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S-shaped tetrakisporphyrin 2 forms supramolecular polymeric as-
semblies via a complementary affinity of its bisporphyrin units in
solution. The self-association constant determined by applying the
isodesmic model is >10°% L mol~", which suggests that a sizable
polymer forms at millimolar concentrations at room temperature.
The electron deficient aromatic guest (TNF) binds within the
molecular clefts provided by the bisporphyrin units via a charge-
transfer interaction. This guest complexation completely disrupts
supramolecular polymeric assembly. The long, fibrous fragments
of the polymeric assemblies were characterized by atomic-force
microscopy imaging of a film cast on a mica surface. The polymeric
assemblies have lengths of >1um and show a coiled structure with
a higher level of organization. The approach discussed in this
report concerning the quick preparation of supramolecular poly-
meric assemblies driven by noncovalent forces sets the stage for
the preparation of a previously undescribed class of macromolec-
ular porphyrin architectures.

porphyrin | supramolecular chemistry

Significant effort has been directed toward elucidating the
energy transport phenomena occurring in natural light-
harvesting complexes. A variety of porphyrin-based model com-
pounds have been created to mimic natural light-harvesting
complexes with the goal of applying them to artificial light-
harvesting systems and molecular photonic devices (1-4).
Among them, nanometric multiporphyrin arrays are the most
challenging target, wherein, their covalent synthesis offers a high
stability and a precisely controlled arrangement of multiporphy-
rin arrays (5, 6). Unfortunately, the growth of size and complex-
ity of these systems makes their synthesis tedious and inefficient.

In contrast, supramolecular self-assembly is a versatile alternative
and offers the quick construction of 1-, 2-, or 3-dimensional
nanometric architectures that have discrete structures, properties,
and functions in which the molecular components are held together
by reversible interactions (7-11). Self-assembled nanometric mul-
tiporphyrin arrays having well-defined shapes and dimensions
provide unique optical and electrochemical properties for photo-
chemical energy conversion and storage. As a consequence, their
practical applications can be foreseen in the field of molecular
electronics: conductive molecular wires, switches, and photovoltaic
cells. These creative developments should pave the way for research
directions in creating key materials for emerging field of nanotech-
nology and science.

Coordination-driven self-assembly of porphyrin is one of the
most useful approaches for developing large and elaborate
molecular architectures (12, 13). Hunter and coworkers devel-
oped unique self-assembled porphyrin arrays (14-18). Giant
porphyrin arrays and large porphyrin wheels via metal coordi-
nation for modeling light-harvesting antenna have been reported
by Kobuke and coworkers (19-26). Aida and coworkers have
investigated self-assembled nanometric porphyrin arrays (27—
29). There are limited examples of porphyrin self-assembly by
subtle forces, such as van der Waals and CH/# interactions in
organic media, despite the fact that porphyrin possesses a flat
and electron-rich surface that creates van der Waals, stacking,
and charge transfer interactions that play a significant role in its
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Fig. 1. Schematicrepresentation of the dimer formation of the bisporphyrin
and its dissociation induced by the complexation of 2,4,7-trinitrofluorenone (TNF).

self-assembly (30, 31). We have reported that simple bisporphy-
rin 1 assembles to form the unique dimer 1-1 in organic media,
whereas the complexation of an electron-deficient flat aromatic
guest into the cleft of the bisporphyrin leads to the simultaneous
dissociation of the dimer (32, 33) (Fig. 1).

We envisioned that this complementary affinity of the bispor-
phyrin could be applied to the construction of nanometric multi-
porphyrin assemblies. One of the porphyrin units of 1 can be
connected with 1,4-dibutyne units, giving rise to tetrakisporphyrin
2, with a ditopic nature that should lead to an iterative self-assembly
to form supramolecular nanometric polymeric assemblies (Fig. 2).
The association and dissociation of the supramolecular assemblies
can be regulated by the guest complexation.

