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We report the synthesis of multicomponent surface architectures composed of phthalocyanines (Pc),
porphyrins (TPP) and naphthalenediimides (NDI). Naphthalenediimide stacks are grown first by self-
organizing surface initiated disulfide-exchange polymerization (SOSIP). An oriented redox gradient

driving electrons toward the surface is applied by growing electron-richer NDI stacks on top of poorer

ones. Lateral stacks of porphyrins and phthalocyanines are then added by templated stack exchange

(TSE). A three-component gradient is constructed to drive the holes away from the solid surface.

Antiparallel gradients are found to minimize charge recombination during photocurrent generation.

Received 5th January 2013
Accepted 12th February 2013

Templates used for stack exchange also serve as hole barriers, whereas their size has surprisingly little

importance. These results demonstrate the compatibility of SOSIP-TSE technology with porphyrins and
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Supramolecular architectures of the highest sophistication
account for biological function. The question of what we would
get if organic chemists could succeed in building functional
systems of similar complexity with similar precision is attract-
ing much scientific attention.*”® To contribute new approaches
to answer this fundamental question, we focused earlier on
multifunctional photosystems in lipid bilayers* but quickly
moved on to learning how to grow multicomponent architec-
tures directly on solid surfaces.>® This is important to preserve
the directionality needed to build oriented gradients as in bio-
logical photosystems.

A zipper assembly, a sticky-end layer-by-layer approach, has
been introduced first for this purpose.® To achieve similar
sophistication with less demanding synthetic efforts, self-
organizing surface-initiated polymerization (SOSIP) was
conceived next.® SOSIP affords oriented m-stacks on oxide
surfaces that are embedded in hydrogen-bonded networks and
poly(disulfide) backbones.*” To build double-channel photo-
systems, templated self-sorting (TSS)® and templated stack
exchange (TSE) have been introduced as complementary
methods.® TSS is a supramolecular approach that aims to use
self-sorting during co-SOSIP to transcribe information from
mixed monolayers into 3D architectures. TSE, a more robust
covalent approach, operates with non-interfering templates and
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phthalocyanines, confirm the importance of oriented antiparallel gradients to minimize charge
recombination, and show that electronics rather than the size matter to template stack exchange.

hydrazones during SOSIP that can be replaced afterwards with a
stack of free choice (Fig. 1).°

SOSIP has been achieved with naphthalenediimides
(NDIs),*® perylenediimides (PDIs)* and oligothiophenes,®” TSE
with NDIs** and PDIs.”” Here we report the compatibility of
SOSIP-TSE with phthalocyanines® and porphyrins,” that are
traditional components of an entirely different dimension that
continue to play a major role in functional materials. Phthalo-
cyanines and porphyrins are hole transporters with exception-
ally strong absorption in the green and in the red, similar to
chlorophyll. TSE along the electron-transporting NDI stacks
obtained by SOSIP should thus afford double-channel archi-
tectures with good light harvesting properties (Fig. 1). Metal-
loporphyrins were of particular interest because of the varying
HOMO energy levels and ease of metal exchange.>'® Elaborating
on this unique advantage, we report in situ access to up to three-
component charge-transfer cascades along antiparallel two-
component gradients in the NDI channel in photosystem 1, and
show that such architectures are of interest to minimize charge
recombination.™

The synthesis of initiator 2 and propagators 3 and 4 has been
reported previously (Scheme 1).° The synthesis of porphyrins 5
and 6 and phthalocyanine 7 required the introduction of two
different types of substituents along the macrocyclic scaffold.
Macrocyclizations with two different building blocks can be
difficult and give low yields in the case of both porphyrins as
well as phthalocyanines. We thus decided to use known mac-
rocyclization procedures and introduce the two different
substituents afterwards by sequential derivatization and isola-
tion of the desired products from the obtained mixture.
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Fig. 1 Design of a double-channel photosystem 1 with oriented antiparallel
redox gradients composed of naphthalenediimides, phthalocyanines and
porphyrins. Full structures of components 2-7 are shown in Scheme 1, their
assembly by SOSIP-TSE is outlined in Scheme 2. HOMO (bold) and LUMO levels
(dashed) are from the literature or calculated from cyclic voltammograms
(—5.1 eV for Fc/Fc*). Charge transfer opportunities are based on feasibility and are
confirmed partially, possible energy transfer is not shown.

Following this strategy, porphyrin 5 was synthesized from
pyrrole 8 and nitrobenzaldehyde 9 under routine conditions.”
The nitro groups were reduced to amines. The tetraamino
porphyrin was reacted first with one equivalent of ketal 10 and
then, without purification, reacted with an excess of solubilizer
11. The desired product was isolated from the mixture of
differently substituted tetraamido porphyrins in 27% yield over
the two steps. Final deprotection of the aldehyde provided facile
access to the target molecule 5. Zinc insertion into 5 to give 6
was possible, but was more conveniently done directly in the
SOSIP-TSE architecture.

