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Abstract: A cycloaddition–retroelectrocyclization reaction
between tetracyanoethylene and two zinc phthalocyanines
(ZnIIPcs) bearing one or four anilino-substituted alkynes has
been used to install a strong, electron-accepting tetracyano-
buta-1,3-diene (TCBD) between the electron-rich ZnIIPc and
aniline moieties. A combination of photophysical, electro-
chemical, and spectroelectrochemical investigations with the
ZnIIPc-TCBD-aniline conjugates, which present panchromatic
absorptions in the visible region extending all the way to the
near infrared, show that the formal replacement of the triple
bond by TCBD has a dramatic effect on their ground- and
excited-state features. In particular, the formation of extremely
intense, ground-state charge-transfer interactions between
ZnIIPc and the electron-accepting TCBD were observed,
something unprecedented not only in Pc chemistry but also
in TCBD-based porphyrinoid systems.

During the last decades, the preparation and study of
electron donor–acceptor (D-A) systems exhibiting photo-
induced charge separation, a process of paramount impor-
tance in natural photosynthesis and solar energy conversion,
have gained increasing interest by the scientific community.[1]

Among the building blocks used for the construction of such
light-powered, electronically active ensembles, phthalocya-
nines (Pcs) hold a privileged position because of their
excellent light-harvesting features, high thermal and photo-

chemical stability, and adjustable redox properties.[2] Up to
date, several Pc-based D-A dyads, triads, and more complex
arrays have been prepared, in which Pcs, usually acting as
light harvester and electron donor, have been connected,
covalently or through supramolecular interactions, to electron
acceptors of diverse nature and redox character such as
carbon nanostructures, perylenediimides, anthraquinones, or
porphyrins, to mention just a few.[3] Whereas in the large
majority of these Pc-based, D-A conjugates, the formation of
charge-separated states is generally observed upon photo-
stimulation, no examples of significant ground-state charge
transfer (CT) interactions between the electron donors and
the acceptors have been documented to this day. Interestingly,
such ground-state CT has been postulated to mediate the
charge separation in D-A blends of organic materials in form
of a real state, which assists in the separation and recombi-
nation of charge-separated states, with a beneficial effect in
the photovoltaic performances.[4]

Here, the synthesis and study of two novel D-A con-
jugates both based on a ZnIIPc covalently connected to one
(1) or four (2) aniline-substituted tetracyanobuta-1,3-diene
(TCBD) units are reported. Photophysical and electrochem-
ical investigation carried out on both systems suggest strong
electronic communication between ZnIIPc and the electron-
accepting TCBD occurring not only in the excited state upon
photoexcitation, but also in the ground state. Much to our
surprise, low-energy ground-state CT absorptions as intense
as the ZnIIPc Q-band (1), or even twice as strong (2), were
observed—a finding, which to the best of our knowledge is
unprecedented in Pc chemistry, and, which has not been
observed in previously reported TCBD-based porphyrinoid
systems.[5]

Conjugates 1 and 2 were prepared in excellent yields,
namely 91 % and 95 %, respectively, through a cycloaddition–
retroelectrocyclization (CA-RE)[6] reaction of ZnIIPcs 3 and 4
bearing either one or four activated alkynes with electron-
deficient tetracyanoethylene (Figure 1).

Interestingly, absorption studies carried out with 1–4
showed significant differences between ZnIIPc-TCBD-aniline
conjugates 1 and 2 and their ZnIIPc-ethynyl-aniline precursors
3 and 4 (Figure 2). Precursor 3 gives rise to an absorption
spectrum in benzonitrile characterized by two main absorp-
tions, namely the B- and the Q-band maximizing at 350 and
696 nm, respectively. In contrast, the absorption spectrum of
ZnIIPc-TCBD-aniline 1 presents, in addition to the B-
(355 nm) and Q-band (660 nm) transitions, two intense and
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broad absorptions maximizing at 470 and 752 nm. Similarly,
a comparison between the absorption spectra of ZnIIPc-
TCBD-aniline 2 and its ZnIIPc-ethynyl-aniline precursor 4
reveals subtle differences. In the former, the B- and the Q-
bands, which in 4 are clearly discernable with maxima at 349
and 712 nm, respectively, appear as shoulders at 361 and
685 nm and are accompanied by two intense absorption
bands. These dominate the absorption spectrum of 2 with
maxima at 470 and 753 nm.[7] These bands are also observed in
the absorption spectra of 1 and 2 in toluene and THF (see
Figure S13 in the Supporting Information).