Results and Discussion

Synthesis. The synthesis of tetrakisporphyrin 2 is outlined in
Scheme 1. Palladium-mediated coupling between 3 (34) and
4-ethoxycarbonylphenyl boronic acid, followed by subsequent
iodination, produced porphyrin 4, onto which a nitrophenyl
group was introduced via Suzuki’s coupling reaction with 3-
nitrophenyl boronic acid. The following reduction of the nitro
group produced aminophenylporphyrin 5. The other porphyrin
unit of bisporphyrin 8 was prepared from 3. A 3-nitrophenyl
group was introduced onto 3 through Suziki’s coupling reaction,
followed by the reduction of the nitro group with tin(II)chloride
to produce aminophenylporphyrin 6, which reacted with 6-
methoxycarbonylpicolinic acid chloride (35) to yield 7. Hydro-
lysis of the methyl ester resulted in the corresponding carboxylic
acid. A condensation reaction of the resulting acid with porphy-
rin 5 under standard conditions produced bisporphyrin 8, which
was converted to iodobisporphyrin. The 4-trimethylethynylphe-
nyl group was introduced onto the iododerivative of 8 via
palladium-mediated coupling with 4-trimethylsilylethynylphenyl
boronic acid (36). The subsequent deprotection of the trimeth-
ylsilyl group yielded bisporphyrin 9. Zinc ions were introduced
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Fig. 2. Schematic representation of the formation of the supramolecular
polymeric assemblies of tetrakisporphyrin 2 via the complementary affinity of
the bisporphyrin units, and the dissociation of the assemblies induced by TNF
complexation.

into the 2 porphyrin units to avoid copper complexation in the
next step. Eglinton coupling of the resultant zinc complexes
produced the tetrakisporphyrin, which was treated with aqueous
acid to furnish the desired tetrakisporphyrin 2 [supporting
information (SI) Fig. S1].

Self-Association of Tetrakisporphyrin. The self-association of 2 in
toluene was studied by electronic absorption spectroscopy. The
electronic absorption spectra of 2 depend on the temperatures and
concentrations of its solution (Fig. 3). The toluene solution of 2 (5 X
1076 mol L~1) at 353 K exhibited a single Soret band at 421 nm,
characteristic of a nonaggregated porphyrin. A new band gradually
emerged at 435 nm as the solution was gradually cooled to 273 K.

A similar band shift was observed when a solution of 2 was
concentrated. A single Soret band at 421 nm shifted around 435
nm when the concentration changed from 6.00 X 1078 mol L™!

cl) NH Ph \

Ph 8 Ph 9

Scheme 1.  Synthesis of tetrakisporphyrin 2. Conditions: 4-ethoxycarbonyl-
phenylboronic acid, Pd(PPhs)s, Na,COs, toluene-EtOH (3:2), 64% (a); I
(CF3CO,)2IPh, pyridine, CHCl3, 95% (b); 3-nitrophenylboronic acid, Pd(PPhs)a,
Na,COs3, toluene-EtOH (3:2), 86% (c); SnCly, ©"“HCI-EtOH-CHCl3 (1:1:12), 94%
(d); 3-nitrophenylboronic acid, Pd(PPh3)s, Na;COs3, toluene-EtOH (3:2), 73%
(e); SnCly, ©"“HCI-EtOH-CHCl3 (1:1:12), 88% (f); 6-methoxycarbonyl-pyridine-
2-carboxylic acid chloride, pyridine, THF, 92% (g); KOH, MeOH, 84% (h); 5,
EDAC, DMAP, pyridine, CH,Cly, 82% (i); |2, (CF3CO2)IPh, pyridine, CHCl3, 91%
(); 4-trimethylsilylethynylphenyl boronic acid, Pd(PPhs)s, Cs,COs, toluene-
EtOH (12:1) (k); TBAF, THF, (2 steps) 55% (/); Zn(OAc),, CHCI3-EtOH (2:1), 96%
(m); and Cu(OAC),, pyridine, 84% (n).
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Fig. 3. Variable-temperature electronic absorption spectra of 2 (5 X 10~°
mol L") in toluene: at 353 (a), 333 (b), 313 (), 293 (d), and 273 K (e).

to 7.50 X 107 mol L~! at 298 K (Fig. 4). Plotting the molar
extinction coefficients at 420 nm versus the concentrations of 2
yielded hyperbolic curves (Fig. S2). Nonlinear curve-fitting
analysis of the plots by applying the isodesmic model produced
the large association constant (K,g = 1,500,000 = 100,000 L
mol~1!). Accordingly, tetrakisporphyrin 2 aggregates and forms
a sizable polymeric assembly in solution.

It is known that the self-assembly of a porphyrin forms H- and
J-type supramolecular structures in its higher level of organiza-
tion: The former has a face-to-face stacking structure that shows
a characteristic blue-shift of a Soret absorption band, whereas
the other adopts an edge-to-edge orientation, which is respon-
sible for the red-shift of the Soret band (37-39). A tetraphenyl-
porphyrin is not allowed to adopt a face-to-face stacking struc-
ture because of the steric repulsion of the phenyl groups; thus,
the face-to-face stacking motif of the porphyrin units of 2 can be
ruled out in its assembled structure. Based on our previous
report on the self-association of 1 (Fig. 1), the complementary
affinity of the bisporphyrin units of 2 can drive supramolecular
association (Fig. 2). The red-shift of the Soret band of 2 probably
suggests the formation of a linear array of the porphyrin units of
2 in its self-assembled state (Fig. 2).

