZnPc singlet excited
state. These features deactivate via intersystem crossing within
approximately 3 ns to the lower lying triplet excited state
exhibiting a transient maximum at 494 nm. Nanosecond
transient absorption measurements assisted in determining a
lifetime of the triplet excited state of 22.5 us. After
photoexcitation, [ZnFc,Pc] (7) shows similar transients
including maxima at 477, 622, and 853 nm and ground-state
bleaching around 657 and 724 nm (Figure S79). In contrast to
4, these singlet excited-state features deactivate within 3.6 ps to
yield the triplet excited state, which is identified by transient
maxima at 490, 524, and around 1100 nm. The deactivation to
the ground state takes place within 3.0 ns after excitation. A
similar picture is gathered when exciting [ZnFcgPc] (12)
(Figure S80). Here, the singlet excited-state features at 506,
648, 700, and 820 nm as well as ground-state bleach at 674 and
750 nm deactivate within 4.4 ps to the triplet excited state. The
triplet deactivates within 4.5 ns to the ground state. This very
fast intersystem crossing and the subsequent deactivation to the
ground state is rationalized by the presence of either four or
eight ferrocenes in 7 and 12, respectively. This observation is
well in line with the absence of any detectable fluorescence.
Instantaneously after conclusion of the laser pulse,
[RuBu,Pc] (5) shows the typical transient features of the
singlet excited state of RuPc in chlorobenzene, that is, transient
absorptions maximizing at 545, 586, 918, and around 1200 nm,
as well as ground-state bleaching minimizing at 634 and 677
nm (Figure S81). Within 9 ps, these singlet features deactivate
to the RuPc triplet excited state identified by transient maxima
at 514, 543, 664, and 952 nm. These long-lived features exceed
the limits of our femtosecond setup. Nanosecond transient
absorption measurements revealed a lifetime of 6.9 us for the
triplet excited state of 5. When exciting [RuFc,Pc] (9), RuPc
triplet excited-state features appear within the instrument
response time (<1 ps, Figure S$82). This acceleration is
attributed to the presence of the four ferrocenes on the RuPc
periphery. The RuPc triplet excited state of 9 deactivates within

Table 5. Singlet (S) and Triplet (T) Excited-State Lifetimes
of ZnPcs 4, 7, and 12, RuPcs S, 9, and 15, and PDIs 16 and
17 upon 676 nm (Pc) and 568 nm (PDI) Photoexcitation in
Chlorobenzene

complex 7 ("*S)/ps 7 (3*T)/ns

4 2820 22500

7 3.6 3.0

12 4.4 4.5

17 5798

16 5753

S 9 6900
<1 209

15 <1 1.6

209 ns to the electronic ground state. [RuFcgPc] (15) shows a
similar behavior with a shorter triplet excited-state lifetime of
1.6 ns (Figure S83).

Upon 568 nm photoexcitation, 16 and 17 show the typical
transient absorption features of PDIs in the form of maxima
around 710, 970, and 1045 nm as well as minima at 460, 544,
598, and 670 nm (Figures S84 and S85). These features
deactivate to the ground state within 5.8 ns. The kinetic data
are presented in Table S.

When 20 is excited at 676 nm, where only ZnPc absorbs,
initially ZnPc singlet excited-state features are observed. Within
53 ps, these features are replaced by the typical transient
absorption features of the ZnPc radical cation, that is, a 846 nm
maximum, and the PDI radical anion, that is, 792, 987, and
1093 nm maxima, arise (Figure S86), respectively,'*>*!#?2*!
The correspondingly formed charge-separated state ZnPc®*
PDI*” recombines within 2050 ps to the triplet manifold of the
ZnPc, which subsequently deactivates to the ground state. In 1a
the observations are very similar (Figure S87), and the kinetic
data are presented in Table 6. Excitation of 20 and 1a at 568
nm exclusively yields the singlet excited-state features of PDI
(Figures S88 and $89). Subsequent electron transfer from the
ground-state ZnPc to the excited-state PDI leads to the
formation of the charge-separated states within 57 and 51 ps,
respectively. When 2a, 18a, 3a, and 19a are excited at 676 nm,
only ZnPc-centered transients are observed (Figures S90—
$93).

The singlet excited state deactivates rapidly to the triplet
excited state, as seen for 7 and 12, which then transforms into
the ZnPc ground state. We attribute this lack of electronic
interaction between ZnPc and PDI to the very fast deactivation
of the ZnPc singlet excited state induced by the presence of the
ferrocene units.