To reveal the origin of the intense high- and low-energy
absorptions at 470 and 752/753 nm, respectively, observed for
ZnIIPc-TCBD-aniline conjugates 1 and 2, a detailed photo-
physical and electrochemical investigation of these two D-A
conjugates, as well as their precursors 3 and 4, and TCBD-
aniline 5, deemed necessary.

Valuable insights into the nature of the absorption at
470 nm—as seen for 1 and 2 in benzonitrile—came from the
analysis of the absorption spectrum of TCBD-aniline deriv-
ative 5. The latter features a broad absorption maximizing at
478 nm (Figure 2 a). Such transition is attributable in 5 to a CT
absorption resulting from ground-state interactions between
the electron-donating aniline and the electron-withdrawing
TCBD (Figure S30), similarly to what is observed in analo-
gous TCBD-aniline derivatives.[5b,6c] The CT nature of this
transition was further confirmed by positive solvatochrom-
ism, resulting in a red-shift of the absorption maximum from
462 nm in toluene to 478 nm in benzonitrile, a more polar
solvent (Figure S12). In light of the aforementioned, the
absorptions of ZnIIPc-TCBD-aniline conjugates 1 and 2
maximizing in benzonitrile at 470 nm are convincingly
assigned to the ground-state absorption of the highly-polar-

ized TCBD-aniline fragment. Interestingly, the CT band in
(TCBD-aniline)-tetrasubstituted ZnIIPc derivative 2 is nearly
four times as intense as in conjugate 1 or derivative 5, which
both contain only one TCBD-aniline fragment. Similar to 5,
conjugates 1 and 2 show a red-shift of the TCBD-aniline-
based absorptions upon increasing the solvent polarity from
THF to benzonitrile, further supporting the CT nature of
these absorptions in these two conjugates (Figure S13).

Somehow different seems the origin of the intense
absorptions at 752 and 753 nm observed in benzonitrile for
conjugates 1 and 2, respectively. As a matter of fact, neither
the ZnIIPc-ethynyl-aniline precursors 3 and 4 nor the TCBD-
aniline derivative 5 disclose any significant absorptions above
720 nm in the same solvent (Figure 2). To exclude that the
observed low-energy absorptions in 1 and 2 are the result of
a bathochromic shift of the Pc Q-band due to the formation of
ZnIIPc J-aggregates (Figure S32),[8] on one hand, absorption
studies with conjugates 1 and 2 upon adding an excess of
pyridine (i.e., 155 equiv) were carried out (Figure S14).
Pyridine, which is known to coordinate to the Pc zinc metal
center by means of metal-ligand axial coordination, was
chosen to rule out possible p-stacking interactions between
ZnIIPcs in 1 or 2. On the other hand, dilution assays in THF of
conjugates 1 and 2 were performed (Figures S15 and S16,
respectively). The lack of appreciable changes in the position
and/or shape of any of the absorption bands either upon
dilution or pyridine addition leads us to conclude that
intramolecular electronic effects within the ZnIIPc-TCBD-
aniline conjugates dominate.

Next, absorption studies of conjugates 1 and 2 in different
solvents were carried out indicating a strong influence of the
solvent polarity on the low-energy transitions of both com-
pounds with a red-shift of their absorption maxima at 728 nm
of about 25 nm when going from THF to benzonitrile
(Figure S13 and Table S3). The observed red-shift is taken
as a preliminary evidence for a ground-state CT character
involving the electron-rich ZnIIPc and the electron-withdraw-
ing TCBD as previously observed in other porphyrinoid-
based D-A derivatives.[9] On the other hand, minor changes in
the position of the Pc Q-band of 1 and 2 are observed upon
changing the solvent polarity, as expected from the “non-
polar” nature of this transition (Table S3).