The same strategy was applied to prepare the phthalocyanine
stack exchanger 7. Macrocyclization of anhydride 12 and urea
13 gave the previously reported phthalocyanines with four
identical nitro substituents. Reduction of these peripheral nitro
groups gave the tetraamino phthalocyanines. Analog to the
synthesis of porphyrin 5, these amines were first reacted with
one equivalent of ketal 10 and then with an excess of solubilizer
14 (several solubilizers had to be tested to identify 14 as the
most powerful one). The desired phthalocyanine with a 3:1
substitution pattern could be easily isolated from the mixture of
mainly 4:0, 3:1 and 2 : 2 substitution products. The target
molecule 7 was obtained by final deprotection of the aldehyde.

The phthalocyanine initiator 2a with giant phthalocyanine
templates for stack exchange was prepared analogous to initi-
ator 2. In brief, the tetraamino phthalocyanines were reacted
first with one equivalent of ketal 10 and then with the benzyl
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protected diphosphonate “feet” that have been reported previ-
ously.® The desired phthalocyanine with a 3 :1 substitution
pattern was isolated from the mixture of products, and the
aldehyde was deprotected. In situ hydrazone formation with the
previously reported NDI templates® gave the target molecule 2a.
All details on organic multistep synthesis can be found in the
ESLT

Initiators 2 and 2a contain four to eight diphosphonate “feet”
to bind to ITO surfaces. The covered surfaces were characterized
by cyclic voltammetry (CV) and then activated with DTT. SOSIP
was initiated by molecular recognition of propagators on the
surface of 15 (Scheme 2). Ring-opening disulfide exchange
polymerization of the propagator 4 afforded NDI stack 16. After
SOSIP, the benzaldehyde hydrazones were cleaved by the treat-
ment with hydroxylamine to afford photosystem 17 with reactive
hydrazide pores next to the NDI stacks.” These holes were then
filled with phthalocyanine 7 to give heterojunction photosystem
18 (Fig. 2a).

The absorption spectra of the film showed surprisingly weak
absorbance of phthalocyanines near 700 nm with characteristic
features of H-aggregates. Because of the apparently significant
hypochromism of phthalocyanines, the yield of stack exchange
was estimated from the absorption spectra after dissolving the
SOSIP film using excess mercaptoethanol (Fig. S16bf). The
obtained yields (quantitative with initiator 2; 48% with 2a)
indicated that the stack exchange is insensitive to the mismatch
in size of template and stack. Poorer yield for stack exchange
with the initiator 2a could be attributed to less organized SOSIP
due to large empty areas available next to the growing polymers.

The photocurrent measurements were done using the
photosystem as a working electrode together with a Pt counter
electrode, an Ag/AgCl reference electrode and disodium
methoxyaniline N,N-bis(ethyl sulfonate) (MDESA)" as a mobile
electron carrier. Irradiated with a solar simulator, photosystem
18 grown from initiator 2 generated modest photocurrent while
that with 2a gave negative photocurrent (Fig. 2b). These results
indicated that the NDI template as in initiator 2 is essential for
the function of photosystems by acting as a hole blocker on the
electrode surface. Thus, subsequent studies were conducted
only using the initiator 2.

SOSIP photosystems with porphyrins (19) were similarly
prepared using the aldehyde 5 instead of 7. Immersion of 19 in a
solution of Zn(OAc), resulted in a quantitative insertion of Zn**
in the porphyrin core to give photosystem 20.*° Other metals,
such as Pd*" and Cu®" could be similarly inserted in the
porphyrin core. However, the photocurrent generation by the
resulting photosystems was clearly inferior to that with free-
base porphyrin 19 or Zn-porphyrin 20.

With these hole transporters in hand, construction of
double-channel photosystems with antiparallel redox gradients
was straightforward. Namely, successive SOSIP of propagators 3
and then 4 on the surface of an ITO electrode coated with the
activated initiator 2 afforded NDI stacks with two-component
gradients that drive the electrons toward the ITO surface
(Fig. 1).° After TSE with porphyrin 5, the redox gradients were
introduced in the hole-conducting pathway of photosystem 21
either by partial Zn®" insertion (22) or by partial stack exchange