Upon 568 nm photoexcitation of 2a, 18a, 3a, and 19a, the
singlet excited-state features of PDI are visible. Within about
2—5 ps these features fade away, while the typical transient
features of the ZnPc triplet excited state evolve. A likely
rationale for this observation is a fast energy transfer from the
excited state PDI to ZnPc, populating the ZnPc singlet excited
state (see Table 7). As intersystem crossing in 7 and 12 is, at

Table 7. Rate Constants for Energy Transfer from PDI to
ZnPc upon Photoexcitation (1., = 568 nm) in
Chlorobenzene

kEnT/Sil
18a 2.1 x 10
2a 4.5 x 101
19a 2.6 x 10"
3a 2.6 x 10

about 4 ps, very fast, the typical singlet excited-state transients
of ZnPc are masked. Only the triplet excited-state features are
discernible, and these subsequently deactivate to the electronic

Table 6. Rate Constants for Charge Separation (CS) and Charge Recombination (CR) and Corresponding Lifetimes of the

Charge-Separated States (CSS) ZnPc**-PDI*~ upon 676 and 568

nm Photoexcitation in Chlorobenzene

Aex = 676 nm Aex = 568 nm
CS/s7t CR/s™! 7(CSS)/ps CS/s7t CR/s™! 7(CSS)/ps
20 1.9 x 10" 49 x 108 2050 1.7 X 10 43 x 10 2333
la 2.1 x 10'° 6.2 x 10° 1613 2.0 x 10 6.0 x 10° 1663

12971

DOI: 10.1021/jacs.6b07432
J. Am. Chem. Soc. 2016, 138, 12963—-12974


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07432/suppl_file/ja6b07432_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b07432

Journal of the American Chemical Society

Table 8. Rate Constants for Charge Separation (CS) and Charge Recombination (CR) and Corresponding Lifetimes of the
Charge-Separated States (CSS) RuPc**-PDI*~ upon 676 and 568 nm Photoexcitation in Chlorobenzene and Anisole

chlorobenzene anisole benzonitrile
CS/s~! CR/s™! 7(CSS)/ps CS/s~! CR/s™! 7(CSS)/ps CS/s7! CR/s™! 7(CSS)/ps
1b (A = 676 nm) 2.0 x 10" 3.1 x 10° 320000
1b (A, = 568 nm) 1.2 x 10" 3.0 x 10° 331000 2.0 x 10" 2.4 x 10° 417000 3.3 x 10" 3.9 x 10° 259300
2b 7.6 x 10" 43 x 10° 2338 8.3 x 10" 5.0 x 10° 2031 4.4 x 10" 2.8 x 10° 3606
3b 1.0 x 10" 82 x 10° 1225 6.7 x 10" 7.5 % 10° 1340 8.3 x 10" 23 x 10° 4315
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Figure 10. Femtosecond transient absorption spectra of 7:16 (2:1,
~107> M) in argon-saturated chlorobenzene upon 568 nm photo-
excitation with time delays between 1 and 5500 ps, indicating the
energy transfer from PDI to ZnPc at room temperature.

ground state within several nanoseconds (Figures 10 and S94—
S96).

Upon 676 nm photoexcitation of 1b in chlorobenzene
(Table 8), the RuPc singlet excited-state features are seen to be
deactivated within S ps and to transform into new transient
features that were not detected in $ and 16. In this particular
case, the new transient maximizing around 730 nm resembles
what has been described as the radical cation of RuPc,*'**
whereas maxima at 795, 995, and 1100 nm corroborate the
formation of the PDI anion (Figure S97). All of these features
decay within 320 ns to the triplet excited state of RuPc.

When 2b and 3b were excited at 676 nm (Table 8), no
evidence for any electron transfer was gathered. Any electronic
interactions between RuPc in the excited state and the PDI in
the ground state is hindered by the fast singlet excited-state
deactivation induced by the ferrocene units in 2b and 3b
(Figures S98 and $99). In light of the matter, we turned to 568
nm excitation (Table 8). In this particular case, PDI is
exclusively excited, and hence the immediate influence of the
ferrocenes on the excited state is minimized. As a matter of fact,
for 1b in chlorobenzene a 9 ps deactivation of the PDI singlet
excited state at, for example, 980 nm, goes hand in hand with
the growth of the radical ion species’ bands. A transient at 730
nm reflects the generation of the RuPc cation, transients at 795,
995, and 1100 nm the PDI anion (Figure S100). For 2b and 3b,
charge separation is even faster with ca. 1 ps. The charge
recombination takes place within 2.3 and 1.2 ns, for 2b and 3b,
respectively, and yields the RuPc triplet excited state. In less
polar anisole, similar observations with comparable rates for
charge separation and recombination were made (Figures 11,
$103, and S104). In more polar benzonitrile, charge separation
is decelerated by approximately 1 order of magnitude, while
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Figure 11. Femtosecond transient absorption spectra of 2b (~107°
M) in argon-saturated anisole upon $68 nm photoexcitation with time
delays between 1 and 5500 ps, indicating charge separation and
recombination at room temperature.

charge recombination occurs with comparable rates (Figures
$105—8107).

B CONCLUSIONS

The direct attachment of four or eight ferrocenes to the
peripheral positions of ZnPcs and RuPcs evokes significant
alterations in the electronic features. These changes are
reflected by large bathochromic shifts of the Q-band
absorptions with 8—10 nm per ferrocene and low oxidation
potentials arising from the ferrocene units. When these tetra-
and octaferrocenylphthalocyanines are integrated into cart-
wheel-shaped Pc-PDI electron donor—acceptor systems, RuPcs
enable the generation of Pc™*-PDI™* radical ion pair states upon
PDI photoexcitation. Rather than stabilizing the generated
radical ion pair states, the presence of peripheral ferrocenes
accelerates the charge recombination process. In the corre-
sponding ZnPcs, energy transfer from PDI to ZnPc is observed,
ultimately yielding the ZnPc triplet excited state, which then
deactivates to the ground state.
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