In order to validate this hypothesis, a series of experi-
ments on ZnIIPc-TCBD-aniline conjugates 1 and 2, as well as
their precursors 3 and 4, and TCBD-aniline 5, were per-
formed. Firstly, fluorescence assays were carried out and the
most relevant data is summarized in Tables S2 and S3. In
contrast to ZnIIPc-ethynyl-aniline precursor 3, which shows
a monochromatic, ZnIIPc-centered emission maximizing at
696 nm in toluene, the fluorescence of ZnIIPc-TCBD-aniline
conjugate 1 is dual (Figure 3a). As a matter of fact, the sharp
ZnIIPc-centered fluorescence at 695 nm is accompanied by
a weaker, broader and featureless emission maximizing at
747 nm. When going to a more polar solvent such as
benzonitrile, a further red-shifted, broad, low-energy emis-
sion which maximizes at 782 nm is noted for 1 (Figure S17).
There is a significant decrease in fluorescence quantum yields
when contrasting ZnIIPc-ethynyl-aniline precursor 3 in tolu-
ene (0.25) and benzonitrile (0.16), with ZnIIPc-TCBD-aniline

Figure 2. Absorption spectra of D-A ZnIIPc-TCBD-aniline conjugates
1 (a, gray solid line) and 2 (b, gray solid line), ZnIIPc-ethynyl-aniline
derivatives 3 (a, black solid line) and 4 (b, black solid line), and TCBD-
aniline derivative 5 (a, dotted line) (c =1.6 Ö 10¢6 m) in benzonitrile.

Figure 1. Molecular structures of electron D-A ZnIIPc-TCBD-aniline
conjugates 1 and 2, ZnIIPc-ethynyl-aniline precursors 3 and 4, and
TCBD-aniline derivative 5.
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conjugate 1 in toluene (1 × 10¢4) and benzonitrile (5 × 10¢5 ;
Table S2).

A comparison of the emission features of ZnIIPc-TCBD-
aniline conjugate 2 and ZnIIPc-ethynyl-aniline precursor 4
was also carried out in THF and benzonitrile as shown in
Figures 3b and S18, respectively. Similarly to 3, 4 shows
a ZnIIPc-centered fluorescence, which maximizes at 711 nm in
THF and 719 nm in benzonitrile. In contrast, the ZnIIPc-
centered fluorescence of conjugate 2 is quantitatively
quenched upon 640 nm excitation. Instead, an extremely
broad emission is observable at 748 nm in THF and 782 nm in
benzonitrile, which is attributed to CT emission and corre-
sponds to the deactivation of the low-energy transition.
Similar to what is observed for 1 and 3, a pronounced
decrease in fluorescence quantum yields of ZnIIPc-TCBD-
aniline conjugate 2 with values of < 5 × 10¢5 in THF and
benzonitrile relative to ZnIIPc-ethynyl-aniline precursor 4
with 0.05 in THF and 0.03 in benzonitrile, was observed
(Table S2). Such a significant fluorescence quenching
accounts for the strong electronic interaction between
ZnIIPc and TCBD.

Next, the redox properties of 1–5 were probed by means
of cyclic voltammetry (CV) and square wave voltammetry
(SWV) in 0.1m n-Bu4NPF6 CH2Cl2 solutions and are sum-
marized in Table S1. All potentials are given vs. the ferrocene/
ferrocenium (Fc/Fc+) couple. TCBD-aniline derivative 5
undergoes an aniline-centered, reversible oxidation at
+ 0.92 V and two reversible, TCBD-centered, one-electron
reductions at ¢0.94 and ¢1.26 V (Figure S5). ZnIIPc-ethynyl-
aniline precursor 3 shows three reversible one-electron
oxidations at + 0.08, + 0.30, and + 0.51 V and two one-
electron reductions at ¢1.37 and ¢1.74 V (Figure S8). Four
one-electron reductions and two one-electron oxidations are
registered for ZnIIPc-TCBD-aniline conjugate 1 (Figure S6).
Importantly, the first oxidation of 1 at + 0.37 V, located on
ZnIIPc, is nearly 0.3 V more positive than what is seen in 3.
Such a large difference might be explained considering the
strong electron-withdrawing effects exerted by the cova-
lently-linked TCBD on ZnIIPc. A second oxidation at
+ 0.88 V, mainly localized on the electron-rich aniline, was
also observed for 1. As for the reduction, it is reasonable to
assign the first and second reductions at¢0.91 and¢1.20 V to
TCBD-centered reductions, while the third and fourth
reductions at ¢1.71 and ¢2.07 V involve ZnIIPc. Electro-