This journal is © The Royal Society of Chemistry 2013
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(2 steps), (2) TFA, DCM, 40 min, rt, 51%.
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Scheme 2 SOSIP-TSE protocol. (a) Initiator deposition and activation: (1) 3 mM 2
(or 1 mM 2a), DMSO, 1-2 days, rt; (2) 120 °C, 1 h; (3) 20 mM DTT, 100 mM agq.
NH4HCOs3, 1 h, rt. (b) SOSIP: 7 mM 4, CHCI3/MeOH 1 : 1, 100 mM DIPEA, 24 h, rt.
(c) Stack exchange: (1) 1 M NH,OH-HCI, pH 3, 1 day, 40 °C; (2) 10 mM 7 (or 5),
10% AcOH, DMSO. (d) Zn(OAc),, MeOH, 10 min.
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Structure of initiators 2 and 2a, and propagators 3 and 4, and synthesis and structure of stack exchangers 5-7. (a): (1) 12, 13, ZnCly, 6 NH4.M07054,
nitrobenzene, 185 °C, 4 h, 83%, (2) Na,S, DMF, 65 °C, 16 h, 98%; (b) 10, HATU, collidine, DMF; (c): (1) 14, HATU, collidine, DMF, 2 h, rt, 32% (2 steps), (2) TMSBr, DCM, 2 h,
rt (86%); (d): (1) 8,9, propionic acid, 140 °C, 30 min, 17%,; (2) SnCl,, HCl, 30 min, 77%; (e) 10, HATU, DIPEA, DMF, rt, 5 h; (f): (1) 11, HATU, DIPEA, DMF, 4 days, rt, 27%
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Fig.2 (a) Absorption spectra of SOSIP photosystems prepared from the initiator
2a before (16a, dashed) and after TSE with 7 (18a, solid line). (b) Photocurrent
generation by photosystems 18a (left) and 18 (right) upon irradiation with a solar
simulator (42 mW cm~2) at 0 V vs. Ag/AgCl. (c) Absorption spectra of photosys-
tems prepared from the initiator 2 before (16, dashed) and after TSE with 5 (19,
solid) followed by a Zn insertion (20, dotted line).

with phthalocyanine 7 (23, Fig. 3). The three-component
cascade 1 was made by the combination of the two. As in the
previous report,* the effect of the redox gradients was evaluated
by bimolecular recombination efficiency 7gr, which can be
derived from the dependence of photocurrent on the irradiation
power. As expected, about 0.2 eV of differences in HOMO energy
levels of both porphyrin-Zn porphyrin (5 to 6) and porphyrin-Zn

Chem. Sci., 2013, 4, 1847-1851 | 1849
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Fig.3 (a—c) Schematic structure of multicomponent systems. (d) Dependence of
short circuit current densities (Jsc) on light intensities (/) for SOSIP-TSE photosys-
tems 1 (@), 21 (O), 22 (A) and 23 () with bimolecular charge recombination
efficiencies ngg indicated in %.

phthalocyanine (5 to 7) gradient were sufficient to lower the ngg
by driving holes to the opposite direction to that of electrons
(Fig. 1 and 3d). However, the three-component gradient in
photosystem 1 did not give rise to a meaningful improvement.
This result could be ascribed to the too small difference in
HOMO energy levels of Zn-porphyrin 6 and Zn-phthalocyanine 7
(Fig. 1).”® Overall, the application of antiparallel redox gradients
in photosystems 1, 22 and 23 gave recombination efficiencies of
ner = 35-36%, whereas photosystem 21 with only one redox
gradient gave ngr = 48%. These results were in agreement with
previous findings with NDI-based photosystems. In that case,
antiparallel two-component gradients gave ngr = 22%, whereas
gradient-free controls gave ngr = 50%.°* Nearly the same 7gg
found with single-gradient photosystem 21 is consistent with
the previous observation® and confirmed that one gradient is
insufficient to minimize charge recombination. The decrease in
ner With double-gradient photosystems 1, 22 and 23, although
less pronounced than that with NDI-based photosystems,
confirmed the general validity of the idea that antiparallel
gradients can help minimizing charge recombination by driving
holes and electrons in opposite directions.

Conclusions

In summary, we have demonstrated the compatibility of SOSIP-
TSE methodology with well-established chromophores from
classical photosystems, i.e., porphyrins and phthalocyanines.
Tolerance of TSE to the template-stack mismatch in size is in
sharp contrast to the extreme sensitivity of SOSIP process to the
minor structural variations.®*®* Such properties are advanta-
geous for the construction of highly complex but ordered
multicomponent architectures. On the functional level, the

1850 | Chem. Sci.,, 2013, 4, 1847-1851
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observed positive effect of the NDI template as a hole blocker
implies similarly beneficial effects to an electron-blocking layer.
This could be achieved easily by SOSIP of more electron-rich
propagators, for example diamino substituted naph-
thalenediimides (blue NDIs), as a third component of the
electron-transporting cascade.®

Toward the installation of multicomponent redox gradients,
we report, for the first time, the assembly of a hole-conducting
cascade composed of three components (or even four compo-
nents if we also count the NDI hole blocker in the template).
Further elaboration would be possible by using other metal-
lated porphyrins. Overall however, the effect of the redox
gradient was disappointingly low in this system. This might be
caused by the poor charge separation between porphyrins/
phthalocyanines and NDIs evidenced in action spectra
(Fig. S16T). Thus, to harness the potential of these chromo-
phores, it is imperative to find and incorporate better electron
acceptors into the SOSIP-TSE photosystems. The remarkable
tolerance found for templated stack exchange suggests that
there should be room for a third channel, or even more. Studies
toward this goal are ongoing; preliminary results with triple
channel architectures are encouraging.
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