'H NMR studies of 2 and bisporphyrin 8 in toluene-dg provide
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Fig. 4. Electronic absorption spectra of 2 in toluene at 298 K at concentra-
tions of: 6.0 (a), 20 (b), 25 (c), 50 (d), 100 (e), 500 (f), and 750 (g) X 10~ 8 mol L ".
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Fig.5. Variable temperature "H NMR spectroscopic studies. (A) Tetrakisporphyrin 2 at the concentration of 3.50 X 1073 mol L~ in toluene-ds. Highly complex
sets of peaks in the aromatic region arise from the polymeric species of 2. (B) Bisporphyrin 8 at the concentration of 3.00 X 10~3 mol L~ " in toluene-ds. The broad
resonances in the aromatic region result from the monomer-dimer equilibrium of 8.

further insight into their self-associations (Fig. 5). The 'H NMR
signals of the porphyrin protons of bisporphyrin 8 were slightly
broadened at 296 K. The peaks gradually shifted and sharpened
when the solution was warmed. The spectrum of 8 was also
observed to depend on the concentration. These results indicate
that bisporphyrin 8 equilibrates its self-assembled dimer with the
dimerization constant (Kgim = 3,500 = 1,000 L mol~') (Fig. S3).
In contrast, the 'H NMR signals of 2 (3.50 X 1073 mol L™') in
the aromatic region were exceedingly broad, and could not be
assigned. When the solution was warmed, the spectrum of 2
somewhat changed its shape but was still broadened. The
substantial difference of the spectral behaviors between 2 and 8
proves the idea that the sizable polymeric assemblies of 2 form
in toluene and that polymeric structures still exist even at high
temperatures.

Tetrakisporphyrin 2 has 2 bisporphyrin clefts that can take up
an electron-deficient aromatic guest (Fig. 2). TNF (2,4,7-
trinitrofluorenone) is accommodated within the bisporphyrin
cleft of 1 with the large binding constant (K, = 350,000 = 10,000
L mol~! in CDCl3) (33). Thus, guest binding into the bispor-
phyrin clefts of 2 competes with its self-assembly and can lead to
the dissociation of the polymeric assemblies (Fig. 2).

The 'H NMR spectrum of 2 at 296 K was rather broad, and
the aromatic signals were not assignable as compared with that
of 9 in chloroform-d; (Fig. 6 A and D). The porphyrin N-H
protons did not appear as a sharp signal. Accordingly, the large
size of the polymeric assemblies of 2 exists even in chloroform.
In contrast, the N-H signals of 9 showed as a singlet at —3.2
ppm, and the signals of the aromatic protons were slightly
broadened (Fig. 6D), indicating the formation of a self-
assembled dimer 9-9 having the same complementary struc-
ture as dimer 1-1 (Fig. 1). When TNF was added to the

solution, the signals in the aromatic region sharpened, and the
new signals appeared at —5.2 and 10.3 ppm, assignable to the
N-H protons of the porphyrin and amide groups (Fig. 6C). The
large up-field shift of the porphyrin N-H signal (A = —2.0
ppm) places the TNF molecule within the bisporphyrin cleft to
produce the host—guest complex TNF+9, in which the porphy-
rin N-H protons stay in the shielding region of the guest
aromatic rings (Fig. 7).

TNF was also observed to strongly bind within the clefts of
tetrakisporphyrin 2. The addition of TNF sharpened the signals,
and the resultant spectrum was similar to that of TNF-9 (Fig. 6
B and C). It is obvious that the supramolecular polymeric
assembly of 2 is completely disrupted by the guest complexation
to form TNF,-2 (Fig. 2).

Atomic-Force Microscopy (AFM) of Supramolecular Polymeric Assem-
blies. Recent progress of AFM allows us to obtain the molecular
images of supramolecular assemblies prepared on flat surface.
The AFM images may not directly reflect the solution structure
of supramolecular assemblies; however, some extent of the
solution structures can be fixed. Thus, the AFM measurement of
supramolecular assemblies should provide an insight into their
molecular structure in solution even though the observed struc-
tures and morphology may be exaggerated because of multiple
interactions during the drying process of the solution.