chemical investigations of 2 and 4 were also carried out. In
particular, 4 reveals three oxidations at + 0.02, + 0.37, and
+ 0.57 V and two ZnIIPc-centered reductions at ¢1.39 and
¢1.75 V (Figure S9). Turning to 2, oxidations at + 0.65,
+ 0.81, and + 1.20 V and reductions at ¢0.82 and ¢1.19 V
(TCBD-centered), and ¢1.80 V (ZnIIPc-centered) were
observed (Figure S7). Interestingly, the + 0.65 V oxidation
of 2 present a 0.28 V anodic shift with respect to the first
oxidation peak of 1. This is likely to be a result of increased
electron-deficiency of ZnIIPc in 2 the strong electron-with-
drawing effect of the four peripheral TCBDs.

As a complement to electrochemical and steady-state
fluorescence analyses, and prior to transient absorption
studies, spectroelectrochemical experiments on ZnIIPc-
TCBD-aniline conjugate 1 and TCBD-aniline derivative 5
were needed to identify the spectral features under reductive
and oxidative conditions. Reduction (¢0.3 V vs. Ag-wire) of 5
results in the appearance of a minimum at 474 nm due to the
decreasing of the characteristic CT band (Figure S10). In
parallel, newly developing absorptions maximizing at 393 and
450 nm are observed. They are attributable to the absorption
features of the one-electron reduced form of TCBD. Upon
reduction (¢0.6 V vs. Ag-wire), 1 shows spectroelectrochem-
ical features similar to those detected for 5, that is, a maximum
at 400 nm and a minimum at 466 nm (Figure S11b). In
addition, minima at 654 and 741 nm as well as maxima at
613 and 683 nm are observed. On the other hand, upon
oxidation (+ 0.7 V vs. Ag-wire), newly developing maxima at
530 and 851 nm and a minimum at 610 nm matches the well-
known characteristics of the one-electron oxidized form of
ZnIIPc (Figure S11a).[11]

Finally, ultrafast transient absorption experiments with 1–
5 were carried out in toluene, THF, and benzonitrile. Initially,
TCBD-aniline derivative 5 and ZnIIPc-ethynyl-aniline pre-
cursor 3 were investigated. Upon 387 or 420 nm excitation of
5 in toluene, differential absorption changes are instantane-
ously generated with minima in the visible region at 461 nm
and near infrared (NIR) region at 1030 nm as well as maxima
at 570 and 600 nm (Figures S28 and S29). We attribute these
features to a CT excited state. The minimum at 461 nm is
a mirror image of the TCBD-aniline ground-state CT
absorption. Multiwavelength and global analyses of the
transient features reveal a biphasic decay with components
of 10.2 and 9.5 ps. As such, both decays are associated with CT
and localized transitions, respectively. On the other hand,
660 nm laser excitation of 3 leads to the immediate formation
of the ZnIIPc singlet excited-state features with maxima at
455, 476, 493, 599, and 819 nm and minima at 618 and 691 nm
(Figure S27a). These features transform to the ZnIIPc triplet
excited fingerprints at 487 and 691 nm within 2.4 and 1 ns in
toluene and benzonitrile, respectively.

Turning to ZnIIPc-TCBD-aniline derivative 1, three
different excitation wavelengths were used to mainly/selec-
tively pump into 1) the TCBD-aniline CT transition (lexc =

420 nm), 2) the localized ZnIIPc transition (lexc = 660/
694 nm), and 3) the low-energy band associated with the
ZnIIPc-TCBD CT transition (lexc = 775 nm).