The size and morphology of the polymeric assemblies of
tetrakisporphyrin 2 were directly confirmed by AFM. AFM
images were measured by tapping mode. The measurement of
the prepared film reveals the existence of the long, winding, and
fibrous fragments of 2 (Fig. 8 A and B) with lengths >1 um,
demonstrating that 2 iteratively creates complementary connec-
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Fig. 6. 'H NMR spectra of 2 (2.5 X 1073 mol L") (A), 2 with TNF (3.7 X 103 mol L~") (B), 9 (3.5 X 1073 mol L") with TNF (5.2 X 103 mol L") (C), and 9 (3.5 X

10-3 mol L") (D) at 296 K in chloroform-d;.
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Fig. 7. Plausible structure of the host-guest complex between 9 and TNF.
The porphyrin N-H protons are in the shielding region created by the guest
aromatic rings, whereas the amide N-H protons are deshielded by the guest.

tions with others at both ends to form the supramolecular
polymeric assemblies.

According to the cross-section of the AFM height image (Fig.
8A), the fibrous assemblies exhibit a width of 266 + 10 nm and
a height of 5.3 = 0.3 nm (Fig. 8C). The expanded images (Fig.
8 D and E) display a coiled structure with a pitch of 64 = 6 nm.
Judging from the calculated structure of the linear oligomer of
2 (Fig. S4), the oligomeric structure has a height and width of
1.7-2.5 nm. These values are obviously smaller that those
obtained from the AFM images, implying that the supramolecu-
lar polymeric assembles into a bundle, adopting coiled super-
structures. Based on the value of the pitch, the coiled tape is
composed of a bundle of ~30 chains of the polymeric assemblies

(Fig. 9).

Conclusions

In summary, we synthesized tetrakisporphyrin 2, which is
capable of assembling via complementary affinity with the
bisporphyrin components with an extremely large association
constant to form supramolecular polymeric assemblies. The
guest complexation into the bisporphyrin clefts disrupts su-
pramolecular polymeric assembly, which gives rise to the 1:2
host—guest complex. Moreover, analysis of individual su-
pramolecular polymeric assemblies dispersed on mica by AFM
measurements indicates that the supramolecular polymeric
assemblies have a fibrous and coiled morphology. It is possible
that the supramolecular polymeric assemblies adopt a bundled

Height / nm

T
0 1000
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Fig. 8.

2000

Fig. 9. Schematic representation of the formation of the supramolecular
polymer and the helical morphology in its higher level of supramolecular
organization.

helical structure to create a coiled superstructure with a higher
level of organization. This research provides a unique strategy
for controlling, at the nanometer scale, the size and morphol-
ogy of supramolecular polymeric assemblies that exhibit elab-
orate structures. Future work should focus on the development
of stimuli-responsive supramolecular polymeric systems with
the aid of guest binding.

Materials and Methods

Chemicals were purchased from commercial suppliers and used as received
unless otherwise specified. All solvents were purified and dried before use.
Column chromatography was performed on Silica Gel 60 (230-400 mesh;
Merck). Deuterated solvents (Merck) for NMR spectroscopic analysis were
used as received. Proton and carbon NMR spectra were recorded on Varian
Mercury-300 or JEOL LAMBDA-500 spectrometers. All chemical shifts are
quoted in parts per million relative to the residual solvent peak as a
reference standard. IR spectra were obtained on a JASCO FT/IR-420S. UV-vis
absorption spectra were measured on a JASCO V-560 spectrometer. Mass
spectra were reported with JEOL JMX-SX 102A and/or SHIMAZU AXIMA-
CFR plus spectrometers. Melting points were measured with a Yanagimoto
micro melting point apparatus and uncorrected. Detailed synthetic proce-
dures and spectroscopic data of all of the compounds are presented in the
SI Text.

Aggregation Study Using Electronic Absorption Spectroscopy. A set of spectra
of 2 were recorded at various concentrations in toluene. The apparent extinc-
tion coefficients at 420 nm were plotted as a function of the concentrations of
2. The isodesmic model (40-43) was applied for nonlinear regression analysis

according to Eq. 1.
2Kc +1— \4Kc + 1

g(c) = [1]

(8f_ sa) t e,

2K2c?

AFM topographic images of a drop-cast of a solution of 2 in chloroform on mica. (A) Topographical image (10 X 10 um?). (B) High-contrast image of

A. (Q) Line profile along with the black line in A. (D) High-contrast image (500 X 500 nm?). (E) Phase image of D.
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e Denotes the apparent extinction coefficient; e and e, are the extinction
coefficients for the free and the aggregated species, respectively; K is the
association constant; and c is the total concentration of 2 in solution.

General Procedure for AFM. AFM was carried out under ambient conditions
with a SPI-3800N and SPA-400 system (SIl Nanotechnology Inc.). Silicon
cantilevers (SI-DF20) with spring constants of 15 N/m, tip radii of 15 nm,
and first longitudinal resonance frequencies from 110 to 150 kHz were
used in dynamic force mode. Samples were prepared by simple drop-
casting 0.1 mM chloroform solutions of tetrakisporphyrin 2 onto freshly
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