Firstly, after 420 nm excitation in toluene, newly devel-
oping minima at 461, 660, and 740 nm are a good reflection of

Figure 3. Normalized emission spectra (lexc = 640 nm) of a) ZnIIPc-
TCBD-aniline conjugate 1 (solid gray line, c= 6.3 Ö 10¢7 m) and ZnIIPc-
ethynyl-aniline derivative 3 (solid black line, c =2.5 Ö 10¢7 m) in toluene
and b) ZnIIPc-TCBD-aniline conjugate 2 (solid gray line,
c =7.84 Ö 10¢7 m) and ZnIIPc-ethynyl-aniline derivative 4 (solid black
line, c = 2.5 Ö 10¢7 m) in THF.[10]
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the ground-state absorption (Figures S19a and S20a). These
are complemented by transient maxima in the visible at 490
and 548 nm and in the NIR at 1069 nm. Notably, the 490 and
548 nm features in 1 partly relate to that seen upon excitation
of the TCBD-aniline CT transition in 5 and the ZnIIPc in 3.
This leaves the latter to originate from ZnIIPc-TCBD
interactions. As time progresses, that is, 12 ps, a new slight
transient maximum is formed at 918 nm. In parallel, the
ZnIIPc centered transient at 490 nm diminishes and the visible
region is dominated by a broad maximum at 542 nm. Global
analysis reveals the presence of an additional 45 ps lived
component assigned to a highly polarized ZnIIPc-TCBD CT
species. A fully charge separated state in the form of the
fingerprints of the one-electron oxidized ZnIIPc is, however,
not discernable due to a lack of stabilization. As such,
excitation into the TCBD-aniline CT transition ultimately
acts as an excitation energy sink and, in turn, prevents the
population of the charge separated state. Please note that
charge separation is, in principle, thermodynamically feasible.
Secondly, changing the excitation wavelength to 660 nm
(Figures S19b and S20b) leads to the instantaneous formation
of the ZnIIPc singlet excited state as evidenced by features in
the visible region at 494 and 660 nm. Different from what has
been seen for the ZnIIPc-ethynyl-aniline precursor 3, a fast
decay within 2 ps sets in for 1 rather than slow intersystem
crossing to the triplet excited state. In the process, maxima at
542, 918, and 1069 nm are again observed, which point to the
occurrence of ZnIIPc-TCBD interactions. Upon decaying,
new features, namely 533 and 840 nm maxima and a 610 nm
minimum—due to the one-electron oxidized form of ZnIIPc—
as well as a 425 nm maximum and a 465 nm minimum—
because of the one-electron-reduced form of TCBD—are
discernible. All of the aforementioned fingerprints grow in
with 9 ps in toluene and decay to the ground state with 32 ps.
In THF and benzonitrile, the formation and decay are about 2
and 11 ps (Figures S21b and S22a), and about 3 and 25 ps
(Figures S23b and S24), respectively. Thirdly, excitation into
the ZnIIPc-TCBD CT transition at 775 nm (Figure 4) trans-
forms the latter directly into a charge separated state, as also
depicted in Figure 5. In this instance, global analyses and

multiwavelength analyses reveal like upon 660 nm excitation
nearly the same kinetics for charge separation and recombi-
nation, respectively (for spectra in toluene and THF see
Figures S19c, S20c and S21a, S22b, respectively).

In short, our ultrafast transient absorption experiments
are in sound agreement with the emission studies, which
indicate that the deactivation of the ZnIIPc-TCBD CT excited
state into the charge separated state is in competition with
a direct deactivation to the ground state. As the solvent
polarity is increased, the formation of the charge separated
state becomes thermodynamically more favored. Thus, in
benzonitrile the 1069 nm feature transforms completely into
the 840 nm transient in 1 (Figure 4).

By means of 660 nm excitation, we also probed ZnIIPc-
TCBD-aniline 2 in THF (Figures S25a and S26a) and
benzonitrile (S25b and S26b). Strong electronic coupling
between ZnIIPc and TCBD,—as it is discernible in form of CT
absorption and emission—is reflected in the NIR region by
a broad maximum at 1141 nm, which is 72 nm red-shifted
when compared to 1. A closer global analysis of the differ-
ential absorption changes in the visible region recorded after
3 ps in THF and 7 ps in benzonitrile, reveals—like in 1—
fingerprints of the one-electron oxidized form of ZnIIPc and
the one-electron reduced form of TCBD. Multiwavelength
and global analyses afforded lifetimes for charge recombina-
tion to the ground state of 12 ps in THF and 15 ps in
benzonitrile (Figure S25c). Please notice again that in benzo-
nitrile, the formation of the charge separated state is favored
by virtue of stabilization. On the other hand, next to the
features of the charge separation, the 1141 nm feature of 2 in
particular in THF points to a direct deactivation of the ZnIIPc-
TCBD CTexcited state into the ground state as an alternative
pathway.

At first glance, the simultaneous presence of two intense
ground-state CT bands in the absorption spectra of conjugates
1 and 2, namely ZnIIPc-TCBD and TCBD-aniline transitions,

Figure 4. Species-associated spectra and (inset) associated time de-
pendent amplitudes and fits of the femtosecond flash photolysis of
ZnIIPc-TCBD-aniline 1 (775 nm, 200 nJ) in argon-saturated benzonitrile
at room temperature, monitoring the charge separation and charge
recombination processes.

Figure 5. Energy level diagram of ZnIIPc-TCBD-aniline conjugate 1 in
benzonitrile reflecting energetic pathways of charge separation and
charge recombination after excitation of ZnIIPc (lexc =660 nm, dashed
gray arrows) and Pcd+-TCBDd¢ ground-state CT state (lexc = 750 nm,
solid black arrows). The energy of the polarized Pcd+-TCBDd¢ singlet
excited state and PcC+-TCBDC¢ radical ion pair were derived by the CT
absorption maximum and by the simple addition of the corresponding
redox potentials, that is, oxidation and reduction of 1, respectively.

Angewandte
ChemieCommunications

5563Angew. Chem. Int. Ed. 2016, 55, 5560 –5564 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


involving the same TCBD moiety, seems surprising. However,
a possible rationale infers from the geometry of 1 and 2. It is
important to consider that TCBD in 1 and 2 is highly
nonplanar, with a torsion angle (#) between the four carbon
atoms constituting the butadiene backbone. The latter varies
between 73 and 12788.[12] For example, the X-ray crystal
structure of 5 reveals a # of the TCBD moiety of 8388
(Figure S31). As a result of this pronounced twist, no or
extremely poor conjugation between the two dicyanovinylene
halves of the TCBD fragment is expected to occur in 1 and 2.
This implies that each dicyanovinylene fragment behaves as
an independent, electron-withdrawing moiety with respect to
the neighboring, electron-rich ZnIIPc and dimethylaniline
fragments, resulting in the appearance of two extremely
intense ground-state CT bands.

In conclusion, two novel D-A conjugates based on
a ZnIIPc as electron donor directly connected to one (1) or
four (2) anilino-substituted TCBD units have been prepared.
Both conjugates reveal strong, panchromatic absorptions in
the visible region, which extends all the way into the NIR. For
these systems, we were able to confirm by means of
absorption/emission and electrochemical studies the forma-
tion of extremely intense, ground-state CT states, in which
ZnIIPcs interact with the electron-accepting TCBD. This is, to
the best of our knowledge, unprecedented not only in the
context of Pc chemistry but also in TCBD-based porphyr-
inoids. Transient absorption measurements revealed that the
ground-state CT transforms into a charge separated state
upon photoexcitation. Overall, 1) the extremely intense
ground-state CT, which it has been postulated to contribute
to the charge separation in D-A blends of organic materials,
2) the broad and panchromatic absorption in the visible and
NIR region, 3) HOMO–LUMO gaps as low as 1.28 eV, and
4) photostimulated electron transfer behavior which also
occurs upon excitation into the ground-state CT band
render these systems promising materials for applications in
the field of molecular photovoltaics.
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